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Chapter 1

Introduction and Motivation

The high number of different physical effects influencing the polarization1 of the emitted

light is a particularity of vertical-cavity surface-emitting laser diodes (VCSELs) [1, 2].

In gas and solid state lasers the polarization of the emitted electromagnetic radiation

is not always well-defined either, but can easily be selected, for example, by inserting a

Brewster window into the laser cavity. In semiconductor edge-emitting laser diodes (EEL)

the dominant polarization is determined by the cavity and the gain anisotropies [3, 4].

However, the situation is different in VCSELs. Their monolithic cavity with its cylindrical

symmetry lacks any anisotropy which could pin the polarization reliably. The same holds

for the isotropic gain provided by the quantum wells in standard VCSELs [5]. While the

polarization of the individual transverse modes in VCSELs is approximately linear, the

orientation of the polarization is a priori unknown, varies from laser to laser [6], and –

even worse – changes frequently during operation [7].

These polarization fluctuations lead to very rich and interesting phenomena from the

laser physics point of view [8–11]. Concurrently, one of the toughest challenges for laser

engineers working on and improving VCSELs is to avoid these polarization fluctuations and

to realize VCSELs with a well-defined and stable polarization [12–14]. Great achievements

have been made in the design and processing of VCSELs in the last years. Transverse single-

mode VCSELs with optical output powers exceeding 6 mW [15, 16] were realized as well

as transverse multimode VCSELs with optical output powers of more than 300 mW [17].

Small threshold currents of well below 100µA [18], large modulation bandwidths exceeding

20 GHz [19], and wallplug efficiencies of above 50 % [20] were achieved as well. However,

the issue of polarization control of VCSELs is not yet solved in a satisfactory way.

The first VCSELs were mainly designed for data communication. Meanwhile it turned out

that VCSELs are also ideal laser sources for sensing applications like spectroscopy [21] or

1Strictly speaking, the term ’polarization’ describes the oscillation of the electric field in the plane

perpendicular to the propagation direction of the electric field. This oscillation can occur on a linear, a

circular, or an elliptical path with different orientations of its principal axes. Since VCSELs are linearly

polarized in a first approximation, the term ’polarization’ is frequently used in this thesis as a synonym

for ’orientation of the linear polarization’.
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CHAPTER 1. INTRODUCTION AND MOTIVATION

for position sensing as needed in optical computer mice. For all these applications, VCSELs

with a stable polarization are either highly desirable or even required.

Despite the efforts which have been put into the research and development of methods for

polarization control of VCSELs in the last 15 years, an overall satisfactory solution has

not been obtained yet. Up to now, the best results were achieved by epitaxial growth on

substrates with higher indices in combination with strained quantum wells for VCSELs

emitting around 960 nm [22,23]. However, even with this technique, the suppression of the

weaker polarization still decreases during relaxation oscillations. Attempts to apply the

same technique to VCSELs with different emission wavelengths have only been partially

successful. Furthermore, the performance of VCSELs grown on substrates with higher

indices has not yet reached the one of standard VCSELs.

In this PhD thesis, a new approach for polarization control of VCSELs is investigated. The

main idea is to monolithically integrate a semiconductor surface grating into the topmost

layer of the upper Bragg mirror of VCSELs, resulting in a polarization-dependent reflec-

tivity of the respective mirror. With this approach, two new methods enter the research

on and the manufacturing process of VCSELs. Up to now, VCSEL have been mainly simu-

lated in a scalar way and their processing has been based on microtechnology. In contrast,

the footing of the research performed for this thesis is rigorous electromagnetic modeling

and nanotechnology.

The thesis is organized as follows: First, the fundamentals of VCSELs and their main

polarization phenomena are introduced. Subsequently, previous attempts for polarization

control are discussed. The concept of surface gratings for polarization control and a ful-

ly vectorial, three-dimensional model for electromagnetic simulations of VCSELs [24] are

presented in Chap. 3. Using this model, the design of surface grating VCSELs is theoreti-

cally investigated in the same chapter, before the fabrication process of grating VCSELs is

outlined in Chap. 4. Basic phenomena of polarization-stable single- and multimode grating

VCSELs are discussed in Chap. 5 and a detailed analysis of the dependence of the polariza-

tion control and the overall performance of grating VCSELs on their grating parameters

is performed. The stability of the achieved polarization control is tested in Chap. 6 under

demanding conditions. However, studying whether a VCSEL remains polarization-stable

under varying temperature, external optical feedback, externally applied stress, and high-

frequency modulation still does not provide sufficient quantitative information about the

effective strength of the polarization control. A method to measure this strength directly

is therefore highly desirable and is presented in Chap. 7. While integrated surface gratings

provide an unrivaled polarization control, they can potentially introduce severe optical

losses due to diffraction. Therefore, the topic of Chap. 8 is how these diffraction losses can

be reduced or be avoided almost completely by an improved grating design. In Chap. 9, a

technique for combined mode and polarization control for polarization-stable, single-mode

VCSELs is presented, before a summary and a conclusion are given in Chap. 10.

2



Chapter 2

Polarization Properties and

Polarization Control of VCSELs

This chapter starts with a short introduction to VCSELs focussing on those of their prop-

erties that have an influence on the polarization of their emitted electromagnetic radiation.

Subsequently, the rich polarization phenomena observed in VCSELs are discussed on the

basis of some measurements and a literature survey. The survey includes a short presen-

tation of the spin-flip model, the standard theoretical model to describe the polarization

dynamics of VCSELs. Although the effects associated with the unstable polarization of

VCSELs are not the main topic of this thesis, they are presented to demonstrate why a

special polarization control is needed in VCSELs and why such a polarization control is so

demanding as the high number of only partially or not at all successful previous attempts

for polarization control of VCSELs prove. These attempts are discussed in the last section

of this chapter.

2.1 Fundamentals of VCSELs

The basic difference between EELs and VCSELs is the propagation direction of their

generated light. While the emission direction of EELs is within the plane of the wafer, it is

normal to the wafer surface for VCSELs. This can be seen in Fig. 2.1, which schematically

shows the layer structure of a VCSEL. Typical semiconductors on which VCSELs are

based are Gallium Arsenide (GaAs) and Indium Phosphide (InP). All VCSELs presented

in this thesis are fabricated from the material system Aluminum Indium Gallium Arsenide

(AlInGaAs), since such VCSEL structures have been available. However, all techniques

described in this thesis are expected to work as well for VCSELs based on InP. On top of

a usually n-type substrate and a GaAs-buffer layer, the bottom Bragg mirror is epitaxially

grown. Above the bottom mirror, typically three closely spaced quantum wells in one

antinode of the optical standing wave inside the VCSEL resonator serve as active gain

medium. Another Bragg mirror on top of the quantum wells terminates the laser cavity.

3



CHAPTER 2. POLARIZATION PROPERTIES AND POLARIZATION CONTROL

In the simplest case, top-emitting VCSELs have a large-area n-contact on the back side

of the substrate and a p-type ring contact on top of the upper Bragg mirror. Thus, in

VCSELs, the current flow and the propagation direction of the optical field are parallel to

each other, but orthogonal to the plane of the quantum wells. On the contrary, in EELs the

propagation direction of the optical field is orthogonal to the current flow and in the plane

of the quantum well(s). Accordingly, the ratio of the distance which the light propagates

through the gain medium to the effective cavity length is much smaller in VCSELs than

in EELs. Consequently, the modal gain is lower in VCSELs than in EELs. Therefore,

the outcoupling losses of the mirrors and the internal losses in the non-active layers of a

VCSEL have to be very small to achieve lasing operation.

n - contact

bottom Bragg mirror

top Bragg mirror

substrate

quantum wells

light

oxide

p - contact

}

}
current

z´= 001[ ]

y´= 110[ ]

x´= 110[ ]

^

^

^

Figure 2.1: Schematic diagram of a typical VCSEL together with the coordinate system

and its orientation with respect to the crystal axes as it is used in this thesis.

To realize an emission orthogonal to the wafer on the one hand and to achieve the high

required mirror reflectivity on the other hand, distributed Bragg reflectors (DBRs) turned

out to be the key element of VCSELs [25–27]. Such Bragg mirrors consist of an alternating

sequence of layers with high and low refractive indices and quarter-wavelength1 (λ/4)

thickness. In a Bragg mirror, the electromagnetic fields reflected at the single interfaces

are in-phase which each other due to the optical path difference of a multiple of half the

wavelength and the additional phase change of π, which occurs when light is reflected at

an optical denser medium. Thus, the reflectivity of Bragg mirrors is virtually only limited

by the losses due to absorption and scattering inside the mirrors [28,29]. For top-emitting

VCSELs, the upper mirror usually consists of 20 to 25 layer pairs and the bottom mirror

of more than 30. In this way, the reflectivity of both mirrors typically exceeds 99.5% [28].

Though the reflectivity of Bragg mirrors is slightly higher for incident waves polarized

1In this thesis, the vacuum wavelength is denoted by λ0. In contrast to that, the term wavelength refers

to the material wavelength presented by the symbol λ.
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2.1. FUNDAMENTALS OF VCSELS

normal to the plane of incidence than for those polarized parallel to this plane [29,30], this

neither results in a specific preference of any polarization nor in any specific orientation

of the polarization at all, since the reflectivity of a Bragg mirror has a circular symmetry

with no preferred crystal axes.

Although VCSELs with quantum dots as gain medium have improved significantly dur-

ing the last years [31], the gain is still provided by quantum wells in common VCSEL

structures. In a quantum well, the strength of a transition from the conduction band to

the valence band differs for the transition from the conduction band (C) to the heavy-hole

(HH), to the light-hole (LH), and to the split-off (SO) valence band, respectively. The tran-

sition matrix elements depend on the relative orientation of the normalized polarization

vector σ̂ to the normalized electron momentum vector p̂e, which for simplicity is assumed

here to be orthogonal to the quantum wells as in a VCSEL. At the band edge, the relative

transition strength |MT,rel|2 is given for quantum wells in the (001)-crystal plane by [4]

|MT,rel,C−HH|2 =
1

2

(

1 − |p̂e · σ̂|2
)

for C–HH , (2.1)

|MT,rel,C−LH|2 =
1

2

(

1

3
+ |p̂e · σ̂|2

)

for C–LH , (2.2)

|MT,rel,C−SO|2 =
1

3
for C–SO . (2.3)

In the GaAs material system, the splitting between the split-off valence band on the one

hand and the light-hole and heavy-hole valence band on the other hand is so large that

the split-off band does not contribute to the gain in common semiconductor quantum

well lasers [5]. Furthermore, the contribution of the transition from the conduction band

to the light-hole valence band is usually negligible in unstrained GaAs/AlGaAs quantum

wells [32], because the heavy-hole band possesses the highest energy level in these quantum

wells [33]. Thus, only the conduction band–to–heavy-hole valence band transition provides

the optical gain. This gain is identical for all orientations of the polarization in the plane

of the quantum wells and therefore orthogonal to the current flow, since in that case

|p̂e · σ̂| = 0. Consequently, the gain in VCSELs is polarization-independent in the absence of

strain and, like the Bragg mirrors, does not select a specific orientation of the polarization.

While the two Bragg mirrors confine the VCSEL cavity in the longitudinal ẑ-direction

normal to the wafer, the transverse size of the laser is a priori undefined, since the VCSEL

layer structure initially consists of quasi infinite layers in the x̂-ŷ-plane parallel to the

wafer surface. Several techniques for transverse current and optical field confinement have

been employed. Among them [34] are a p-contact ring with small outer diameter, proton

implantation to strongly reduce the current conductivity outside of an inner circular disk,

and etching of the semiconductor layers outside of an inner circle to form either an air-

post or to overgrow the structure with a semiconductor material with smaller refractive

index, higher bandgap, and reduced conductivity. A further technique for transverse con-

finement is lateral oxidation, which is the only technique discussed in the following, since

oxide-confined VCSELs provide currently an unrivaled performance [35]. Consequently, all

VCSELs presented in this thesis are oxide-confined.

5



CHAPTER 2. POLARIZATION PROPERTIES AND POLARIZATION CONTROL

An oxide-confined VCSEL is fabricated by partial wet-chemical oxidation of a thin, about

30 nm thick AlGaAs layer with an aluminum content close or equal to 100 % [36–38]. As

schematically shown in Fig. 2.1, the outer region of the layer is intentionally oxidized, while

the composition of a circular disk in the center remains unchanged and thus maintains

its previous electrical conductivity. In contrast, the oxide formed in the outer region is

electrically insulating. Consequently, the current flow is confined to the oxide aperture in

the center. Since the refractive index of the oxide of approximately 1.6 [38] is significantly

smaller than the refractive index of AlAs of about 3 for a wavelength of 850 nm [39], a

guiding of the optical field is provided by this transverse step in the refractive index. The

best VCSEL performance with respect to single-mode output power is achieved, if the

high aluminum content layer is placed between the quantum wells and the upper Bragg

mirror in a node of the optical standing wave inside the resonator to reduce the optical

guiding [40]. The composition of the oxide was identified as an amorphous solid solution of

(AlxGa1−x)2O3 [41] or as γ-Al2O3 phase [42]. Hence, a shrinkage of 20 % of the thickness

of the oxide compared to the previous AlAs is expected2 [43]. This volume reduction is

a source of potential strain inside oxide-confined VCSELs. Since the shape of the oxide

aperture differs from the transverse shape of the mesa due to different oxidation speeds

along different crystal axes, the oxide aperture has a shape which is between an ellipse and

a rhombus even in the case of a circular mesa, as can be seen in Fig. 2.2. This results in a

non-cylindrical waveguide. Additionally, the generated strain leads to a non-spherical index

ellipsoid via the elasto-optic effect. Thus, the circular symmetry of the VCSEL structure

is broken by the oxide aperture and slight anisotropies are introduced.

Figure 2.2: Micrograph of a VCSEL and its oxide aperture (dark, slightly elliptical area in

the center) recorded with an infrared microscope. The bright annulus in the outer region

is the p-contact ring of the laser.

Since in VCSELs the elasto-optic effect is important for the selection of the polarization

of the emitted light, it is investigated somewhat further in the following. The optical

2The shrinkage measured in [43] is somewhat smaller. This might be due to a non-uniform composition

of the oxide layer, especially at its boundaries.
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2.1. FUNDAMENTALS OF VCSELS

impermeability tensor ηij differs in the presence of strain εkl from its value without strain

ηij(0) by [44]

ηij(ε) − ηij(0) = pijklεkl (2.4)

with pijkl as the strain-optic tensor. The optical impermeability tensor is given by ηij =

ε0(ε
−1)ij , with ε−1 as the inverse of the dielectric tensor and ε0 as the dielectric constant

of vacuum. Since the tensors ηij and εkl are symmetric3, contracted indices4 can be used.

GaAs has a cubic crystal structure with a 4̄3m symmetry [44]. Thus its strain-optic tensor

comprises only the three different components p11, p12, and p44. Consequently, Eqn. 2.4

can be written as





















η1(ε)

η2(ε)

η3(ε)

η4(ε)

η5(ε)

η6(ε)





















−





















η1(0)

η2(0)

η3(0)

η4(0)

η5(0)

η6(0)





















=





















p11 p12 p12 0 0 0

p12 p11 p12 0 0 0

p12 p12 p11 0 0 0

0 0 0 p44 0 0

0 0 0 0 p44 0

0 0 0 0 0 p44









































ε1

ε2

ε3

ε4

ε5

ε6





















. (2.5)

Strain in VCSELs can originate from a multitude of sources besides the oxide aperture:

for example, from other anisotropies introduced in the processing, from defects inside the

semiconductor material, from bonding and mounting - or intentionally to study the po-

larization properties of VCSELs as discussed later. In the following, strain along the main

crystal axes of GaAs is treated as an example. Such strain can be induced by externally

applied stress or by the different dimensions of the non-circular oxide aperture along these

two main crystal axes. For tensile strain along the [110] crystal axis ε6 = ε > 0, while for

strain along the [1̄10] crystal axis ε6 = −ε < 0. The equation of the index ellipsoid5 is

therefore [44]

x2

n2
x

+
y2

n2
y

+
z2

n2
z

± 2p44εxy = 1 . (2.6)

While the upper (plus) sign holds for strain along the [110] crystal axis, the lower (minus)

sign describes the case of strain along the [1̄10] crystal axis. For the discussion here, it is

assumed that the medium without the strain is isotropic and lossless. Hence, the dielectric

tensor without strain reduces to a real scalar ε = n2 with n as the real part of the

complex refractive index n̄. Therefore the index ellipsoid without strain is spherical and

3Strictly speaking, the tensors ηij and εkl are only symmetric for a lossless, optical non-active medi-

um [44]. However, most parts of a VCSEL can, in a first approximation, be treated as such a medium.
4The indices i,j,k, and l can take the values 1 for the x ([100] crystal) axis, 2 for the y ([010] crystal) axis,

and 3 for the z ([001] crystal) axis. In the contracted index notation, the combination (11) is represented

by 1, (22) by 2, (33) by 3, (23) and (32) by 4, (13) and (31) by 5, as well as (12) and (21) by 6.
5While the symbols x, y, and z are used in this thesis for the [100], the [010], and the [001] crystal axis,

respectively, the symbols x′, y′, and z′ denote the main crystal axes in the GaAs material system, which

are [110], [1̄10], and [001], respectively.
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CHAPTER 2. POLARIZATION PROPERTIES AND POLARIZATION CONTROL

consequently nx = ny = nz = n. Performing a transformation to the principal axes x′, y′,

and z′ of the crystal with

êx′ =
1√
2
êx +

1√
2
êy , (2.7)

êy′ = − 1√
2
êx +

1√
2
êy , (2.8)

êz′ = êz , (2.9)

the equation of the index ellipsoid reads
(

1

n2
± p44ε

)

x′2 +

(

1

n2
∓ p44ε

)

y′2 +
z′2

n2
= 1 . (2.10)

Assuming moderate strain, this means |ε| << 1/
(

n2 |p44|
)

≈ 1 in the case of GaAs with

p44 ≈ −0.072 [45], the refractive indices along the principal axes are given by

nx′ = n ∓ 1

2
p44εn

3 , ny′ = n ± 1

2
p44εn

3 , nz′ = n . (2.11)

Recapitulating, it has been shown above that strain introduces birefringence in a VCSEL.

Independent of whether the tensile strain is oriented along the [110] or the [1̄10] crystal

axis, the refractive index of the crystal axis parallel to the strain increases, while the

refractive index of the orthogonal crystal axis decreases. However, as discussed above, there

are numerous origins of strain inside a VCSEL resulting in all kinds of index ellipsoids.

Therefore, the birefringence introduced by strain inside a VCSEL has to be considered,

without any additional and more detailed information, as a priori unknown.

The discussion above focussed on the change of the real part n of the complex refractive

index n̄ = n − iκ, with κ as the extinction coefficient. However, the real and imaginary

part of the refractive index are connected by the Kramers-Kronig relation [46]. Thus the

elasto-optic effect additionally leads to absorption and gain anisotropies [32], which have

to be considered as well, if the polarization properties of VCSELs are to be described in

detail.

Another anisotropy present in VCSELs is the linear electro-optic effect [47]. It occurs in

VCSELs due to the lack of inversion symmetry in the crystal structure of the commonly

used GaAs and InP material systems [48] in connection with internal electric fields. While

the orientation of the birefringence induced by the elasto-optic effect varies with the more

or less arbitrary direction of the strain present in the respective VCSEL, the index ellipsoid

related to the electro-optic effect in VCSELs has well-defined principal axes along the [110]

and [1̄10] crystal axes. The difference between the x′-component of the index ellipsoid nx′

and the y′-component ny′ is given by [4, 47]

nx′(z) − ny′(z) = −n3
0(z)r41(z)Ez(z) (2.12)

with n0(z) representing the refractive index without the static electric field component

along the z-direction, which is given by Ez. The component r41 of the linear electro-

optic tensor, for which again the contracted index notation is used, assumes a value of

8



2.1. FUNDAMENTALS OF VCSELS

about 1.1 · 10−12 m/V in GaAs for a vacuum wavelength of 850 nm [4,44]. Solving the one-

dimensional scalar wave equation for the optical electric field E and applying perturbation

theory for the change in the refractive index induced by the electro-optic effect leads to

the following relative difference in the emission frequencies [47, 49]:

νx′ − νy′

ν0
=

∫

n2
0(z)r41(z)Ez(z) |E0(z)|2 dz

∫ n0,gr(z)
n0(z) |E0(z)|2 dz

. (2.13)

E0 is the solution of the unperturbed one-dimensional scalar wave equation and n0,gr the

group refractive index without the static electric field. Since the refractive index and the

linear electro-optic tensor component vary only slightly from layer to layer, they can be

substituted by a value spatially averaged along the z-direction in front of the integrals:

νx′ − νy′

ν0
=

〈

n3
0(z)

n0,gr(z)
r41(z)

〉

z

∫

Ez(z) |E0(z)|2 dz
∫

|E0(z)|2 dz
. (2.14)

The static electric field Ez inside the VCSEL structure is composed of three contribu-

tions [47]. The first one arises from the electrostatic potential across the active layers, the

second from the series resistance of the VCSEL and the third from the various heterojunc-

tions in the Bragg mirrors. The last one is the most dominant one as was shown by a rough

estimation in [47]. One could assume that the contributions from the heterojunctions in

the Bragg mirrors mutually cancel out, since the static electric field has an opposite sign

at the two interfaces of a layer as can be seen in Fig. 2.3, in which the simulated static

internal electric field6 is shown inside the cavity and for some parts of the Bragg mirror of

a common 850-nm VCSEL structure. However, when weighting the static electric field as

stated in Eqn. 2.14 with the optical field intensity7, which is as well shown in Fig. 2.3, one

can easily see that only the parts of the static electric field with a negative sign contribute

and that therefore the integral in the numerator in Eqn. 2.14 is negative. This integral

divided by the integral without the static electric field can be estimated for the structure

under consideration to be in the order of −1.7 · 106 V/m. If one approximates the spatially

averaged value of r41 by its value for GaAs, of n0 by 3.3 [47], and of n0,gr by 3.6 [35], the

resulting frequency difference νx′−νy′ is about -6.6GHz, which corresponds to an emission

wavelength difference λ0,x′ −λ0,y′ of about 16 pm due to the electro-optic effect. This value

is comparable to those other authors found [45,47,50]. Thus, in the absence of strain, the

emission wavelength of a VCSEL is slightly larger for a polarization along the [110] crystal

axis than for a polarization along the [1̄10] crystal axis. Experimentally, emission wave-

length differences due to the electro- and elasto-optic effect of up to 100 pm and more were

found [11]. Following the derivation given above, the electro-optic effect induced mainly

in the p-doped Bragg mirror even occurs without any externally applied voltage. In ad-

dition to the emission wavelength, the birefringence induced by the electro-optic and the

elasto-optic effect can even change the near-field characteristics of VCSELs [51]. However,

6The software SimWindows developed by David W. Winston is used for this simulation.
7The simulation of the optical field is performed with the VELM model developed by Pierluigi De-

bernardi. This model is presented in detail in the next chapter.
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Figure 2.3: Simulated z-component of the static electric field and optical field intensity as

well as the refractive index inside a VCSEL structure. On the left side (for small values

of z) there is the lower, n-doped Bragg mirror and on the right side (for large values of z)

there is the upper, p-doped Bragg mirror. The quantum wells feature the highest refractive

index.

while the latter is a secondary effect, the difference in the emission wavelengths is crucial

for the polarization properties of VCSELs as will be discussed in Sect. 2.2.

As pointed out above, there is no intrinsic and strong mechanism in VCSELs to select one

specific orientation of the polarization. This causes unwanted polarization instabilities in

VCSELs as will be discussed in Sect. 2.2. Such instabilities are known from EEL [52,53] as

well, but a stable polarization in EEL can easily be achieved with a proper design for two

reasons: First, the transverse electric (TE) mode in an EEL, which is polarized parallel

to the quantum well(s), experiences a higher reflectivity from the cleaved facets than the

transverse magnetic (TM) mode, which is polarized orthogonal to the quantum well(s) [3].

This difference already selects a stable polarization. Furthermore, the TE polarization is

privileged, if unstrained or compressively strained quantum wells [4, 33] are used as gain

medium, since the dominant transition occurs between the conduction and the heavy-hole

valence band [32] in these quantum wells due to the higher energy level of the heavy-hole

band compared to the light-hole band. As follows from Eqn. 2.1, the conduction band–

heavy-hole band transition exclusively provides gain for the TE polarization. If for any

reason a TM polarization is required, one can apply a tensile strain to the quantum wells.

This leads to a splitting of the energy levels of the heavy-hole and light-hole valence band

with opposite sign compared to a compressively strained quantum well. Consequently, the

conduction band–light-hole valence band transition is the dominate one in tensile strained

quantum wells. In that case, the gain for the TM mode is higher than for the TE mode

and can eventually compensate and even overcome the different reflectivities experienced

by the TE and TM mode [54].
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To realize VCSELs with a stable polarization is much more challenging than EELs. How-

ever, it is worth to face this challenge, since VCSELs have a lot of advantages, which make

them superior to EELs for numerous applications. First of all, VCSELs are much more

cost-effective than EELs, since VCSELs can be tested on wafer as well as mounted and

packaged more easily. A further advantage is the circular emission profile of VCSELs which

facilitates collimation of the output beam and coupling to optical fibers. Furthermore,

VCSELs can simultaneously offer threshold currents as low as 0.86mA8, large wall-plug

efficiencies above 50 %, and high output powers of 3.3mW at a drive current of only 3

mA [20]. Due to their high modulation bandwidth [55], which can exceed 20 GHz [19],

VCSELs are well suited for high speed optical data communication with data rates up

to 25 Gbit/s at bias currents of just 7 mA [56]. Since the light emission direction of VC-

SELs is orthogonal to the wafer surface, one- and two-dimensional arrays can easily be

formed for parallel optical data communication [57]. The fact that VCSELs are inher-

ently longitudinal single-mode makes them very attractive light sources for spectroscopic

applications, especially because they are in the meantime available for a broad range of

emission wavelengths [58]. With their low power consumption, they are very well suited for

applications in peripheral computer devices as optical mice. In conclusion, all efforts put

into the development of a method for polarization control of VCSELs are well justified,

since VCSELs offer lot of advantages, but several of them can only be fully exploited, if a

stable polarization is provided. This is not the case in standard VCSELs as discussed in

the following section.

2.2 Polarization of VCSELs: Experimental Findings

Due to their short cavity combined with the finite width of the stop band of their Bragg

reflectors, standard VCSELs are longitudinal single-mode. However, their transverse di-

mension exceeds their effective longitudinal cavity length, which is usually in the order of

1 to 1.5µm [28]. Consequently, VCSELs emit on several transverse modes, if their active

diameter exceeds a certain value, which amounts to approximately 3 to 4µm for oxide-

confined VCSELs. In the approximation of a VCSEL structure, which weakly guides the

optical field as it is the case in VCSELs with a large active diameter and a small effective

transverse refractive index step, these transverse modes are frequently described as linearly

polarized LP modes [28,35,59]. For every LP mode - as long as it does not possess a circu-

lar symmetry - two different angular intensity distributions rotated with respect to each

other exist. These intensity distributions are called modes in the following. The simulated

near-field of the first six modes in a VCSEL - corresponding to the first four LP modes

- are shown in Fig. 2.4. With increasing transverse order, the emission wavelength of the

LP modes decreases, that is, λLP01
> λLP11

> λLP21
> λLP02

. The two modes of one LP

mode are degenerated with respect to their emission wavelength in the absence of spatial

8VCSELs with threshold currents well below 100 µA were realized as well [18]. However, these VCSELs

exhibit a reduced wall-plug efficiency and a reduced output power compared to the example given here.
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Figure 2.4: Near-field intensity distributions of the first four LP modes simulated with the

model presented in Sect. 3.2 using the VCSEL structure stated in App.A and an active

diameter of 7µm.

anisotropies. However, due to non-circular waveguides caused by the oxide aperture, this

degeneracy is usually lifted in VCSELs.

For every mode in a VCSEL, two polarization modes with orthogonal polarizations ex-

ist [60]. In a VCSEL structure without an anisotropic refractive index, these two polar-

ization modes would be degenerated with respect to their emission wavelength. However,

due to the birefringence introduced by the electro-optic and elasto-optic effect in VCSELs,

the emission wavelengths of the two polarization modes differ by up to 100 pm [11]. In the

context of research on VCSELs, the wavelength difference between the two polarization

modes of one mode itself is often called birefringence [61, 62]. The slightly wavelength-

and polarization-dependent complex refractive indices inside a VCSEL structure lead to

a net modal gain difference between the two polarization modes of one mode. This net

modal gain difference is commonly called linear modal dichroism [61, 62]. In the absence

of a non-linear modal dichroism, the polarization mode with the higher net modal gain

lases.

If the transverse index variation between the oxide aperture and the oxide itself can no

longer be neglected and/or if the diameter of the oxide aperture decreases, the LP approxi-

mation no longer remains valid [24]. In that case, a polarization mode in a VCSEL contains

not only its dominant polarization, but also the polarization orthogonal to the dominant

one, as was experimentally and theoretically shown [63]. Within a single polarization mode,
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the weaker polarization is thus only suppressed by at most about 35 dB [63]. The weaker

polarization mode is in most cases only driven by spontaneous emission [10], but can also

lase in certain cases [62,64,65]. Independent of whether the suppressed polarization mode

is limited to spontaneous emission or lases, it reduces the polarization extinction ratio.

Even when the suppressed polarization mode does not lase, the modes in VCSELs are

in general slightly elliptically polarized [10]. The ratio of the intensity in the long axis of

the polarization ellipsoid to the intensity in the short axis of the ellipsoid depends on the

alignment between birefringence and linear dichroism [66] and decreases with increasing

angle enclosed by the axis of birefringence and the axis of linear dichroism. Consequently,

even in single-mode VCSELs the suppression of the orthogonal polarization was found

in [10] to be in most cases about 17 dB. For some VCSELs the measured suppression was

even as low as 7 to 10 dB.

The polarization-resolved light–current–voltage (PR-LIV) characteristics of a standard

VCSEL with an active diameter of 4µm and an emission wavelength of 860 nm can be

seen in Fig. 2.5. The solid line represents the total optical output power of the VCSEL

as it is measured without a polarizer, while the dashed and dotted lines represent the

optical power measured behind a polarizer whose transmission direction is oriented along

the [110] and along the [1̄10] crystal axis of the VCSEL, respectively 9. The dashed-dotted

line gives the voltage. Already in 1988, when research on VCSELs had just started, it

was discovered that VCSELs are in most cases polarized along one of these two crystal

axes [6]. This preference of the polarization10 could later be explained by the electro-optic

effect [47], which causes a refractive index ellipsoid with [110] and [1̄10] as the principal

axes as discussed in the previous section.

While the total output power of the VCSEL in Fig. 2.5 increases continuously and mono-

tonically, the polarization is not pinned along the main crystal axis selected at thresh-

old. At two different drive currents, the distribution of the output power among the two

polarizations is abruptly changed. These events are called polarization switches. Such a

polarization switch was observed for the first time in 1991 [7]. In the case of the VCSEL

shown in Fig. 2.5, the polarization switch occurs at a drive current of 4.41mA, when the

current is increased, and at a current of 2.52mA, when the current is decreased. Therefore

the powers in the two polarizations pass through a hysteresis [11] with first increasing and

then decreasing current as indicated by the arrows in Fig. 2.5.

In the polarization switch at the lower current, the complete output power is basically

exchanged between the two polarizations, while in the case of the polarization switch at

the higher current the weaker polarization contains a significant amount of power before

and after the polarization switch. This difference is due to higher order transverse modes,

which substantially contribute to the emission of the VCSEL in Fig. 2.5 for currents ex-

ceeding 3 mA as can be seen in Fig. 2.6. The polarization of the individual higher order

9The sum of the measured powers in the two polarizations is lower than the measured total output

power due to the losses in the Wollaston prism used in the measurement setup (see Sect. 5.1).
10To simplify the nomenclature, the term polarization of a mode refers in the following in an experimental

context to the longer axis of the polarization ellipse of the dominant polarization mode within a mode.
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Figure 2.5: PR-LIV characteristics of a standard VCSEL showing a polarization switch

with hysteresis, this means the dominant polarization differs for increasing and decreasing

current. The active diameter of this VCSEL is 4µm.

transverse modes seems to be at first glance arbitrary [7, 64], though it depends on the

polarization of the other modes. Therefore, the first higher order mode is in most cases

polarized orthogonal to the fundamental one. However, polarization switches are not lim-

ited to the fundamental mode. Thus, every higher order transverse mode can also exhibit

a polarization switch. As can be seen in Fig. 2.6, the first two higher order modes are

polarized along the [110] crystal axis at an increasing current of 4 mA. If the current is

raised further to 5 mA, the first higher order mode changes its polarization and is now

aligned along the [1̄10] crystal axis, while the second higher order mode is still polarized

along the [110] crystal axis. However, if the current is subsequently decreased to 4 mA,

also the second higher order mode switches to the [1̄10] crystal axis. These changes in

the polarization of the higher order transverse modes appear only as small ripples in the

PR-LIV characteristics shown in Fig. 2.5, since in this VCSEL the higher order transverse

modes are somewhat weaker than the fundamental one and additionally exhibit an even

lower degree of suppression of the weaker polarization than the fundamental one.

In the spectra of Fig. 2.6, one can clearly see that the suppression of the weaker polarization

within one mode rarely exceeds 20 dB in this VCSEL, which is in good agreement with what

was found previously [10]. Due to the limited resolution of these spectral measurements,

the difference in the emission wavelength between the two polarization modes of one mode

cannot be determined quantitatively. However, as can be seen in Fig. 2.6, the emission

wavelength of the polarization mode oriented along the [110] crystal axis tends to be

larger than the one of the polarization mode oriented along the [1̄10] crystal axis. This

is in good agreement with the analysis of the electro-optic effect in the previous section.

However, additional contributions from the elasto-optic effect can invert this wavelength

difference.
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Figure 2.6: Polarization-resolved spectra of the VCSEL from Fig. 2.5 for increasing current

(left) and decreasing current (right).

15



CHAPTER 2. POLARIZATION PROPERTIES AND POLARIZATION CONTROL

Although a rotation of the polarization with current or temperature was observed as

well [64], in most cases the orientation of the polarization changes by a polarization switch.

Commonly, one distinguishes between two different types of polarization switches [67]:

if the switch occurs from the polarization with the shorter emission wavelength to the

polarization with the longer emission wavelength for increasing current, it is called a type

I switch. The opposite case of a switch from the longer to the shorter wavelength is called

a type II switch [11]. Type I polarization switches as the one shown in Fig. 2.5 occur more

frequently than type II polarization switches [65]. Furthermore, a type I polarization switch

followed by a type II polarization switch at a higher current was observed [8]. However,

a polarization switch cannot only be caused by a change of the drive current, but also

by variations of the substrate temperature [64] or by intentionally introduced strain. The

latter was done by either bending the VCSEL chip [68], by creating a local hot spot in the

vicinity of the laser [69] or by introducing a permanent modification of the semiconductor

material on one side of the VCSEL [70].

In contrast to the polarization switches observed in Fig. 2.5, a polarization switch can

seem to occur gradually with current [71], if measured with a photodiode with a large

time constant. However, this virtually gradual polarization switch is in reality a mode

hopping between the two polarizations [11] with the average residence times in the two

polarization modes depending on the current [72]. In the vicinity of the polarization switch,

the average residence time in the dominant polarization before the polarization switch

decreases with increasing current, while the average residence time in the polarization

suppressed initially increases with increasing current. The absolute value of the average

residence times depends on the difference between the current at which the polarization

switch occurs and the threshold current [11, 73]. If current noise is intentionally applied,

the average residence time decreases [74].

The response of VCSELs to a small current modulation around a bias current, at which a

polarization switch occurs, was investigated as well [75]. It turned out that the time delay

between the edge of the modulation pattern and the polarization switch is stochastically

distributed [76] and that the maximum modulation frequency for which the polarization

switch still occurs depends on the underlying mechanism of the polarization switch [77].

This stochastic nature of polarization switches appears as well in the turn-on characteristics

of VCSELs under current or voltage pulses having a short rise time. Even for VCSELs with

a stable polarization under CW operation, it can take several nanoseconds of polarization

competition with two almost equally strong polarizations until the steady-state condition

is reached [78].

The pronounced polarization switching which is found in VCSELs raises the question

which influence these polarization instabilities have on the noise properties of VCSELs.

First investigations were done on multimode VCSELs and it was found that an increase of

the relative intensity noise in the total output power by about 3 to 5 dB occurs as soon as

the second polarization contributes to the lasing action [79, 80]. However, this increment

of the noise in the total output power is quite small compared to the rise of the noise in
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the individual polarizations, which can be as high as 25 dB or even more [80]. The mod-

erate increment of the noise in the total output power compared to the noise in the single

polarizations is explained by the strong anti-correlation of the two polarizations which

is observed in most cases [81]. Even in single-mode VCSELs, the noise in the individual

polarizations exceeds the one of the total output power by 15 to 20 dB [71]. It was found in

the same investigation that it depends on the birefringence and the consequently induced

splitting of the emission wavelengths of the polarization modes, whether the noise proper-

ties of single-mode VCSELs deteriorate due to polarization instabilities. If the wavelength

splitting is small, the noise in the total optical output power of the VCSEL increases more

than for a large wavelength splitting [71]. Recapitulating, one can say that the relative

intensity noise in the total optical output power of VCSELs is generally increased due

to polarization instabilities. The strong anti-correlation of the two polarizations leads to

an increase of the noise in the individual polarizations several orders of magnitude higher

than in the total output power. Consequently, the noise properties of VCSELs in an optical

setup are very sensitive to polarization-dependent absorption, reflection, and transmission

along the optical path.

Not surprisingly, feedback can have a strong and potentially determining influence on the

polarization properties of VCSELs, too [82]. The polarization of VCSELs can be switched

by polarization-sensitive feedback [83,84] or by varying the length of an extremely short ex-

ternal cavity [85,86]. Pronounced laser dynamics in the emitted polarizations were observed

under isotropic [87] as well as polarized [88] optical feedback or by injecting orthogonally

polarized light from a master laser into a VCSEL [89]. Thus, feedback has to be avoided

very carefully for many VCSEL applications.

2.3 Polarization of VCSELs: Theoretical Explanations

All the polarization instabilities summarized above call for an explanation11. The first one

was presented in 1994 and explains polarization switches by an interplay of the wavelength

difference between the two polarization modes with the wavelength dependence of the

gain [64]. In contrast to EELs, the emission wavelength of VCSELs is determined by the

laser cavity and not by the gain spectrum. With increasing temperature in the active

region, which in most cases is caused by an increasing drive current, the gain spectrum

shifts faster to longer wavelengths than the cavity resonance, since the wavelength shift of

the cavity resonance of 0.056 to 0.09 nm/K is smaller than the shift of the gain spectrum,

which is about 0.32 to 0.34 nm/K [29]. In a proper design, the gain spectrum has to be

on the short wavelength side of the cavity resonance at the target ambient operation

temperature at zero drive current. Increasing the drive current, the gain spectrum then

shifts from the short wavelength side of the cavity resonance to the long wavelength side

of the cavity resonance as illustrated in Fig. 2.7. Consequently, for small currents, the

11To simplify matters, the following discussion is restricted to single-mode VCSELs as it is done in

basically all investigations and publications dealing with polarization instabilities of VCSELs.
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Figure 2.7: Illustration of the wavelength shift of the gain spectrum and the cavity res-

onances with increasing laser temperature caused, for example, by an increased drive

current.

polarization mode with the smaller wavelength (λS) experiences a higher material gain

on the long wavelength side of the gain spectrum, while, for high currents on the short

wavelength side of the gain spectrum, the material gain is higher for the polarization mode

with the longer wavelength (λL). Thus the polarization with the shorter wavelength lases,

if

dgmat

dλ

∣

∣

∣

∣

λ=(λS+λL)/2

< 0 (2.15)

and the polarization with the longer wavelength lases, if

dgmat

dλ

∣

∣

∣

∣

λ=(λS+λL)/2

> 0 . (2.16)

The wavelength shift of the gain spectrum relative to the cavity resonances with increas-

ing temperature and current gives an explanation for the more frequently observed type I

polarization switch, that is a switch from the polarization with the shorter emission wave-

length to the one with the longer emission wavelength, but not for the type II polarization

switch. Thus the wavelength dependence of the absorption was included later [67]. Con-

sidering the absorption denoted by α, the polarization mode with the shorter wavelength

lases, if

dgmat

dλ

∣

∣

∣

∣

λ=(λS+λL)/2

<
dα

dλ

∣

∣

∣

∣

λ=(λS+λL)/2

(2.17)

and the polarization mode with the longer wavelength lases, if

dgmat

dλ

∣

∣

∣

∣

λ=(λS+λL)/2

>
dα

dλ

∣

∣

∣

∣

λ=(λS+λL)/2

. (2.18)

The free carrier absorption between the split-off band and the heavy-hole band in the p-

doped DBR was identified in [67] as the dominant absorption mechanism. This absorption
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Figure 2.8: The same illustration as in Fig. 2.7, but here also showing the wavelength-

dependent losses.

increases with increasing wavelength. Thus the derivative of the absorption with respect

to wavelength is always positive and nothing changes, if the cavity resonances are on the

long wavelength side of the gain spectrum as illustrated in the left diagram of Fig. 2.8.

However, for increasing current or increasing temperature, when the cavity resonances are

on the short wavelength side of the gain spectrum, the dominant polarization depends on

the derivatives of the material gain and of the absorption with respect to the wavelength

in this extended model. In the case of an absorption as given by α1 in the right diagram of

Fig. 2.8, the polarization mode with the longer wavelength is lasing, while the polarization

mode with the shorter wavelength is lasing for an absorption like α2. In this way, one can

phenomenologically explain type I and type II polarization switches as well as - with some

restrictions - a type I switch followed by a type II switch. The observation of polarization

switches attributed to spatial hole burning [90] or thermal lensing [91] points out that

instead of the net material gain the net modal gain has to be considered to describe

polarization switches in VCSELs correctly. In addition, the polarization dependence of the

gain and the absorption due to the electro-optic and especially the elasto-optic effect has

to be included [32,68].

The observation of hysteresis in the two orthogonal polarizations of VCSELs, that is the

phenomenon that the dominant polarization differs for increasing and decreasing current

as shown in Fig. 2.5, is one effect which points out that the net modal gain difference

alone does not define the dominant polarization of a VCSEL. Thus, non-linear effects like

self- and cross-saturation of the gain with photon density have to be considered [92]. If

the cross-saturation exceeds the self-saturation, bistability of the polarization and there-

fore a hysteresis like in Fig. 2.5 can be theoretically described. But even including these

non-linear effects, there are experimental observations, which cannot be explained with a

thermal model as discussed up to now. Among these observations are polarization switch-

es at constant active region temperature [93], polarization switches to the gain disfavored

mode [94], and intermediate elliptically polarized dynamical states associated with a type

II switch [65].
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In the discussion so far, the birefringence has been mainly included to justify the frequency

splitting of the two polarization modes, but has not been considered as a phase anisotropy

in the rate equations. This is only correct if either the birefringence itself or the linewidth

enhancement factor vanishes [95]. However, both quantities are different from zero in VC-

SELs. Thus, including phase-amplitude coupling, as it is typical for semiconductor lasers,

polarization switching is predicted even in the absence of any net modal gain difference [9].

Furthermore, even polarization switches to the polarization mode with the smaller modal

net gain can be explained [95]. Besides that, ranges for parameters as current and bire-

fringence, in which one polarization, both polarizations or no polarization is stable, can

be identified in this so-called spin-flip model [9,96], which got its name from the fact that

it takes the angular momentum of the conduction and valence band states into account as

illustrated in Fig. 2.9.

As discussed already previously, the energy states of the light-hole valence band and of

the split-off valence band are too low in unstrained and compressively strained quantum

wells to contribute significantly to the lasing operation. Thus, possible transitions can only

occur from the conduction band with a total angular momentum of 1/2 to the heavy-hole

valence band with a total angular momentum of 3/2. The corresponding projections of

the total angular momentum are Jz = ±1/2 in the conduction band and Jz = ±3/2 in

the heavy-hole valence band. Only the dipole transitions from the conduction band with

Jz = −1/2 to the heavy-hole band with Jz = −3/2 as well as from the conduction band

with Jz = 1/2 to the heavy-hole band with Jz = 3/2 are allowed according to the selection

rule ∆Jz = ±1. The latter transition leads to a left-circularly polarized field (E−) and the

former one to a right-circularly polarized field (E+). A four-level system with two possible

optical transitions as depicted on the right side of Fig. 2.9 is the consequence. Besides

the optical transitions, the four levels are also coupled by so-called spin relaxation within

the conduction and within the valence band. These spin-flips, which lead to a population
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Figure 2.9: Illustration of the bandstructure of a quantum well as it is employed in VCSELs

(left) and of the resulting four-level system (right) on which the spin-flip model is based.

20



2.3. POLARIZATION OF VCSELS: THEORETICAL EXPLANATIONS

equilibration of the magnetic sublevels, can be caused by scattering from defects as well as

by electron–hole and exciton–exciton exchange interactions [95]. The spin relaxation rate

inside the conduction band γs is much smaller than the spin relaxation rate in the valence

band and thus the latter one can be neglected.

The scalar Maxwell-Bloch equations for the four-level system presented on the right side

of Fig. 2.9 are the following [95]:

dE±

dt
= γo(1 + iαL)(Nc ± nc − 1)E± − iγpE∓ − γaE∓ , (2.19)

dNc

dt
= −γc(Nc − j) − γc(Nc + nc) |E+|2 − γc(Nc − nc) |E−|2 , (2.20)

dnc

dt
= −γsnc − γc(Nc + nc) |E+|2 + γc(Nc − nc) |E−|2 (2.21)

with

Nc =
(nC,+ + nC,−) − (nV,+ + nV,−)

(nC,+,tr + nC,−,tr) − (nV,+,tr + nV,−,tr)
, (2.22)

nc =
(nC,+ − nV,+) − (nC,− − nV,−)

(nC,+,tr + nC,−,tr) − (nV,+,tr + nV,−,tr)
. (2.23)

nC,+, nC,−, nV,+, and nV,− indicate the population of the conduction (C) and heavy-hole

valence (V) band states with positive (+) and negative (-) angular momentum quantum

number. The index ’tr’ denotes the level of transparency. Thus Nc is the population dif-

ference between conduction and valence band normalized to its value at transparency and

nc the difference in the population inversion in the two optical transitions. The drive cur-

rent normalized to its value at threshold is given by j. αL is the linewidth enhancement

factor [97]. The decay rate of the total carrier numbers is expressed by the variable γc,

while γo is the decay rate of the (optical) electric field with (2π)/(2γo) being the photon

lifetime. The parameter γp denotes the linear phase anisotropy and is used to model the

linear birefringence, from which the dominant contribution to the difference in the emis-

sion wavelengths of the two polarization modes arises. Besides that, the linear birefringence

together with the linewidth enhancement factor couples the phase and the amplitude of

the electric field. Possible different gain–to–loss ratios, corresponding to net modal gain

differences, are modeled by the amplitude anisotropy γa. The variables γc, γo, γa, and γp

are all given in the unit of angular frequency.

The rate equations 2.19–2.21 consider only the case of a single transverse mode in a plane

wave approximation. Their general solution can be written as

E± = Q±ei(ω±t+ψ) , Nc = N0 , nc = n0 (2.24)

with ω± as the angular frequency relative to the average emission frequency of the two

polarization modes. The following discussion shall be limited to the two linearly polarized

solutions, which can be obtained from the circularly polarized fields E± by

Ex =
E+ + E−√

2
, Ey = −i

E+ − E−√
2

. (2.25)
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The x-polarized solution is given by

Q2
± =

j − N0

2N0
, ω± = −γp + γaαL , ψ = 0 , N0 = 1 +

γa

γo
, n0 = 0 , (2.26)

and the y-polarized one by

Q2
± =

j − N0

2N0
, ω± = γp − γaαL , ψ =

π

2
, N0 = 1 − γa

γo
, n0 = 0 . (2.27)

For a positive linear phase anisotropy γp and sufficiently small amplitude anisotropy γa, the

x-polarized mode has the lower relative emission frequency and thus the higher emission

wavelength, as it is the case in most VCSELs due to the electro-optic effect. The sign of

the amplitude anisotropy is chosen in such a way that the x-polarized mode has the higher

threshold gain for γa > 0.

For the stability analysis of these solutions, a complex perturbation (a±) of the field

amplitude and real perturbations (aN,an) of the carrier variables are inserted in Eqn. 2.24:

E± = (Q± + a±)ei(ω±t+ψ) , Nc = N0 + aN , nc = n0 + an . (2.28)

After substitution of Eqn. 2.28 into Eqns. 2.19–2.21 and linearization to the first order in

the perturbations, one obtains a set of coupled linear differential equations, which can be

written as

d ~A

dt
=

←→
M ~A with ~A = (a+, a∗+, a−, a∗−, aN, an)

T (2.29)

where ’ * ’ denotes the complex conjugated and ’ T ’ the transposed form. The solution is

stable, if the real part of all eigenvalues of the matrix
←→
M is negative.

In the following, this stability analysis shall be discussed for different values of the nor-

malized current j, of the linear phase anisotropy γp, and of the amplitude anisotropy γa.

The other parameters are fixed to values typical for VCSELs [58,95,98–100]: γc = 1 GHz,

γs = 50 GHz, γo = 300 GHz, αL = 3. The amplitude anisotropy is set to zero (γa = 0) in

Fig. 2.10. Thus there is no net modal gain difference between the polarization modes. Nev-

ertheless, one obtains four regions in the parameter space of the normalized drive current

j and of the linear phase anisotropy γp, in which either the x-polarization (X), the y-

polarization (Y), both polarizations (B) or no polarization (N) is stable. If in Fig. 2.10 the

current j is increased for a phase anisotropy γp smaller than 10 GHz and the x-polarization

is by accident selected at threshold, a polarization switch occurs as soon as the region, in

which only the y-polarization is stable, is reached.

However, polarization switches can occur not only without, but also with an amplitude

anisotropy and then even to the mode with the lower net modal gain. This can be discussed

by means of Fig. 2.11. In the left diagram of this figure the amplitude anisotropy γa is set

to 1 GHz. According to Eqns. 2.26 and 2.27, the y-polarized mode possesses the smaller

threshold gain in this case. Consequently, the parameter region with a stable y-polarized

mode is increased compared to the diagram for γa = 0 GHz in Fig. 2.10. However, in the left

22



2.3. POLARIZATION OF VCSELS: THEORETICAL EXPLANATIONS

N

B

X

Y

0.1 1 10 100
1.0

2.0

3.0

1.5

2.5

Linear Phase Anisotropy (GHz)gp
N

o
rm

a
liz

e
d

 C
u

rr
e

n
t 

j

Figure 2.10: Stability diagram of the linearly polarized solutions of a VCSEL for a vanishing

amplitude anisotropy γa according to the spin-flip model.

diagram of Fig. 2.11, there is still the possibility of a stable x-polarization, although the x-

polarized mode has the smaller net modal gain. If the normalized current j is increased for

a linear phase anisotropy of γp ≈ 30 GHz, which corresponds to a difference in emission

wavelength of 24 pm, a common value found in VCSELs [11], the y-polarized mode is

selected close to threshold and remains the dominant polarization mode in the absence of

noise even throughout the region in which both polarization modes are stable. As soon as

the region is reached in which only the x-polarized mode is stable, a type I polarization

switch occurs to the mode with the smaller net modal gain. If the current is decreased again,

the x-polarized mode will remain the dominant one throughout the region of bistability

until the parameter region is reached in which only the y-polarized mode is stable. Thus

a hysteresis in the polarization of the VCSEL can be observed: the polarization switch

occurs at a higher current for increasing than for decreasing current. Depending on the

exact value of the linear phase anisotropy, there is also a region in which both linear

polarizations are unstable for higher currents.

In the right diagram of Fig. 2.11, the amplitude anisotropy is chosen as γa = −1 GHz. Con-

sequently, the x-polarized mode exhibits the smaller threshold gain and the larger region of

stability. However, also in this case, polarization switches can be observed. The amplitude

anisotropy has to be chosen larger than 5 GHz to obtain a stable y-polarization and smaller

than -12 GHz for a stable x-polarization inside the complete investigated parameter range

of linear phase anisotropy and normalized current. This corresponds roughly to a relative

linear modal dichroism (difference of net modal cavity losses normalized to their average

value) of -3 and +8%, respectively.

Besides the two linearly polarized solutions discussed above, an elliptical polarization, a

polarization modulated periodically or a polarization assumed to be chaotically modulated

can be found in the vicinity of the boundaries of the stability regions [95]. Furthermore,

a double polarization switch, that is a type I switch followed by a type II switch, can be

described by the spin-flip model, if gain saturation is included [101].
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Figure 2.11: Stability diagram of the linearly polarized solutions of a VCSEL for an am-

plitude anisotropy γa of 1 GHz (left) and −1 GHz (right) according to the spin-flip model.

The spin-flip model in the form presented here gives valuable insight into the polarization

dynamics in VCSELs beyond the net modal gain considerations made by the previous

thermal models. However, in a complete model, the non-linear dynamics provided by the

spin-flip model have to be combined with the thermal aspects. This was done by in-

troducing a more realistic gain into the spin-flip model through a frequency-dependent

susceptibility [102], which accounts for thermal effects by a varying detuning and substi-

tutes the linewidth enhancement factor. This upgraded model is known as the extended

spin-flip model. Later, this frequency-dependent susceptibility was further improved to

include strain effects as well [98].

In this way, the repeatedly extended spin-flip model became the most complete theory to

describe polarization switching. However, this could only be achieved at the expense of a

high level of complexity. Therefore, several attempts have been made to reduce the spin-flip

model without losing information for the most common conditions relevant to experiments.

These simplifications are based on adiabatical elimination of the spin dynamics [10,61] or

on a multiple time scale analysis in combination with averaging methods [103].

To summarize the discussion on the polarization properties of VCSELs, it shall be point-

ed out again that besides the net modal gain difference, non-linear effects like phase–

amplitude coupling play a major role in the selection of the dominant polarization as well.

In general, the physical mechanisms which influence the polarization properties of VC-

SELs are so manifold that a stable polarization cannot be achieved by attributing them

individually. Instead, one mechanism has to be chosen for polarization selection and has

to be pronounced so strongly that it dominates all other influences on the polarization

properties and guarantees a stable polarization.
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2.4 Demand for and Previous Attempts on Polarization Con-

trol of VCSELs

As explained in the previous sections, VCSELs have a priori a very unstable and hardly

predictable polarization. However, in several applications, a stable polarization is advanta-

geous or even required. An example for the latter case is spectroscopy. Due to the electro-

and elasto-optic effect, a polarization switch of a VCSEL is accompanied by a shift of the

emission wavelength. Such a shift can be as large as 100 pm [11] exceeding the spectral

linewidths of common gases as, for example, oxygen which has absorption lines around

760 nm with a full width at half maximum (FWHM) of 7.5 pm at 1 bar [21]. In the case

of a polarization switch, the spectral overlap of the absorption line and the laser emission

would be lost.

Furthermore, polarization switches or an unstable polarization behavior in general in-

creases the relative intensity noise of VCSELs [78, 79, 104] as discussed previously. This

deteriorates the performance of VCSELs in data communication systems. If a VCSEL is

used in a setup with polarization-dependent transmission, the noise floor of the system is

strongly enhanced, as is also put into evidence in Sect. 6.4. The experiment discussed there

proves moreover that one cannot compensate the unstable polarization of a VCSEL with

a polarizer inserted in the optical path behind the laser. Besides the strongly increased

noise, the total available power behind such a polarizer would vary or jump by up to 20

dB or even more depending on the distribution of the laser output power among the two

main polarizations.

Apart from a polarizer, there are other optical elements like beamsplitters, lenses, and

mirrors which in most cases possess a polarization-dependent transmittivity or reflectiv-

ity. Therefore, all components in any optical setup in which a VCSEL with an instable

polarization is supposed to be used have to have polarization-independent properties. This

requires extra care, effort, and costs. Optical computer mice are a new emerging mass-

market application field for VCSELs. The next generation of these optical computer mice

will require VCSELs with a well-defined and stable polarization. The same is true for

potential use of VCSELs in magneto-optical, compact disc or digital versatile disc drives.

Conclusively, a technique to control the polarization of VCSELs will open up new appli-

cation areas for this type of laser diodes and will make new products possible one has not

been able to realize yet. Up to now, often VCSELs with an accidentally polarization-stable

emission were handpicked from a large quantity for applications requiring a stable polariza-

tion. A method to control the polarization would make obsolete this selection. Additionally,

the emission of these handpicked VCSELs is not guaranteed to be polarization-stable for

operation conditions apart from the tested ones anyway.

As early as 1991, first proposals and attempts to stabilize the polarization of VCSELs were

undertaken in the group of Prof. Iga at the Tokyo Institute of Technology, Japan [105].

In the following years, this group made substantial contributions to the research on
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polarization-stable VCSELs [13,14,22,23,106–112]. Over the years, groups at several uni-

versities came up with new ideas in this research field: the group of Prof. Lee from the

Korea Advanced Institute of Science and Technology, Korea [113–117], Kent Choquette

from the Sandia National Laboratories, USA [12], the group of Prof. Bowers from the

University of California, USA [118,119], the group of Prof. Thienpont from the Vrije Uni-

versiteit Brussel, Belgium [120], the group of Prof. White at the University of Bristol,

UK [121, 122], and the group of Prof. Ebeling at Ulm University, Germany [20, 123]; the

last one occasionally in close cooperation with the Italian National Research Center at

the Politecnico di Torino, Italy [124]. Since the issue of polarization control is of such high

practical interest and importance, very active and in-depth research in this field was un-

dertaken by several companies like NTT Communications Corporation [125–127], Avalon

Photonics [128], NEC Corporation [129–131], Nortel [132], and Fuji Xerox [133,134].

As discussed in the previous sections, there are several macroscopic parameters which

influence the polarization of a VCSEL like drive current, substrate temperature, optical

feedback or external stress. To achieve a stable polarization, a mechanism is needed which

overrules all the other influences on the polarization, which can be quite strong and depend

very much on the environment the VCSEL is used in. For example, a VCSEL which is

polarization-stable when tested on-wafer is not necessarily polarization-stable after it is

mounted, since the mounting process can introduce additional stress. The same holds

true if an afore polarization-stable VCSEL is exposed to optical feedback in the setup

it is used in. Furthermore, it is easier to guarantee a stable polarization of a VCSEL in

continuous-wave (CW) operation than under high-speed modulation.

All approaches to control the polarization of VCSELs can roughly be divided in the usage

of anisotropic gain, polarization-dependent mirrors, enhanced polarization dependence of

the cavity or external optical feedback. The last one has proven to be a very powerful

tool for pinning [84, 135] the polarization of a VCSEL. However, a major advantage of

VCSELs is their very low price which is often less than one US-dollar per device. Such

a price is not feasible with an external optical feedback, which uses relatively expensive

optical components and needs to be aligned and mounted very carefully.

A very popular idea has been to introduce a transverse anisotropy into the VCSEL cavity.

Dumbbell-shaped [12], rectangular [129] or elliptical [20, 133, 136] mesas were the first

representatives of this technique. They all aimed for polarization-dependent scattering

losses inside the laser cavity [137]. However, these polarization-dependent losses are so

weak that a combination of an elliptic cavity with a special geometry of metal wires for

current injection was tried [134]. Furthermore, an oxide slit with a width of less than 3µm

was integrated into a proton-implanted VCSEL with an active diameter of 7 µm [115],

but this oxide slit destroyed the circular far-field, which is a main advantage of standard

VCSELs. A mechanism for polarization control was proposed and theoretically investigated

which uses the existing birefringence in a VCSEL together with an antiresonant reflecting

optical waveguide [138]. Moreover, it was tried to use transverse anisotropies to realize

a polarization-dependent reflectivity of the upper Bragg mirror by using a tilted mesa
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structure [139] or a zigzag pattern at two opposed mesa sidewalls [131]. However, the

polarization control which has been achieved with such transverse anisotropies remained

rather weak in all cases.

As discussed in Sect. 2.1, the gain of quantum wells grown on (001) substrates is equal for

all polarization directions in the plane of the quantum wells, if the direction of the current

flow is orthogonal to the quantum wells. However, this gain degeneracy is lifted as soon as

the direction of the current flow is changed. Consequently, the idea of an inclined current

path by using intra-cavity contacts came up [120,140]. The polarization of the investigated

VCSELs was indeed influenced by this asymmetric current injection, but the extinction of

the suppressed polarization was rather small and their overall performance clearly suffered

from the modified current distribution inside the active layers.

A more promising approach is an active medium consisting of structurally anisotropic

quantum dots which can under certain circumstances provide a polarization-dependent

gain [141]. However, the overall performance of VCSELs with quantum dots as active gain

medium was rather poor for a long time and, although their performance has been strongly

improved recently [31], this approach cannot be conclusively judged yet.

The above discussed isotropy of the quantum well gain on (001) substrates is broken on

substrates with higher indices [142]. First attempts with GaAs substrates which were mis-

oriented two degrees towards the (111)A and (111)B12 plane did not provide the desired

results [130]. The material gain anisotropy could be enhanced strongly when VCSELs were

grown on GaAs (113)A substrates [14, 107, 108]. To avoid problems in doping layers with

high aluminum contents, GaAs (113)B substrates were chosen later [109, 143, 144]. With

this method for polarization control, a very high orthogonal polarization suppression ratio

(OPSR) of 30 dB inside a multi-mode fiber [109] was achieved, because already the spon-

taneous emission of VCSELs on GaAs (113)B substrates is partially polarized. Drawbacks

are the rather difficult processing [111]. Since the activation energy along the [33̄2̄] and

the [1̄1̄0] crystal axes is different, the process temperature for lateral oxidation had to be

increased up to 480◦C, while commonly temperatures around 400◦C are chosen for a better

control of the oxidation speed. Nevertheless, single-mode emission was achieved [110], but

with a rather moderate single-mode output power of less than 1mW. Multimode VCSELs

showed a stable polarization under 5 GHz sinusoidal modulation, but the peak-to-peak

suppression of the weaker polarization in the spectra of single-mode VCSELs dropped

from 30 dB for CW operation to 11 dB [111]. The reduction of polarization suppression in

single-mode VCSELs on (113)B substrates under high-speed modulation was later reduced

by using strained quantum wells in combination with an optimized AlAs layer for lateral

oxidation. However, the OPSR still dropped to 17 dB in the first peak of the relaxation

oscillation and the single-mode output power remained rather low with less than 0.5mW.

The VCSELs grown on substrates with higher indices discussed above had an emission

wavelength around 960 nm. At the latest in 1998, when the IEEE 802.3z standard re-

12The symbols ’A’ and ’B’ indicate whether the last crystal layer at the surface is a gallium or arsenic

one, respectively.
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quired 850-nm light sources for data communication over a distance of several hundred

meters, a transfer of the results achieved above for 960-nm VCSELs to devices with an

emission wavelength of 850 nm became necessary. These attempts were only partially suc-

cessful [125,145]. An improvement was again achieved by incorporating strained quantum

wells consisting of In0.2Al0.15Ga0.65As [126]. While OPSR values of more than 20 dB were

achieved for CW operation, the suppression of the orthogonal polarization decreased below

10 dB for the first peak of the relaxation oscillation. Instead of decreasing the emission

wavelength towards 850 nm, also an increase towards 1.3µm was tried, which resulted in

VCSELs with an emission wavelength of 1.117µm exhibiting a stable polarization in CW

operation [112]. An emission wavelength of 1.3µm was realized with an optically pumped

VCSEL by combining an active region grown on InP (113)B substrates with Bragg reflec-

tors grown on GaAs (001) substrates by wafer bonding [118,119].

The material gain as well as the cavity losses of the two polarizations can be changed

simultaneously when external stress is applied as discussed in Sect. 2.1. Consequently,

intentionally introduced stress seemed to be a promising possibility for polarization con-

trol [106, 121, 122, 128, 132, 146, 147]. However, it turned out that the applied stress has

to be rather large to achieve a stable polarization for a larger quantity of VCSELs and

therefore this approach cannot be implemented easily in a manufacturing process.

Besides optical feedback, anisotropic cavities, and anisotropic gain, mirrors with a polariza-

tion-dependent reflectivity are the fourth possibility for polarization control of VCSELs.

Several combinations of a Bragg mirror with a metallic or semiconductor grating have been

tried to realize polarization-dependent mirrors for polarization control of VCSELs [13,113,

148,149]. However, none of these attempts has been satisfactory as will be discussed in more

detail in the next chapter. Instead of using a grating, a polarization-dependent reflectivity

can be realized by integrating an elliptic surface relief on top of the upper Bragg mirror

of a VCSEL [123,124], but the polarization control achieved with this technique is rather

weak. Recently, photonic crystal VCSELs have become a very attractive research field

for single-mode VCSELs [150–152]. An extension of this concept towards single-mode,

polarization-stable VCSELs is obvious [116, 117, 153], but not straightforward as up to

now insufficient polarization control or moderate output powers demonstrate.

In addition to research focusing on a method to define a polarization direction in VC-

SELs and to pin the polarization reliably along this direction, intentional switching of the

polarization of the light emitted by VCSELs without changing the drive current or the

substrate temperature and thus alter the output power or the emission wavelength has

been investigated, too. The idea is that the laser remains more or less in a steady-state

condition and just its polarization is switched. Several of these attempts were based on

optical feedback [84–86, 154] or optical injection [155, 156]. Other techniques utilized the

dependence of the gain spectrum on the current direction [157] or relied on the electro-optic

effect. The latter was done using three-contact devices of which two were used for biasing

the laser and the third together with one of the first two to apply a voltage to one Bragg

mirror [158] or to a second cavity [159, 160]. The first approach utilized the birefringence
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introduced by the electro-optic effect, while in the approach with an additional cavity a

combination of the electro-optic effect and the quantum-confined Stark effect were made

responsible for the observed partial polarization control.

Recapitulating, the best results for polarization-stable VCSELs have been realized in the

past by growth on GaAs (113)B substrates for VCSELs with an emission wavelength

around 960 nm [23,112]. However, a method for polarization control, which can be applied

to already grown VCSEL structures on (001) substrates, would be much more attractive.

This method has to overcome at the same time all the processing difficulties and the

reduced performance of VCSELs with strained quantum wells grown on substrates with

higher indices. Since VCSELs are nowadays more and more used in spectroscopic applica-

tions, which require a stable polarization, the method of choice has to be easily applicable

to a variety of emission wavelengths. Thus a promising method for polarization control

has to provide the possibility to be applied to new emission wavelengths in a straightfor-

ward way without any new and additional optimization. This is not the case when using

substrates with higher indices in combination with strained quantum wells. Therefore,

further research in the field of polarization control of VCSELs was needed, providing the

motivation for this thesis.
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Chapter 3

Concept and Design of Surface

Gratings for Polarization Control

As pointed out in the previous chapter, polarization control of VCSELs is an unsolved

and urgent issue. Urgent, since the unstable polarization of VCSELs has turned out to be

a limiting factor for using VCSELs for more and new applications. Unsolved, because no

method for polarization control has been found until now which combines a reliable po-

larization control with high overall laser performance and small additional manufacturing

costs. The latter requires a monolithic solution to meet the price on the world market.

All approaches for a monolithic solution are based either on polarization-dependent losses

or on a polarization-dependent gain. Since the latter one, although deeply investigated,

is, to the best knowledge of the author, not yet used in a commercial application, the

present work focuses on polarization-dependent losses. However, the cavity losses should

be increased for only one polarization, but remain unchanged for the other polarization. In

that way, an unmodified overall laser performance in combination with a stable polarization

will be obtained, if the difference between the cavity losses is large enough to guarantee a

stable polarization under all operating conditions.

As discussed in the previous chapter, there are several possibilities to introduce polarization-

dependent losses. One can either think of transverse resonator designs which lead to

polarization-dependent scattering losses, elements with polarization-dependent absorption,

reflection or transmission inside the cavity or mirrors with polarization-dependent reflec-

tivity. The last concept is the most promising one, since transverse non-circular resonators

have turned out to provide insufficient polarization control or to degrade the overall laser

performance in an excessive way and the other approaches would require a strong mod-

ification of the complete VCSEL design and processing. However, until now, it has been

unclear, how the Bragg mirrors, which do not exhibit a sufficiently preferred reflectivity for

any specific orientation of the polarization1, can be modified to provide an unchanged high

reflectivity for one polarization, but a strongly reduced one for the orthogonal polarization.

1Due to birefringence, the reflectivity of the Bragg mirrors in VCSELs can be slightly polarization-

dependent. However, this is a very minor effect and has not proven to yield a stable polarization.
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3.1 Concept of Surface Gratings for Polarization Control

It is well known from microwave theory that linear gratings exhibit under specific con-

ditions a reflectivity and a transmittivity depending on the polarization of the incident

electromagnetic waves [161]. Already thirty years ago, it was theoretically [162] as well as

experimentally [163] proven that this also holds for infrared light. Thus, it is self-evident

to combine a grating with a Bragg mirror to obtain a laser mirror with a polarization-

dependent reflectivity. This approach was already investigated several times during the

last ten years [13, 113, 148, 149]. An alternating gold and silicon dioxide grating on top

of the upper mirror of a bottom-emitting device was intended to act as a birefringent

medium [13]. For this purpose, the grating period has to be much smaller than the laser

wavelength in the respective material. Due to technological restrictions, a larger grating

period was chosen and consequently the approach did not work. However, a gold-chrome

sub-material-wavelength grating on top of the upper mirror of a bottom-emitting VCSEL

fabricated later was neither completely convincing, since a polarization control was indeed

achieved, but the VCSELs could be operated only under pulsed excitation with very small

output powers [149]. Promising results for single- and multimode VCSELs were obtained

with metal-interlaced semiconductor gratings [113]. A grating was etched into the top λ/4-

layer of the top DBR of a top-emitting VCSEL. Subsequently, a 20-nm-thick Al-film and

a 4-nm-thick gold-zinc-film were deposited on the sidewalls of the grating ridges. These

metal films were intended to act as polarization-dependent absorbers, but complicated the

manufacturing process significantly. This is maybe the reason why this promising approach

was not pursued further. Pure semiconductor gratings with a rather large grating depth

of approximately 0.5µm were tried as well to achieve a high, but polarization-dependent

reflectivity [148]. While their performance as a stand-alone mirror was satisfactory, these

gratings were never successfully integrated into an actual VCSEL structure.

The concept of monolithically integrated, shallow surface gratings, which are the topic of

this thesis, was proposed by Pierluigi Debernardi in 2002 [164] and differs from the other,

above stated approaches in many respects. First of all, it is a pure semiconductor–air

grating, featuring a small absorption and a high refractive index contrast. This is of great

importance as discussed at the end of this chapter. Further, it is a shallow grating yielding

a high polarization-dependent reflectivity, but does not require a major modification of the

VCSEL structure and does not cause extreme losses due to diffraction and absorption. The

fact that the grating presented here is monolithically integrated into the VCSEL structure

offers the strongly required opportunity for manufacturing these grating VCSELs at low

additional costs.

The idea and the realization of these monolithically integrated surface gratings is demon-

strated in Fig. 3.1. On the left side a scanning electron micrograph of a VCSEL with an

integrated surface grating is depicted, while a schematic sketch of an upper Bragg mir-

ror with a surface grating is presented on the right side. The fact that a Bragg mirror

is located below the grating has to be kept in mind, when a surface grating is designed,
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since the grating does not only influence the magnitude of the modes reflected at the

semiconductor–air interface, but also their phase. Especially the phase is in interaction

with the subjacent Bragg mirror of high relevance. The high reflectivity of a Bragg mirror

results from the constructive interference of the reflections at the individual interfaces. The

semiconductor–air interface on top of the VCSEL provides the highest reflectivity of all

interface of the upper Bragg mirror due to the high contrast of the refractive indices there.

Thus, the overall reflectivity of the upper Bragg mirror of a VCSEL depends strongly on

the amplitude and the phase of the field reflected at the outcoupling aperture. This is also

true in the case of an integrated surface grating, since the reflectivity of a grating can,

under certain circumstances, be even higher than that of a planar interface. Consequently,

the surface grating has to be designed together with the Bragg mirror below the grating.

Figure 3.1: A scanning electron micrograph of a VCSEL with a surface grating monolith-

ically integrated into its outcoupling aperture (left) and a schematic drawing of an upper

Bragg mirror with a monolithically integrated surface grating (right).

Three different kinds of gratings can be distinguished depending on the ratio between the

grating period Λ and the material wavelengths2 of the light in the medium in front of the

grating λ1 and of the light transmitted through the grating λ2. If the grating period is much

larger than the larger of the two material wavelengths in front of and behind the grating,

the grating has only minor influence on the polarization properties of the light [165]. On

the other hand, if the grating period is much smaller than the smaller material wavelength,

the grating behaves as an artificial birefringent medium, whose dielectric constants parallel

and orthogonal to the grating grooves are given by [166]

ε|| =
wridgeεridge + wgrooveεgroove

wridge + wgroove
and ε⊥ =

(wridge + wgroove)εridgeεgroove

wridgeεgroove + wgrooveεridge
(3.1)

with wridge as the width of the grating ridges and wgroove as the width of the grating grooves

as well as εridge and εgroove as the corresponding dielectric constants. Such a grating is also

called zero-order grating [165], since only the zeroth transmitted and reflected order can

2For the special case of a grating VCSEL, the material wavelength in medium 1 in front of the grating,

denoted by λ1, equals the emission wavelength of the VCSEL divided by the refractive index of the

semiconductor material the VCSEL is made of. The material wavelength in medium 2 behind the grating,

denoted by λ2, is correspondingly the emission or vacuum wavelength λ0.
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propagate. This makes zero-order gratings very attractive, since they do not cause any

diffraction. However, the fabrication of gratings with such a small grating period is quite

challenging. In the case of a VCSEL with an emission wavelength of 850 nm, the material

wavelength inside GaAs with a refractive index of 3.65 [39] is as small as 234 nm. If one

assumes, that the grating period is already much smaller than this material wavelength,

if they differ by a factor of two, the required grating period for a sub-material-wavelength

grating in a GaAs-based VCSEL with an emission wavelength of 850 nm is less than 120 nm.

Thus the required grating ridge and groove widths are smaller than 60 nm. This is smaller

than the half-pitch of state-of-the-art memory chips. Currently, such gratings can hardly

be fabricated with optical lithography. Therefore, either high-resolution electron beam or

nanoimprint lithography [167] has to be used. Additionally, the etching of the grating

becomes more challenging. It is difficult to meet the requirement of a low-cost method for

polarization control with such sub-material-wavelength gratings.

To avoid high additional fabrication costs, gratings with grating periods in the order

of the emission wavelength are investigated in this thesis. While the fabrication of such

gratings is possible with a reasonable effort, their design is much more complicated, since

no effective medium theory as in the case of the sub-material-wavelength gratings can be

applied. Consequently, fully vectorial, three-dimensional calculations have to be performed.

In these calculations, the transverse wavevectors of the incident modes strongly influence

the interaction between the light and the grating. Therefore, plane waves as incident

electric field are not a proper choice in the simulations of a surface grating combined

with a Bragg mirror. Since the surface grating is part of a resonator, the reflection from

the surface grating influences the field distribution of the light which is incident on the

grating. This condition has to be addressed by a proper feedback loop in the simulations

or, what is equivalent, by simulating the complete VCSEL resonator in a fully vectorial,

three-dimensional way.

The first and still only VCSEL model capable of performing such simulations was present-

ed in 2001 by Pierluigi Debernardi, Gian Paolo Bava, and Laura Fratta [24]. This VCSEL

ElectroMagnetics (VELM) model is the basis of all simulations in this thesis and is there-

fore presented in the following section. In the last years, the model has been improved

several times. These improvements have also been stimulated by the experimental results

obtained in the research performed for this thesis. Although there are some remaining

differences between the theoretical and experimental results, the model describes and pre-

dicts the cold-cavity properties of grating VCSELs very well. The simulations performed

with the VELM model provide the emission wavelengths, the cold-cavity losses, and the

intensity distributions of the individual polarization modes supported by the cold cavity.

3.2 Fully Vectorial, Three-Dimensional VCSEL Model

The fully vectorial, three-dimensional VELM model is based on coupled-mode theory [168]

extended to anisotropic waveguides [169]. The exact form and notation of the coupled-mode
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theory used in the VELM model was developed by Gian Paolo Bava and can be found

in [170].

The main idea of coupled-mode theory in general is to describe and expand the electric−→
E and magnetic

−→
H fields of an electro-magnetic problem into the modes

−→E and
−→H of

a simplified reference structure. A typical geometry closely related to the simulation of

VCSELs is a waveguide with a varying transverse shape and/or made up of an anisotropic

medium. The modes of this waveguide are given by
−→
E and

−→
H , while

−→E and
−→H can be

chosen as the solutions of a cylindrical step-index waveguide consisting of an isotropic

medium.

The basis of coupled-mode theory are the Maxwell equations, in which the time dependence

is assumed as eiωt, which cancels out after the time derivation is performed:

∇×−→
E = −iωµ0

−→
H , (3.2)

∇×−→
H = iωε

−→
E . (3.3)

While the dielectric constant ε is in general a tensor, the discussion here shall be limited

to isotropic media and therefore ε is represented by a scalar3. Furthermore, it shall be

assumed that the media of interest exhibit the same magnetic properties as vacuum. The

notation can be simplified, if the transverse and longitudinal components are separated

according to

−→
E =

−→
Et +

−→
Ez , (3.4)

−→
H =

−→
Ht +

−→
Hz , (3.5)

∇ = ∇t + êz
∂

∂z
(3.6)

with êz as the unit vector in z-direction, which is commonly chosen to be parallel to the

rotational axis of the investigated fiber or VCSEL. In the following, only the transverse

field components are considered, since the longitudinal components can be calculated from

the transverse components by

−→
Ez =

1

iωε
∇t ×

−→
Ht , (3.7)

−→
Hz = − 1

iωµ0
∇t ×

−→
Et . (3.8)

The transverse part of the sought-after electric
−→
Et and magnetic

−→
Ht field is now expanded

into a complete and orthogonal basis of the transverse components
−→Et and

−→Ht of the

modes of the chosen reference medium. This reference medium is infinite and completely

isotropic with a dielectric constant similar to the average dielectric constant of the system

3The simulations presented in this thesis do not take into account anisotropic material properties like

birefringence, since these are rather minor effects without significant relevance for the surface gratings

discussed here. For the simulation of surface gratings, it is sufficient to account for an x-, y-, and z-

dependence of the dielectric constant. However, it shall be mentioned that the VELM model is in principle

able to account for material anisotropies as well.
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of interest as, for example, GaAs in the case of VCSELs with an emission wavelength of

850 nm. The explicit form of the chosen cylindrically symmetric basis modes
−→E and

−→H
is taken from [171] and stated in App.A. Their radial dependence is described by Bessel

functions of the first kind and their angular dependence by sine and cosine-functions. The

longitudinal z-dependence of the modes is e−iβz, with β as the propagation constant of the

individual modes. Thus, the essentially cylindrical symmetry of VCSELs is well represented

by this choice of modes. One has further to distinguish between TE and TM modes and

forward and backward propagation modes. Consequently, the transverse electric field is

given by

−→
Et(ρ, φ, z) =

∑

p∈{TE,TM}

∑

d∈{f,b}

∑

o∈{ev,od}

∞
∑

m=0

∫ ∞

0
ap,d,o,m(z, kt)

−→Ep,d,o,m,t(ρ, φ, kt) dkt (3.9)

with ap,d,o,m(z, kt) as the expansion coefficients carrying the z-dependence. The expansion

of the magnetic field is analogous and therefore not given here. The sum in Eqn. 3.9 over

the index p considers the TE and TM modes, the sum over the index d the forward and

backward propagating modes, the sum over the index o the two different angular depen-

dencies of the expansion modes called even and odd, and the infinite sum over the index

m the discrete azimuthal orders corresponding to an integer order of the Bessel functions.

Since the selected expansion modes are not guided and consequently the magnitude of

their transverse wavevector
−→
kt is not limited to discrete values, an integral appears in the

expansion to account for that. Since the problem cannot be solved completely analytically,

the integral has to be converted into a sum:

−→
Et(ρ, φ, z) =

∑

µ

Aµ(z)
−→Eµ(ρ, φ) (3.10)

with Aµ = ap,d,o,m(z, kt) ∆kt. The index µ is now understood as a combined index

µ = {p, d, o, m, kt}. The number of elements in the set of possible values of the index µ is

infinite, since the sub-indices m and kt themselves can take an infinite number of values.

Due to practical limitations of computational power, the number of possible different values

for m and kt has to be limited to about 12 and to about 15, respectively. This reduction is

a crucial part of the model and is discussed in the next section in more detail. However, the

results presented there and in Chap. 5 prove that it is well justified to omit less important

contributions in the series.

Starting from Maxwell’s equations, one can derive, as is shown in [169], a set of coupled

first-order linear differential equations for the expansion coefficients Aµ:

dAµ(z)

dz
= −iβµAµ(z) +

∑

ν

KµνAν(z) . (3.11)

βµ is the propagation constant of the mode labeled with µ and Kµν are the so-called

coupling coefficients:

Kµν = − iω

Cµ

∫ ∞

0

∫ 2π

0
ρ(ε − εref)

(−−→Eµ,t
∗−→Eν,t +

εref
ε

−−→Eµ,z
∗−→Eν,z

)

dρ dφ . (3.12)
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Cµ is the normalization constant of the expansion mode
−→Eµ, ε the dielectric constant of

the actual medium under investigation, and εref the dielectric constant of the reference

medium.
−→E ∗ is the complex conjugate of

−→E . The transverse magnetic field components of

the expansion modes in the coupling coefficients have been eliminated for simplicity by the

longitudinal z-components of the electric field of the expansion modes
−−→Eµ,z. Eqn. 3.12 is

limited to isotropic dielectric constants represented by a scalar instead of a tensor. However,

the dielectric constant ε of the medium under investigation may have an arbitrary and

non-monotonic dependence on the x-, y-, and z-coordinates. This holds for the dielectric

constant εref of the reference medium only in the x-y-plane, while it has to be independent

of the longitudinal z-coordinate. More generalized coupling coefficients for anisotropic

media can be found in [169].

With the help of a vector and matrix notation, Eqn. 3.11 can be rewritten as

d
−→
A (z)

dz
= (−i

←→
B +

←→
K )

−→
A (z) (3.13)

with

−→
A = (Aµ) ,

←→
B = (Bµν) = (βµδµν) ,

←→
K = (Kµν) , (3.14)

and δµν as the Kronecker delta. For the further solution of the problem, it is assumed

that the structure under investigation consists of a number of x-y-layers with dielectric

constants, which can vary arbitrarily in the transverse x-y-plane, but are constant within

one layer along the longitudinal z-direction. This assumption is in general well satisfied by

a VCSEL structure with the exception of graded interfaces, which have to be approximated

by staircase functions. With this restriction, the solution of Eqn. 3.13 is then given within

layer l by

−−→
Al,T = e(−i

←→
B +

←→
Kl)dl

−−→
Al,B =

←→
Tl

−−→
Al,B (3.15)

where dl denotes the thickness of the layer l,
−−→
Al,B the expansion coefficients at the bottom,

and
−−→
Al,T the expansion coefficients at the top of this layer. The propagation matrix of the

layer l is given by
←→
Tl = e(−i

←→
B +

←→
Kl)dl . The expansion coefficients remain unchanged across

the interface between two layers, so that the following relations hold:

−−−−→
Al−1,T =

−−→
Al,B ,

−−→
Al,T =

−−−−→
Al+1,B . (3.16)

With the help of Eqns. 3.15 and 3.16, the electric and magnetic fields can be propagated

through the complete layer structure of a VCSEL until the top of the topmost or the

bottom of the bottommost layer is reached. The expansion coefficients at the top interface−→
AT and at the bottom interface

−→
AB of the complete VCSEL structure are related by

−→
AT =

←→
T
−→
AB (3.17)

with

←→
T =

N
∏

l=1

←→
Tl =

N
∏

l=1

e(−i
←→
B +

←→
Kl)dl . (3.18)

37



CHAPTER 3. CONCEPT AND DESIGN OF SURFACE GRATINGS

The product in Eqn. 3.18 is performed over all N layers of the VCSEL. If one distinguishes

between forward (f) and backward (b) propagating modes, one can rewrite Eqn. 3.17 as





−→
Af

T−→
Ab

T



 =





←→
T ff

←→
T fb

←→
T bf

←→
T bb









−→
Af

B−→
Ab

B



 . (3.19)

As illustrated in Fig. 3.2, one has to apply the TE and TM reflection coefficients at the

top interface of the VCSEL structure ΓT to relate the expansion coefficients of the forward

propagating expansion modes
−→
Af

T to the expansion coefficients of the backward propagating

expansion modes
−→
Ab

T:

−→
Ab

T =
←→
ΓT

−→
Af

T . (3.20)

The relation between backward and forward propagating expansion modes is very similar

at the bottom interface of the VCSEL:

−→
Af

B =
←→
ΓB

−→
Ab

B . (3.21)

Substituting Eqns. 3.20 and 3.21 into Eqn. 3.19 and demanding that the expansion coef-

ficients have to reproduce themselves after one round trip to satisfy the condition for a

laser mode, one can rewrite Eqn. 3.19 as

(←→
T bf←→ΓB +

←→
T bb −←→

ΓT

←→
T ff←→ΓB −←→

ΓT

←→
T fb

)−→
Ab

B = 0 . (3.22)

The expansion coefficients are in principle well-defined by Eqn. 3.22. However, if one does

not include a gain material in the simulated structure, which compensates all the losses

Figure 3.2: Schematic drawing of the interfaces and layers of a VCSEL structure as used

in the simulations with the VELM model.
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due to absorption and outcoupling from the laser resonator, Eqn. 3.22 would not provide

any solution apart from the trivial one with
−→
Ab

B ≡ −→
0 . Thus, an unknown change of the

dielectric constant of one quantum well4 as active medium is assumed, which has to be

determined from Eqn. 3.22. The gain is treated as laterally uniform within an area which

corresponds to the dimensions of the oxide aperture. The coupling coefficients of the layer

’a’ as the active quantum well are split for the further calculation in a passive, unmodified

part
←→
Ka0 and an active part

←→
Kag providing gain according to

←→
Ka =

←→
Ka0 +

←→
Kag (3.23)

with

←→
Ka0 = − iω

Cµ

∫ ∞

0

∫ 2π

0
ρ(εa0 − εref)

(−→Eµ,t
∗−→Eν,t +

εref
εag

−−→Eµ,z
∗−−→Eν,z

)

dρ dφ , (3.24)

←→
Kag = − iω

Cµ

∫ ∞

0

∫ 2π

0
ρ(εag − εa0)

(−→Eµ,t
∗−→Eν,t +

εref
εag

−−→Eµ,z
∗−−→Eν,z

)

dρ dφ . (3.25)

The fraction εref/εag is approximated by εref/εa0 in the following to enable the separation

of the unknown quantity εag. Thus
←→
Kag can be rewritten as

←→
Kag = ikr

εag − εa0
εref

←→
K ′

ag = − L
da

←→
K ′

ag (3.26)

with kr as the magnitude of the wavevector of the reference medium. The new variable L
is defined as

L = −ikrda
εag − εa0

εref
. (3.27)

Thus the propagation matrix of the active layer
←→
Ta can be rewritten in a linear approxi-

mation as

←→
Ta = e(−i

←→
B +

←→
Ka)da (3.28)

≈ e(−i
←→
B +

←→
Ka0)da e

←→
Kagda (3.29)

≈ e(−i
←→
B +

←→
Ka0)da (1 +

←→
Kagda) (3.30)

= e(−i
←→
B +

←→
Ka0)da (1 − L

←→
K ′

ag) . (3.31)

The complete propagation matrix from the bottom to the top interface of the VCSEL is

therefore given by

←→
T =

←→
T0 − L←→Tg (3.32)

4Usually, three quantum wells are employed in a VCSEL as an active medium and provide gain. However,

for numerical simplicity, all gain is attributed to the central quantum well in the model. The material

threshold gains stated later in this thesis are subsequently recalculated as if all three quantum wells of the

VCSEL under investigation contribute to the active medium.
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with

←→
T0 =

a−1
∏

l=1

←→
Tl e

(−i
←→
B +

←→
Ka0)da

N
∏

l=a+1

←→
Tl , (3.33)

←→
Tg =

a−1
∏

l=1

←→
Tl e

(−i
←→
B +

←→
Ka0)da

←→
K ′

ag

N
∏

l=a+1

←→
Tl . (3.34)

Dividing the propagation matrix again in the different contributions for the forward (f)

and backward (b) propagating modes, one finally ends up with an eigenvalue equation:

←→
M0

−→
Ab

B = L←→Mg

−→
Ab

B (3.35)

with

←→
M0 =

←→
T bf

0

←→
ΓB +

←→
T bb

0 −←→
ΓT

←→
T ff

0

←→
ΓB −←→

ΓT

←→
T fb

0 , (3.36)
←→
Mg =

←→
T bf

g

←→
ΓB +

←→
T bb

g −←→
ΓT

←→
T ff

g

←→
ΓB −←→

ΓT

←→
T fb

g . (3.37)

Consequently, the whole problem of the fully vectorial, three-dimensional simulation of a

VCSEL structure is reduced to an ordinary eigenvalue problem with the eigenvalue L and

the eigenvector
−→
Ab

B. However, the matrices
←→
M0 and

←→
Mg are a priori unknown, since the di-

electric constants and the propagation constants, on which these matrices are mainly based,

depend on the wavelength of the laser mode, which is one unknown of the problem. There-

fore the wavelength of the fundamental laser mode is estimated by an one-dimensional

simulation based on the transfer-matrix algorithm as it can be found in [28]. This estima-

tion differs in most cases by less than 1 nm from the emission wavelength determined later

in the fully vectorial, three-dimensional simulations. Afterwards the eigenvalue problem of

Eqn. 3.35 is solved for several potential laser wavelengths close to the estimated one. The

eigenvalues L found for the different wavelengths can be split in a real and imaginary part:

L = −ikrda
εag − εa0

εref
(3.38)

=
krda

εref
(={εag} − i (<{εag} − εa0)) . (3.39)

The real and imaginary part of the dielectric constant are given by

ε = (n − iκ)2 = n2 − i2nκ − κ2 (3.40)

with

={ε} = −2nκ , (3.41)

<{ε} = n2 − κ2 ≈ n2 . (3.42)

The last approximation is valid for all cases of undoped and doped semiconductor materials

considered here, since the imaginary part of the refractive index κ is at least one order
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of magnitude smaller than the real part of the refractive index n [172]. Consequently, the

real part of the eigenvalue L, which corresponds to the imaginary part of the dielectric

constant ={εag}, is related to the imaginary part of the refractive index and therefore

to the gain of the quantum well, while the imaginary part of the eigenvalue L, which is

associated with the real part of the dielectric constant <{εag}, is related to the real part

of the refractive index. In the cold-cavity approach, it is assumed that the real part of the

refractive index remains unchanged und thus the correct solution is the one for which the

imaginary part of the eigenvalue vanishes:

<{εag} − εa0 = 0 . (3.43)

Since the magnitude of the wavevector of the reference medium kr, the thickness of the

quantum well da, and the dielectric constant of the reference structure εref are known,

the imaginary part of the refractive index and thus the gain necessary to compensate the

cavity losses can be calculated with the help of Eqns. 3.38 and 3.41 from the real part of the

eigenvalue. The eigenvector corresponding to the found eigenvalue provides the expansion

coefficients at the lower interface and with them the vectorial electric and magnetic fields

there. With the help of Eqn. 3.17, the fields can be calculated at any longitudinal position

inside the VCSEL structure.

In this way, the threshold gain necessary to overcome the cavity losses and the fields every-

where inside the VCSEL structure can be calculated for arbitrary transverse shapes and

an arbitrary dependence of the dielectric constant on the transverse x- and y-coordinates.

Also the longitudinal shape and the dependence of the dielectric constant on the longitu-

dinal z-coordinate can in principle be arbitrary, but has to be approximated by staircase

functions. With the knowledge of the expansion coefficients at the topmost interface of the

VCSEL, one can calculate the field outside of the VCSEL either by a further propagation

of the expansion coefficients into the air above the VCSEL or by a Fourier transformation.

3.3 Simulation of VCSELs With a Surface Grating

Some aspects of the simulations of surface grating VCSELs are discussed in this section.

As stated previously, the VELM model is in the development stage, which is used in this

thesis, a cold-cavity model. It concentrates on the electromagnetic properties of the cavity.

It is not a laser model based on rate equations including effects like spontaneous emission,

current injection, gain anisotropies, gain saturations, heating, mode competition or noise.

Within the scope of the cold-cavity approach, the results of the simulations provide the

emission wavelengths and the intensity distributions of the individual polarization modes

which can exist in the given cavity as well as their cavity losses. The design of surface

grating VCSELs is based on the latter one. Although the model is capable of treating the

electro-optic effect and noncircular oxide apertures, neither are included in the simulations

which are presented in the following, since the influence of both can be neglected compared

to the effect of the surface grating.
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The strength of the VELM model is its ability to include any arbitrary geometry via a

dielectric constant, which has a spatial dependence in the transverse x-y-plane and which

is stepwise constant in the longitudinal z-direction. Since vertical sidewalls of the grating

ridges are assumed in all simulations, if not otherwise stated, the surface grating can be

included in the simulations as a single layer having a dielectric constant with transverse

variations. The geometry of these variations determines which expansion modes are cou-

pled and which are decoupled. In the case of a grating with ridges and grooves having a

rectangular transverse shape, the even and odd azimuthal expansion modes as well as their

cosine and sine dependence are decoupled. Although this reduces the numerical complexi-

ty of the simulations significantly, the integral over the transverse wavevectors in Eqn. 3.9

has to be discretized and specific azimuthal expansion modes as well as specific transverse

wavevectors have to be selected for every simulation according to previous results for com-

parable structures or according to other considerations. A set of chosen expansion modes

is given in Fig. 3.3. The left part of the graph represents the TE expansion modes and the

right part the TM ones. On the abscissa, the expansion modes are labeled in ascending

order, first, according to their azimuthal order and then according to the magnitude of

their transverse wavevector. The ordinate gives the magnitude of the normalized select-

ed transverse wavevectors, that is the magnitude of the transverse wavevectors divided

by the magnitude of the wavevector inside the reference medium, which is in this thesis

always chosen as GaAs. The modes with the smaller transverse wavevectors in the first

azimuthal order are needed since they account for the fundamental mode of a standard

VCSEL, but contribute as well to the field distribution in a VCSEL with a surface grating.

The surface grating is accounted for by all azimuthal orders with transverse wavevectors

whose magnitude corresponds to approximately 2π divided by the grating period. In the

case of a GaAs-based, 850-nm VCSEL with a grating period of 1µm, the magnitude of

the normalized transverse wavevectors needed to describe the grating is thus about 0.24.

In the example presented in Fig. 3.3, fourteen azimuthal orders with magnitudes of the

normalized transverse wavevectors varied for every azimuthal order between 0.18 and 0.30

in steps of 0.075 and for the first azimuthal order additionally between 0.002 and 0.06 in

steps of 0.002 are selected. The points indicating the latter ones in Fig. 3.3 overlap. In ad-

dition to the azimuthal order and the magnitude of the transverse wavevector, the angular

dependence and the propagation direction of the modes have to be included. Therefore

the total number of expansion modes used in the simulations is a factor of four higher

than the number of modes which can be seen in Fig. 3.3. Nevertheless, the example given

here can still be simulated on a common PC with a central memory of 1 GB resulting in

a computing time for every set of grating parameters of roughly one hour.

All simulations presented in this thesis are performed using the layer structure given in

App.A, if not otherwise stated. This layer structure is designed for an emission wavelength

of 850 nm. It has 21 Bragg pairs in the upper mirror and 37 Bragg pairs in the lower mirror.

Between the upper Bragg mirror and the inner cavity, there is a 30-nm-thick layer, which

contains the oxide aperture positioned in a node of the standing wave inside the resonator.
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Figure 3.3: Set of selected expansion modes for a typical simulation of a VCSEL structure

with a surface grating.

The inner cavity has a length of 1.5 times the material wavelength of the VCSEL. The

three 7-nm-thick quantum wells providing gain consist of GaAs and are located in an anti-

node position of the optical standing wave. If not stated otherwise, the active diameter

is chosen to 5 µm and the ratio of the grating ridge width to the grating period to 50 %

in all simulations. It has to be emphasized that the polarization control induced by the

grating depends only in a minor way on the actual layer structure as long as the phase of

the optical standing wave at the grating itself remains unchanged as will be discussed in

detail in Chap. 8. Thus, similar results are obtained in simulations with VCSEL structures

having additional layers, a Bragg mirror consisting of layers whose thickness deviate from

λ/4 or a different position, thickness, and diameter of the oxide aperture.

In the following, the results of one simulation shall be discussed in more detail. In this

simulation, the grating period is chosen to 1µm and the grating depth to 60 nm. The

normalized magnitudes of the expansion coefficients Aµ calculated from the eigenvalue

equation (Eqn. 3.35) are given in Fig. 3.4 for the two polarization modes of the fundamental

mode. The polarization mode presented in the left graph is mainly based on TE expansion

modes and the one presented in the right graph mainly on TM expansion modes.

The normalized magnitude of the simulated electric field components of these two polar-

ization modes at the grating–air interface is shown in Fig. 3.5. The fields presented in the

upper (lower) diagrams of Fig. 3.5 correspond thereby to the expansion coefficients given

in the left (right) graph of Fig. 3.4. The component of the field parallel to the grating

grooves is denoted by Ex, the component orthogonal to the grating grooves by Ey, and

the component normal to the grating by Ez. The Ez component of the polarization mode

in the upper diagrams is considerably smaller than the Ez component of the polarization

mode in the lower diagrams. Therefore, the mode in the upper diagrams is called nearly

TE and the one in the lower diagrams nearly TM corresponding to their dominant expan-

sion modes shown in Fig. 3.4. The orientation of the polarization (that is the orientation

of the transverse electric field) of the nearly TE mode is parallel to the grating grooves

and of the nearly TM mode orthogonal to the grating grooves. Since a grating induces
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Figure 3.4: Normalized magnitude of the expansion coefficients of the two polarization

modes of the fundamental mode found in a simulation of a grating VCSEL with a grating

period of 1µm and a grating depth of 60 nm.

diffraction orthogonal to the grating grooves, the longitudinal component of the electric

field does not vanish, if its dominant transverse component is oriented orthogonal to the

grating grooves. The same holds for the magnetic field. Consequently, there is no TE mode

with a polarization orthogonal to the grating grooves and no TM mode with a polarization

parallel to the grating grooves.

Besides the fact that the fundamental mode of a grating VCSEL is either a nearly TE or

TM polarized mode, one can also see from Fig. 3.5 that none of the two polarization modes
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Figure 3.5: Normalized magnitude of the simulated electric field components at the

grating–air interface of the nearly TE mode (upper diagrams) and the nearly TM mode

(lower diagrams). The superimposed white lines indicate the grating and the oxide aper-

ture.
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is strictly linearly polarized along one of the two main crystal axes, since the orthogonal

polarization does not vanish. Instead, grating VCSELs are expected to have an elliptical

polarization 5 with one axis of the ellipse about two orders of magnitude larger than the

other one.

The simulations shown in Fig. 3.5 predict a strong modulation of the intensity distributions

of the different field components at the outcoupling aperture due to the surface grating. To

measure this theoretically predicted intensity distributions, a scanning near-field optical

microscope (SNOM), which has not been available during the research performed for this

thesis, is necessary to reach the required resolution and to collect the non-propagating

components of the fields at the grating–air interface as well. Simulations not shown here

predict that the modulation of the different field components visible in Fig. 3.5 decreases

rapidly with increasing distance from the outcoupling surface of the VCSEL and cannot

be seen in the far-field of the VCSELs as will be discussed in Chap. 5.

3.4 Design of Surface Gratings

In this section, all important parameters for the design of surface gratings are discussed

in detail and examined theoretically on the basis of the VELM model presented in the

previous sections. Although the model is capable of simulating also higher order modes,

the focus will be put on the fundamental mode for simplicity. The polarization control of

higher order modes provided by the surface grating is very similar to the control of the

fundamental mode as will be discussed in Chap. 7. All grating parameters of interest are

indicated in the schematic drawing of a surface grating in Fig. 3.6.

Figure 3.6: Sketched side view of a surface grating (left) with details (right).

If polarization control is the only aim, the grating area should be as large as possible

to provide the maximum overlap between the grating and the field of the modes at the

5Reasoning only from the diagrams presented in Fig. 3.5, grating VCSELs could be linearly polarized

along a direction which is neither parallel nor orthogonal to the grating grooves as well. However, in

simulations and in measurements not shown here it is found that the contributions in the two polarizations

parallel and orthogonal to the grating grooves are not in-phase and therefore grating VCSELs are slightly

elliptically polarized.
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outcoupling aperture of the VCSEL. However, there is no reason to extend the grating

below the contact ring of the VCSEL, since the inner diameter of the contact ring should

be chosen in such a way that no overlap between the contact ring and the emitted field

occurs at all. Therefore, throughout this thesis, the diameter of the grating area Dgrat

equals the inner diameter of the contact ring Dcontact ring with the exception of Chap. 9 in

which a method for combined mode and polarization control is demonstrated.

The high lifetime of state-of-the-art VCSELs, which is estimated6 to exceed 106 h, is par-

tially due to the fact that no AlGaAs, but just pure GaAs layers are exposed to the

ambient air. This has to be maintained when integrating a surface grating. Therefore, the

grating should be etched in a pure GaAs cap layer, whose thickness exceeds the grating

depth. In this way, the lifetime of grating VCSELs is expected to be unchanged compared

to the lifetime of standard VCSELs, since also the field distribution in the quantum wells

of grating VCSELs does basically not differ from the field distribution in the quantum

wells of standard VCSELs [164]. There have been concerns that the current spreading in

the cap layer is obstructed by the grating. However, no hint for a relevant influence of the

potentially reduced current spreading in the cap layer of surface grating VCSELs has been

observed.

Surface gratings introduce different cavity losses for the polarization modes of a VCSEL.

In the case of single-mode VCSELs, on which the discussion in the remaining part of this

chapter focuses, the number of polarization modes is only two with dominant polariza-

tions parallel and orthogonal to the grating grooves, respectively. With the VELM model,

one can simulate the material threshold gains of the two polarization modes needed to

overcome the cavity losses introduced partially by the surface grating. The difference in

the material threshold gains of the two polarization modes is called dichroism in the fol-

lowing. The precise term would be linear material dichroism. However, since the VELM

model treats just the cold-cavity, effects leading to a non-linear dichroism are not included.

Thus, the distinction between non-linear and linear dichroism is omitted in the following.

Accordingly, the dichroism is defined in the following as

dichroism = gmat,orthogonal − gmat,parallel . (3.44)

The terms ’orthogonal’ and ’parallel’ denote the orientation of the dominant polarization of

the polarization modes with respect to the grating grooves. Therefore, gmat,orthogonal is the

material threshold gain of the polarization mode with a dominant polarization orthogonal

to the grating grooves and gmat,parallel the material threshold gain of the polarization mode

with a dominant polarization parallel to the grating grooves. The higher the difference in

the material threshold gains of the two polarization modes, the larger the dichroism and

therefore the stability of the polarization control. However, the actual strength of the

polarization control is better estimated by the relative difference in the material threshold

6This information concerning the forecast of the lifetime of VCSELs is taken from the homepage of

U-L-M photonics GmbH: www.ulm-photonics.de.
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gains, which is called relative dichroism in the following:

relative dichroism =
gmat,orthogonal − gmat,parallel

0.5(gmat,orthogonal + gmat,parallel)
. (3.45)

The sign of the relative dichroism as well as the sign of the dichroism indicates whether

the dominant polarization of the emitted light of a VCSEL is parallel or orthogonal to the

grating grooves. If the threshold gain of the polarization mode with a dominant polarization

orthogonal to the grating grooves is larger than the threshold gain of the polarization

mode with a dominant polarization parallel to the grating grooves, the relative dichroism

is positive and the polarization mode with a dominant polarization parallel to the grating

grooves lases and vice versa. This dependence of the relative dichroism on the material

threshold gains of the two polarizations7 can be seen in Fig. 3.7 for a grating period of 1µm

and grating depths varied between 0 and 120 nm. The threshold gains of both polarizations

have a peak around a grating depth of 50 nm. This peak is stronger for the polarization

parallel than for the polarization orthogonal to the grating grooves. As a consequence, the

relative dichroism is negative for grating depths within this peak. Larger grating depths

lead to a positive relative dichroism and smaller grating depths to an almost vanishing

dichroism. The effect that the relative dichroism changes its sign in the vicinity of a peak

in the threshold gains is observed several times in this thesis and plays a crucial role in

Chap. 8, in which gratings with different longitudinal positions in the optical standing

wave pattern of the VCSEL resonator are considered.

Figure 3.7: Material threshold gains of the two polarizations parallel and orthogonal to

the grating grooves (left) as well as the relative dichroism calculated from these threshold

gains (right). If not stated otherwise, all simulations presented in this thesis are performed

with the layer structure given in App.A having an emission wavelength of 850 nm.

The characteristic peak in the threshold gains of the parallel and partially of the orthogonal

polarization observed in the left graph of Fig. 3.7 occurs only for grating periods larger than

the emission wavelength as can be seen in Fig. 3.8. For grating periods smaller than the

emission wavelength, the peak of the threshold gains of the two polarization vanishes and a

7To shorten further explanations, the term ’polarization’ is used in the following as a synonym for

’polarization mode’ and ’dominant polarization of a polarization mode’.
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Figure 3.8: Material threshold gains of the polarization parallel to the grating grooves

(left) and orthogonal to the grating grooves (right) for different grating depths and grating

periods.

new, but not so pronounced maximum appears for the orthogonal polarization at a grating

depth of around 80 nm. The modified dependence of the threshold gains on the grating

depth changes also the curve progression of the relative dichroism for grating periods

smaller than the emission wavelength. With decreasing grating period, the range of grating

depths with a negative dichroism shifts towards smaller grating depths and finally vanishes

for a grating period of 0.5µm as can be seen in the left graph of Fig. 3.9. If, in contrast,

the grating period is increased, the relative dichroism induced by the surface grating is

reduced and almost vanishes for grating periods clearly larger than the emission wavelength

of the VCSEL. For optimized grating periods and grating depths, the simulations predict

a magnitude of the relative dichroism as high as 100 %. This corresponds to a difference

in the threshold gains of the two polarizations which equals their average value, or, in

other words, the threshold gain of the suppressed polarization is three times the threshold

gain of the dominant polarization. This demonstrates how strong the polarization control

induced by a surface grating can be.

As will be discussed also later, there is a principal difference between the relative dichroism,

which quantifies the stability of the polarization control, and the orthogonal polarization

suppression ratio (OPSR), which is the ratio of the output powers in the two polarizations

of a VCSEL:

OPSR = 10 · log(Pparallel/Porthogonal) dB (3.46)

with Pparallel as the output power polarized parallel to the grating grooves of the VCSEL

and Porthogonal as the output power polarized orthogonal to the grating grooves. In the case

of single-mode VCSELs, the power in the polarization parallel as well as orthogonal to the

grating grooves is composed of the stronger component of one polarization mode and the

weaker component of the other polarization mode as well as of a part of the spontaneous

emission. Currently, no model exists world-wide, which is able to calculate the OPSR of a

VCSEL. However, an upper limit of the OPSR of a VCSEL can be given with the VELM
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Figure 3.9: Relative dichroism for different grating depths and grating periods (left) and

orthogonal polarization suppression ratio (OPSR) for the same grating parameters (right).

model by calculating the at most possible OPSR of the dominant polarization mode,

which is limited by the electromagnetic properties of the laser cavity as the OPSR of all

polarization modes. Besides neglecting the contributions of the suppressed polarization

mode and of the spontaneous emission to the OPSR of the laser, this estimation does

further not take into account the reduction of the OPSR of the polarization modes due

to birefringence, strain or other anisotropies. Nevertheless, already the upper limit of the

OPSR of a VCSEL estimated in this way gives some valuable information and is stated in

the right graph of Fig. 3.9 for the same grating parameters as the relative dichroism in the

left graph of the same figure. While the sign of the relative dichroism and the OPSR is the

same, the dependence of their magnitudes on the grating parameters differs. In contrast to

the magnitude of the relative dichroism, the magnitude of the simulated OPSR generally

decays with increasing grating depth and decreasing grating period. Therefore, one has to

think of the grating as a component which partially mixes both polarizations.

Besides the dichroism, a surface grating causes a splitting of the emission wavelengths of

the two polarizations in addition to the wavelength difference already present in a VCSEL

structure due to the electro-optic and the elasto-optic effect, which are both neglected

in the simulations presented here. In Fig. 3.10, the difference between the emission wave-

length of the polarization parallel and of the polarization orthogonal to the grating grooves

induced by the surface grating is displayed. The wavelength splitting of the polarization

modes already present in VCSELs and the wavelength splitting which is introduced by the

surface grating is probably the major reason why it is much more difficult to control the

polarization along directions which do not coincide with the two major crystal axes which

are [110] and [1̄10]. This topic is discussed in more detail at the beginning of Chap. 5. The

consequence for the design of surface gratings is that the grating grooves should always

be aligned along one of the two main crystal axes. This is virtually no limitation, since

even if a polarization control would be possible along other directions apart from the two

main crystal axes, this would not provide any additional benefit. Two VCSELs with or-

thogonal polarizations monolithically integrated on one chip can be fabricated, even if the
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Figure 3.10: Wavelength splitting of the two polarization modes polarized parallel and

orthogonal to the grating grooves induced by the surface grating for different grating

depths and grating periods.

orientation of the grating grooves is restricted to the two main crystal axes.

Coming back to the influence of the single grating parameters on the relative dichroism,

the lateral alignment of the grating with the oxide aperture is investigated on the basis of

two extreme cases in the left graph of Fig. 3.11. A grating ridge is positioned in the center

of the oxide aperture in one simulation and a grating groove in the other. The grating

period is again 1µm. Both simulations give almost identical results apart from grating

depths between 60 and 100 nm, for which the design with a grating groove in the middle

seems to provide a higher relative dichroism. However, the overall deviation between these

two extreme cases of lateral alignment is small, so that no specific procedure has to be

undertaken for a precise alignment of the grating with the oxide aperture, since for smaller

grating periods the lateral alignment becomes even less critical. Therefore, the grating and

the mesa can be defined independently from each other in two consecutive lithographic

steps. This strongly facilitates grating fabrication. However, a very precise alignment of the

grating and the oxide aperture is necessary in the case of a grating relief aiming for high

single-mode output power and a stable polarization at the same time as will be discussed

in Chap. 9.

For the fabrication of the surface gratings, the influence of the actual shape of the grating

ridges and grating grooves on the relative dichroism is of high relevance. This shape is

mainly given by the angle of the grating ridge edges χ as defined in Fig. 3.6. To investigate

the influence of the angle χ on the relative dichroism, the results of simulations with

three different types of grating ridges are shown in the right graph of Fig. 3.11. All three

geometries feature a duty cycle (DC) of 50 %, which is defined as the width of a grating

ridge at half grating depth divided by the grating period as indicated in Fig. 3.6. Besides a

grating with ridges having vertical sidewalls, also two approximated isosceles-trapezoidal

shapes are investigated. In one case, the length of the top side of the trapezoid is 40 % of

the grating period and the length of the bottom side 60 %, while in the other case, the

relative lengths are chosen as 30 % and 70 %. The approximation of the trapezoidal shape
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Figure 3.11: Relative dichroism for the two extreme cases of lateral alignment between

the grating and the oxide aperture (left) and dependence of the relative dichroism on the

shape of the grating ridges (right). The grating period is 1µm in both cases.

is done with a staircase geometry made up of five layers. The grating period is always

1 µm.

The relative dichroism found in the simulations is quite similar for all three types of grating

shapes. This could have been already expected from the results presented in the previ-

ous section, which demonstrate that the expansion modes with a transverse wavevector

whose magnitude corresponds to 2π divided by the grating period Λ experience the main

interaction with the grating. However, it has to be mentioned that the limited number

of expansion modes included in the simulations due to limitations in the available com-

putational power also favors these solutions. Nevertheless, it can be concluded from the

simulations and from experimental observations presented later in this thesis that the

achieved dichroism exhibits no particularly strong dependence on the shape of the grating

ridges within a certain limit. This reduces the requirements on the fabrication process

once more. However, it should be pointed out that the angle of the grating ridge edges χ

strongly depends on the grating period Λ and on the grating depth d for a fixed isosceles-

trapezoidal shape. For a given 40:60 ratio of the lengths of the upper and lower side of the

isosceles-trapezoid, the angle χ which satisfies the given shape increases according to

χ = tan−1 d

0.1Λ
(3.47)

from 22 degrees in the case of Λ = 1.0 µm and d = 40 nm to 69 degrees for Λ = 0.3 µm

and d = 80 nm.

Another question regarding the design is the influence of the number of Bragg pairs in the

mirror below the surface grating on the relative dichroism. With increasing numbers of

Bragg pairs, the reflectivity of the mirror increases and therefore the influence of the reflec-

tion from the surface grating is relatively decreased. Consequently, the relative dichroism

is reduced with an increasing number of Bragg pairs as can be seen in the simulations

presented in the left graph of Fig. 3.12 for a grating period of 1µm.

Polarization-stable VCSELs with a variety of different emission wavelengths are required in
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Figure 3.12: Dependence of the relative dichroism on the number of Bragg pairs in the

mirror below the surface grating (left) and a comparison of the relative dichroism induced

in two grating VCSELs with different emission wavelengths, but with their grating periods

and grating depths scaled proportional to their emission wavelength (right).

spectroscopic applications. Therefore, it will be very desirable, if the design of the surface

grating just scales with the wavelength and no new design optimization is necessary for a

different emission wavelength. To investigate this point theoretically, the relative dichroism

of two VCSEL structures is simulated. One VCSEL structure is the one used previously

with an emission wavelength of 850 nm. The other one a VCSEL structure with all lateral

and longitudinal dimensions increased by a factor of two compared to the first one, but

with the same refractive indices in the individual layers as the VCSEL with the 850-nm

emission wavelength 8. Therefore, the second VCSEL features an emission wavelength of

1700 nm, which is twice the emission wavelength of the 850-nm VCSEL. However, if the

grating period as well as the grating depth is scaled with the emission wavelength, the

relative dichroism is almost identical in both cases as can be seen in the right graph of

Fig. 3.12. Thus, as one would intuitively expect, the grating design can indeed be scaled

with the emission wavelength. This is supported by experimental findings. The somewhat

larger relative dichroism found in the simulations for the structure with 850-nm emission

wavelength is supposed to result from the fact that with doubling the thicknesses of the

single layers the absorption length inside the Bragg mirrors is increased as well. Therefore,

the intensity of the electric field at the surface grating and the intensity of the electric

field reflected from the surface grating into the cavity is reduced and with it the influence

of the surface grating and the resulting relative dichroism.

A grating parameter, which has been neglected for the most time of the research performed

for this thesis, since its optimum value was assumed to be known, is the duty cycle (DC)

of the grating, that is the ratio of the width of the grating ridges to the grating period.

Intuitively, one would assume that a DC of 50 % gives the highest relative dichroism.

8To make the simulations more realistic, one could have used the refractive indices of InP at a wavelength

of 1700 nm in the simulations instead of the same refractive indices as for the GaAs-based 850-nm VCSEL.

However, this modification would have made a comparison not as straightforward and would not have given

any additional information on how the grating design scales with the wavelength.
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Figure 3.13: Dependence of the relative dichroism on the DC of the grating for a grating

period of 0.6µm (left) and 1.0µm (right).

Therefore, the DC of all experimentally investigated surface gratings in this thesis is 50 %,

if not otherwise stated. However, the assumption that this DC results in the highest

relative dichroism is not valid according to the simulations presented in Fig. 3.13 for a

grating period of 0.6µm (left) and 1.0µm (right). These results are just stated here for

completeness, since they are neither verified experimentally nor used in any grating design

during the research performed for this thesis.

In this section, all simulations and design considerations have been made for top-emitting

VCSELs. Bottom-emitting VCSELs have been neglected, since the surface grating design

becomes much more complicated in this case. To integrate a surface grating on top of a

bottom-emitting VCSEL will not result in a high relative dichroism, since the top-mirror

of a bottom emitting VCSEL has a high number of Bragg pairs. The relative dichroism

decreases with increasing number of Bragg pairs as shown in the left graph of Fig. 3.12.

A surface grating on the bottom side of the substrate of a bottom-emitting VCSEL is

neither recommended, since its influence will be rather low due to inevitable absorption

in the substrate and due to an uncontrollable phase of the reflected field from the grating.

Thus, in the case of bottom-emitting VCSELs, the only possibility is to position the grating

inside the VCSEL structure. However, one has to pay attention that the refractive index

step between the grating ridges and the grating grooves remains high enough.

Another topic, which has not been addressed yet, is the question, whether instead of etching

a grating into the cap layer of a VCSEL structure, one could also fabricate a grating by

depositing a structured additional layer on top of a VCSEL. In that case, the grating ridges

would consist of the deposited material and the grating grooves of air again. The simulated

relative dichroism in such VCSELs with a grating on top of their original layer structure

is given in Fig. 3.14. The grating period in these simulations is again 1 µm. Instead of a

grating depth, one has to speak of a grating thickness now, which is varied between 0 and

120 nm. The simulations are performed for different real parts of the refractive index of the

grating ridges and vanishing absorption in the left graph and for varying absorptions in the

right graph with the real part of the refractive index fixed to 3 as a high, but not too high
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Figure 3.14: Relative dichroism in VCSELs with a grating on top of the VCSEL structure

instead of a grating which is etched into their cap layer. The left graph gives the relative

dichroism for grating ridges made out of a material with a refractive index whose real

part is varied and whose imaginary part vanishes. In the right graph, the real part of the

refractive index is fixed to 3 and the absorption is varied.

value for a refractive index. As results from the simulations, a material with a refractive

index with a large real part and a negligible absorption is required for a high relative

dichroism. However, it is difficult to find a material which can be deposited by sputtering

or evaporation and which leads to a higher relative dichroism than the one introduced by

the surface gratings etched into the semiconductor cap layer of VCSELs. Additionally, the

dependence of the sign of the relative dichroism on the thickness of the grating deposited on

top of the VCSELs is even stronger than the dependence of the sign of the dichroism on the

depth of the gratings etched into the semiconductor cap layer of VCSELs. Recapitulating,

one can say that polarization control is also possible by depositing a grating on top of a

VCSEL structure. However, there seems to be no advantage compared to VCSELs with a

surface grating etched into their cap layer.
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Chapter 4

Processing of Surface Grating

VCSELs

The fabrication of the surface gratings presented and theoretically evaluated in the previ-

ous chapter opens up new challenges in the processing of VCSELs. With layer thicknesses

down to some nanometers, the epitaxial growth of VCSEL structures has always been

nanotechnology and thus the fabrication of VCSELs was not possible until major im-

provements in the molecular beam epitaxy (MBE) and in the metalorganic vapor phase

epitaxy (MOVPE) had been made. In contrast, the processing of VCSELs has required

just standard microtechnology until now. The lateral dimensions of the mesa, of the con-

tact ring, and of the bondpads, which all have to be defined by lithography, are in the

order of at least several micrometers. The etch depths required until now have also been

in the order of micrometers with a rather relaxed precision of the actual depth.

According to the experimental results which will be discussed in Chap. 5, grating periods

smaller than the emission wavelength of the laser, that is, for example, smaller than 850 nm,

have to be chosen for proper overall performance. Additionally, a well-defined duty cycle

and etch depths in the range of about 2 to 12 % of the emission wavelength of the laser,

that is for an emission wavelength of 850 nm between approximately 20 and 100 nm, with

an etch-depth accuracy of only some nanometers are required for the fabrication of high

performance surface gratings to control the polarization of VCSELs. This chapter deals

with these new challenges in the VCSEL fabrication process. The attention is thereby

focused on the processes used in this thesis without providing a review of micro- and

nanotechnology which can be found elsewhere [173,174].

4.1 Integration Into Fabrication Process

At first glance, one would guess that the fabrication of the surface gratings is most easily

done as the final step of the VCSEL fabrication process, since in that case the grating

cannot be damaged by consecutive process steps. However, at the end of the process the
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surface of the wafer is no longer flat due to the mesas, the contacts, and the bondpads.

Therefore, it is not possible to spin-coat a resist on top of the wafer that is as homogeneous

as needed for the lithography of the gratings. Consequently, the grating has to be fabricated

on the plane wafer at the beginning of the process. Several tests have shown that the grating

is not damaged during the complete manufacturing process [175].

While in most cases not required as discussed in the previous chapter, a precise alignment

between the surface grating and the mesa of the VCSEL is mandatory when using a grating

relief. Such a grating relief is a combination of a grating with a relief having a diameter

smaller than that of the oxide aperture as will be discussed in more detail in Chap. 9. In

the following, a self-aligned grating process is presented, which guarantees such a precise

alignment between the grating on one hand and the mesa or rather the oxide aperture of

the VCSEL on the other hand. The first step of the self-aligned process is, as depicted

in Fig. 4.1, the simultaneous exposure of the resist for the grating and the mesa (1). In

this way, a precise alignment of the grating with respect to the oxide aperture formed

later is guaranteed. The concept of self-alignment [176] requires that, after etching the

grating (2), the grating region is protected by a second resist, before the mesa is etched

(3). The further process is the same as for a standard VCSEL. The AlAs layer is partially

oxidized to form a current aperture (4). Then the n- and p-contacts are evaporated (5). As

final process step, a bondpad is put on top of an intermediate passivation and insulating

layer for simple probing (6). When lithographically structuring the passivation layer, every

individual VCSEL is labeled with a unique identification number.

3211
photo- or ebeamresist

active
region

AlAs
layer substrate

second photoresist

p-DBR

n-DBR

4 5 6

oxide

p-contact bondpad

n-contact passivation

Figure 4.1: Illustration of the fabrication process of grating VCSELs.
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4.2 Definition of the Grating

While the thickness of an added or removed layer is controlled by the utilized deposition

or etch technique, all transverse dimensions in a semiconductor process are defined litho-

graphically. In the case of surface gratings, these are their period, their duty cycle, and

their transverse extension. In this section, the particularities of the lithography of surface

gratings and the main problems which have to be solved are addressed.

During the research performed for this thesis, it has turned out that grating periods clearly

smaller than the emission wavelength of the VCSELs are more favorable than grating

periods similar or even larger than the emission wavelength. Therefore, an electron beam

lithography system1 is used to define the gratings on almost all wafers processed during

the research performed for this thesis2. Besides high resolution, electron beam lithography

offers the advantage of direct writing. Hence, one can avoid to fabricate first a mask, which

is then subsequently used to manufacture VCSELs. This has been of high importance for

the development of grating VCSELs, since every wafer processed for this thesis has its own

grating design.

The high resolution of electron beam lithography is due to the small de-Broglie wavelength

of the used electrons, which is given by [177]

λ =
h

pe
with pe =

√

E2
kin

c2
0

+ 2Ekinme . (4.1)

h is the Planck’s constant, pe the electron momentum, Ekin the kinetic energy of the

electron, c0 the vacuum speed of light, and me the electron rest mass. The wavelength of

electrons with a kinetic energy of 50 keV is therefore approximately 0.05 Å. Consequently,

the resolution in electron beam lithography is not limited by diffraction, but by electron

scattering.

When the accelerated electrons enter the resist, they are scattered at the polymer molecules

of which the resist is composed. This scattering causes secondary electrons with energies

between 2 and 50 eV [178] which are responsible for the bulk of the exposure. The propa-

gation of these secondary electrons inside the resist leads to an expansion of the electron

beam by approximately 10 nm [178]. This beam expansion limits the maximum resolution

achievable with electron beam lithography to about 25 nm [178]. Although the primary

electrons are scattered only under small angles when passing through the resist [178], this

forward scattering of the primary electrons causes a potentially much stronger expansion

of the electron beam than the distance which the secondary electrons travel. The beam

expansion due to the forward scattering decreases with increasing acceleration voltage and

1Leica Microsystems GmbH, model: EBPG 5 HR
2An example of grating VCSELs fabricated completely by optical contact lithography is given in App.B.

However, the grating periods which can be achieved by optical contact lithography are similar or larger

than the emission wavelength of common 850-nm VCSELs. Thus, the periods of the gratings fabricated by

optical contact lithography are too large for a high overall performance of the grating VCSELs as discussed

later.

57



CHAPTER 4. PROCESSING OF SURFACE GRATING VCSELS

decreasing resist thickness. The former is limited by the electron beam system at one’s dis-

posal and the latter by the demands following processes put on the stability of the resist.

In the case of the grating VCSEL process presented at the beginning of this chapter, the

resist for the electron beam lithography is used as an etch mask for the grating and the

mesa. Therefore, its thickness has to be at least 200 nm, if a wet-chemical etching process is

used. If the grating is dry etched, resist thicknesses of more than 300 nm have to be chosen

and even thicker resists are needed if the mesa is dry etched as well. The increase of the

normalized beam diameter with resist thickness can be described empirically by [178]

Dnorm = 0.9

(

dr

Va

)3/2

(4.2)

with Dnorm as the normalized beam diameter, dr as the resist thickness in nanometers,

and Va as the acceleration voltage in kilovolts. For a resist thickness of 300 nm and an

acceleration voltage of 50 kV, the electron beam diameter is therefore increased by a factor

of more than 13. Consequently, the achievable resolution is decreased from about 25 nm

to 325 nm.

When the electrons continue to penetrate deeper into the resist and into the substrate,

more and more of them are scattered under larger angles and eventually even backwards

into the resist [178]. These backscattered electrons contribute to the exposure of the resist,

too. This mechanism is called the electron beam proximity effect. The distance an electron

can travel before loosing all its energy depends primarily on the acceleration voltage and

the semiconductor material of the wafer. In the case of GaAs and an acceleration voltage of

50 kV, this distance is more than 10µm [178]. Besides the primary and secondary electrons,

so-called fast secondary electrons are generated in the exposure process having a higher

energy in the order of 1 keV. They contribute to the proximity effect in the order of some

tenths of a micron [178].

The distribution of the energy deposited in the resist due to forward and backward scat-

tering of the electrons is shown in Fig. 4.2. These plots are intended more as an illustration

following [179] than as a rigorous calculation. The spreading of the forward and backward

scattered electrons can be described by a Gaussian distribution [178]. The beam expan-

sion is calculated with Eqn. 4.2 using an initial beam diameter of 25 nm, which is typical

for the used electron beam lithography system. The FWHM of the distribution of the

backscattered electrons as well as the ratio of the backscattered energy, which is roughly

independent of the beam energy, is taken from [178]. Since a higher acceleration voltage

reduces the beam expansion due to forward scattering, an acceleration voltage of 50 kV is

necessary for the exposure of the grating structures. But even for this high acceleration

voltage, the deposited energy of the backscattered electrons is of importance for the litho-

graphy of grating structures, since a grating structure contains between three and more

than 50 grating grooves depending on its diameter. When exposing one of these grooves,

the backscattered electrons transfer energy to all grooves within the grating structure and

thus partially contribute to their exposure. Therefore, one has to choose the exposure dose

(electrons per area) depending on the diameter of the grating structure.

58



4.2. DEFINITION OF THE GRATING

−4 −2 0 2 4
0

1

2

3

4

Distance (µm)

D
ep

os
ite

d 
E

ne
rg

y 
(a

.u
.)

 

 

d
r
=100nm

V
a
=20kV

forward
backward

−4 −2 0 2 4
0

0.5

1

1.5

Distance (µm)

D
ep

os
ite

d 
E

ne
rg

y 
(a

.u
.)

 

 

d
r
=200nm

V
a
=20kV

forward
backward

−4 −2 0 2 4
0

0.2

0.4

0.6

0.8

Distance (µm)

D
ep

os
ite

d 
E

ne
rg

y 
(a

.u
.)

 

 

d
r
=300nm

V
a
=20kV

forward
backward

−4 −2 0 2 4
0

5

10

15

Distance (µm)

D
ep

os
ite

d 
E

ne
rg

y 
(a

.u
.)

 

 

d
r
=100nm

V
a
=50kV

forward
backward

x 10

−4 −2 0 2 4
0

2

4

6

Distance (µm)

D
ep

os
ite

d 
E

ne
rg

y 
(a

.u
.)

 

 

d
r
=200nm

V
a
=50kV

forward
backward

x 10

−4 −2 0 2 4
0

1

2

3

Distance (µm)

D
ep

os
ite

d 
E

ne
rg

y 
(a

.u
.)

 

 

d
r
=300nm

V
a
=50kV

forward
backward

x 10

Figure 4.2: Illustration of the deposited energy distribution by forward and backward

scattered electrons for different resist thicknesses dr (left–right) and different acceleration

voltages Va (top–bottom). The energy distribution of the backscattered electrons for an

acceleration voltage of 50 kV is multiplied by a factor of ten for clarity.

For optimizing the results of the electron beam lithography, dose test wafers have to be

exposed and analyzed. For the latter, an atomic force microscope3 (AFM) has been used

during the research performed for this thesis. However, an AFM is primarily made to

measure differences in altitude very accurately. Due to the lateral extension of its tip,

which is similar to a pyramid, and due to the limited numbers of data points, which can

be recorded along one line, transverse profiles measured by an AFM have to be taken

with caution. Therefore, they have been cross-checked from time to time with a scanning

electron microscope (SEM).

Resists exposed and developed with a grating pattern having a period of 1.0µm (left) and

0.5µm (right) are shown in Fig. 4.3. In both measurements, the resist edges and the wafer
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Figure 4.3: AFM measurements of an exposed and developed resist for a grating with a

period of 1.0µm (left) and 0.5µm (right).

3Digital Instruments Corp., model: D3100SPM

59



CHAPTER 4. PROCESSING OF SURFACE GRATING VCSELS

surface enclose an angle of more than 75 degrees which is the maximum angle that can be

measured with the utilized AFM tips due to the limitations discussed above. The resist

patterns in Fig. 4.3 are intended for wet-chemical etching. Since the employed etching

solution yields an isotropic etch profile, the ridge width in the resist has to be larger than

its designed width by approximately the intended grating depth to yield a semiconductor

grating with the aimed-at DC.

4.3 Etching Process of the Grating

After defining the grating lithographically, it has to be transferred into the semiconductor

by etching. The etch depths required for the grating fabrication are in the range of 20 –

100 nm and therefore rather shallow as can be seen in Fig. 4.4. The challenging part of the

etching process is the precision with which the etch depths have to be realized. As follows

from the simulations in Chap. 3, the polarization control can be either strongly reduced or

even the orientation of the dominant polarization can change from orthogonal to parallel

to the grating grooves (or vice versa) within a range of only 10 nm. For etching the surface

gratings, wet-chemical as well as dry etching have been used. Both methods are discussed

in the following.

360 nm

45 nm

Figure 4.4: SEM micrograph of a grating etched into the upper Bragg mirror of a VCSEL.

The width of the grooves is 360 nm and their depth 45 nm.

Wet-Chemical Etching

For etching surface gratings, an etching solution is needed with a very small etch rate.

The etch rate has further to be independent of the width of the grating grooves and

the doping concentration in the semiconductor cap layer of the VCSEL. Additionally, a

high homogeneity over the wafer is required and the etching solution must not affect the

lithographic resist. A reaction limit solution meets these requirements best.

Several etching solutions like sulfuric acid, sodium hydroxide or ammonium hydroxide

mixed with peroxide and water have been tested [175], but the best results are achieved

with citric acid. To prepare this etching solution, monohydrated citric acid (C6H8O7 ·H2O)

is dissolved in deionized water at a ratio of 1 g citric acid to 1 ml water. Afterwards, the

solution of citric acid and deionized water has to be mixed with a solution consisting
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of deionized water and hydrogen peroxide with a portion of 33% of the latter one. The

hydrogen peroxide acts as the oxidizing agent creating an oxide which is then dissolved

by the citric acid. The ratio of the citric acid solution to the hydrogen peroxide solution

determines the etch rate of the etching solution and whether it is reaction or diffusion

limited. For the purpose discussed here, a ratio of 30 portions in volume of the citric

acid solution to 1 portion in volume of the hydrogen peroxide solution suits best. This

ratio results in a reaction limited etching solution with an etch rate of approximately

1.15 nm/s, which is independent of the doping level of the semiconductor material to be

etched [180,181].

To guarantee a wettable surface and well-defined starting conditions everywhere on the

wafer, an oxygen plasma has to be applied. Potential oxide layers on the semiconductor

surface have to be removed through a short dip into a hydrochloric acid solution before

etching. Due to the reaction limited character of the citric acid solution, a high homogeneity

of the etch depths over the wafer is achieved. It was reported [180,181] that, when etching

wafers with a surface corresponding to the (001) crystal plane with citric acid, the angle

of the edges along the [1̄10] crystal axis is 51 degrees corresponding to the (1̄11)A crystal

plane. Along the [110] crystal axis, an angle of 51 degrees equivalent to the (1̄1̄1)A plane

was found only for the lower part of the edge, while there was an undercut in its upper

part corresponding to the (2̄2̄1̄)A plane. However, these investigations were conducted

for large etch depths exceeding 2µm. For the shallow gratings realized here with depths

in the range of some tens of nanometers, the steepness of the sidewalls of the ridges is

independent of the crystal orientation and approximately 50 degrees. A top view of a part

of and a cross-section of a wet-chemically etched grating with a period of 0.75µm and a

depth of 90 nm measured by AFM are presented in Fig. 4.5 as an example.

For the best possible comparison of grating structures with different grating depths, a

method is needed to fabricate different, but well-defined grating depths on one wafer.

Since the etch rate of the employed etching solution based on citric acid is very low, the

grating depth can be controlled quite precisely by the elapsed time. The wafer holder,

shown on the left side of Fig. 4.6, has been constructed to be able to dip the wafer in

Figure 4.5: Top view of a part of and cross-section of a wet-chemically etched grating with

a grating period of 0.75µm and a grating depth of 90 nm measured by AFM.
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Figure 4.6: Photograph of the holder with which the wafer is lowered into the etching

solution to control the etch time for different parts of the wafer (left) and measured grating

depths of 33 VCSELs located all on the same wafer and etched for different time periods

depending on their position on the wafer together with a linear fit to determine the etch

rate (right).

well-defined steps into the etching solution. Thus certain, well-defined parts of the wafer

are etched for different, but well-defined time periods. The grating depths of 33 VCSELs

located all over one wafer are plotted in the right graph of Fig. 4.6. These grating depths

are as well measured with an AFM. The homogeneity of the grating depths within the

different sections of the wafer defined by the different etch times is obvious as well as the

linear dependence of the grating depth on the etch time. The reproducible etch rate is

1.15 ± 0.02 nm/s with an etch delay of approximately 2 s.

Dry Etching

Instead of using a chemical reaction for the etching process, the atoms of the semicon-

ductor can be sputtered using ions of a chemically inert gas. This physical etching yields

an anisotropic etch profile with steep sidewalls as it is favorable for grating structures.

However, an unwanted redeposition of the sputtered material occurs often [182]. To avoid

this redeposition, one can add a chemical component to the etching process in the form of

a second, chemically active gas. In Fig. 4.7 an AFM measurement of a grating structure

with a grating period of 1.0µm and a grating depth of 52 nm fabricated with reactive

ion beam etching4 is depicted. The upper part of the sidewalls is with approximately 60

degrees steeper than the grating edges on the wafers which are wet-chemically etched.

However, the bottom of the dry etched grooves tends to have the shape of a semicircle. An

improvement of the steepness of the edges can probably be achieved by a stronger physical

component in the dry etching process. However, the angle of the sidewalls may matter for

very small grating periods, but no influence of the steepness of the grating sidewalls on the

4The dry etching was investigated in collaboration with U-L-M photonics GmbH and was performed by

Christian Wimmer with an Oxford Plasmalab System 100. Tetrachlorosilane (SiCl4) and argon (Ar) were

used as process gases.
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Figure 4.7: Top view of a part of and cross-section of a grating fabricated with reactive

ion beam etching with a grating period of 1.0µm and a grating depth of 52 nm measured

by AFM.

polarization control is observed for the grating periods investigated here. This is intuitively

understandable from the fact that the grating depth of the shallow gratings employed here

is much smaller than the grating period as can be seen in Fig. 4.4.

The grating depths of 20 VCSELs located all over one wafer measured by AFM are plotted

in Fig. 4.8. The different grating depths are realized by etching the wafer three times with

certain regions of the wafer covered by a glass substrate to inhibit etching there. In a first

step, the part of the wafer intended for the largest grating depth is uncovered and etched

for 26 s. In a second step lasting 33 s the region of the wafer intended for the medium

grating depth is additionally uncovered. In a third and last etch step, the complete wafer

is etched for 46 s. Consequently, the deepest grating depth is etched in total for 105 s, the

medium grating depth for 79 s, and the smallest grating depth for 46 s. The non-linear

dependence of the found grating depths on the etch time is due to the influence of the size

of the area, which is actually etched, on the etch rate. Additionally, the etch rate increases

during the first minute of the etching process, since the plasma has to build up in the

Figure 4.8: Measured grating depths of 20 VCSELs which are all located on one wafer and

which are etched for different time periods depending on their position on the wafer.
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chamber. Nevertheless, the realized average grating depths of 27, 53, and 76 nm are very

close to the intended grating depths of 25, 50, and 75 nm. The quality of the reactive-ion-

etched gratings is comparable to that of the wet-chemically etched ones. The advantage

of the dry-etching process described here is the simpler handling of larger wafers and the

much simpler reproducibility of the etching conditions.
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Chapter 5

Investigation of Grating

Parameters

According to the simulations presented in Chap. 3, a strong polarization control is expect-

ed for certain choices of grating parameters, while the polarization control is predicted to

vanish for a different set of grating parameters. This dependence on the grating parameters

is most pronounced by the fact that the orientation of the controlled polarization can be

parallel or orthogonal to the grating grooves. As pointed out in Chap. 3, the two most im-

portant grating parameters are the grating depth and the grating period. Their influence

on the polarization control and the other VCSEL properties like threshold current, differ-

ential quantum efficiency, and output power is examined in detail in this chapter. Before,

some general aspects of polarization-stable single- and multimode VCSELs are discussed.

The first section of this chapter is dedicated to the measurement setup used.

5.1 Measurement Setup

The setup used to measure polarization-resolved LIV characteristics and spectra of the

grating VCSELs is displayed in Fig. 5.1. To facilitate different measurements on the same

VCSEL without modifying the setup, all components except the VCSEL holder, the colli-

mating lens, and the unit for coupling the light to an optical fiber can be moved in and out

of the optical path. To avoid any unwanted optical feedback, all components in the setup

are antireflection coated and/or tilted with respect to the optical axis. All measurement

instruments are controlled and read out by a personal computer (PC) using the General

Purpose Interface Bus (GPIB).

VCSEL Holder and Collimating Lens

Due to the large number of VCSELs investigated in this thesis, all lasers are tested on-

wafer to avoid time consuming mounting and bonding. The VCSEL chips are sucked to
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Figure 5.1: Schematic drawing of the experimental setup for measurements of polarization-

resolved LIV characteristics and spectra. Moveable components are indicated by arrows.

a copper holder using vacuum. The majority of the investigated wafers offers bondpads

for the p-contacts of the individual VCSELs on the upper side of the chip and a com-

mon n-contact on the lower side. Therefore, the copper holder acts as n-contact, while

the individual bondpads for the p-contacts of the lasers are contacted using a tungsten

probe. On two of the investigated wafers, n- and p-contacts are both on the upper side

and therefore a coplanar microprobe1 with a ground-signal-ground configuration can be

used. This allows high-frequency investigations not limited by the probe itself. A charge

coupled device (CCD) camera with monitor and a halogen lamp for illumination together

1Cascade Microtech Inc., model: ACP 40, cutoff frequency 40 GHz
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with two beamsplitters, which can be moved into the optical path, are used to identify

the individual VCSELs by their labels and to facilitate contacting the VCSELs. A laser

diode controller2 acts simultaneously as current source, ammeter, and voltmeter. Using

thermoelectric modules, the temperature of the holder can be increased up to 120◦C. The

lower temperature limit is set by the humidity in the laboratory, since at temperatures

below approximately 10◦C water vapor condenses on the wafer.

To avoid unwanted optical feedback, an antireflection-coated (AR-coated) lens3 with a

residual reflectivity of less than 0.5% over the complete wavelength range of interest is

chosen to collimate the beam. The numerical aperture (NA) of the lens is 0.5 correspond-

ing to an aperture angle of 30 degrees and therefore at least twice the far-field angle of

standard multimode VCSELs to collect all modes of a VCSEL efficiently. Nevertheless, the

transmission losses through the lens are about 3 % due to reflection, transmission losses,

and the large, but finite NA.

Glan-Thompson Polarizer and Optical Power Meter

To measure the output power of the laser, an optical power meter4 with calibrated, large-

area photodetector5 is used. A Glan-Thompson polarizer6 can be inserted in front of the

photodetector to measure the power in a specific polarization.

Wollaston Prism and Photodiodes

Since the current at which a polarization switch takes place often varies from measure-

ment to measurement, it is of great advantage to detect both orthogonal polarizations

simultaneously. Therefore a Wollaston prism7 as beam displacement polarizer together

with two identical photodiodes is mounted in a rotary stage. The two photodiodes are

backward biased with two batteries. The photocurrents of the two photodiodes are mea-

sured with two multimeters8. These photocurrents are converted into the corresponding

optical power using a proportionality factor determined by comparison with the optical

power meter. However, most measurements presented in this thesis are performed with

the Glan-Thompson polarizer and the optical power meter since the readout time of the

two multimeters is more than four times the readout time of the optical power meter.

2ILX Lightwave Corp., model: LDC-3724B
3Thorlabs Inc., model C240TM-B
4Newport Corp., model: 1830-C
5Newport Corp., model: 818-ST
6B. Halle GmbH, model: PGT, long version, 60 dB extinction
7Thorlabs Inc., model: WP10, 50 dB extinction, antireflection coating (residual reflectivity < 1%)
8HAMEG Instruments GmbH, model: HM 8112
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Coupling to Optical Fiber

Coupling to an optical fiber is necessary since several of the utilized measuring devices as,

for example, the optical spectrum analyzer9 are fiber-coupled. Depending on the NA of the

optical fiber, a lens with a smaller NA is chosen to focus the light. To avoid feedback, either

on both sides APC polished10 optical fibers are used or, if this is not possible due to the

connector of the used measuring device, a polarization-independent free space isolator11 is

inserted into the optical path. A polarization-dependent isolator12 is utilized as polarizer

when the light is coupled into an optical fiber. In contrast to a simple polarizer, which is

rotated with respect to the optical axis to avoid feedback, this isolator does not introduce

any beam displacement, although all its surfaces are tilted with respect to the optical axis

to avoid any back reflection. Therefore the coupling efficiency to the optical fiber does not

change for measurements with and without the polarization-dependent isolator inserted

in the optical path.

5.2 Polarization-Stable Single-Mode VCSELs

To prove that a single-mode VCSEL is polarization-stable due to a special applied measure

for polarization control is not straightforward. In a randomly chosen batch of standard

single-mode VCSELs, that means VCSELs without any special measure for polarization

control, there is a very high probability for finding at least one polarization-stable VCSEL.

Therefore, a better evidence for the success of a method for polarization control is provided,

if this method allows to pin the polarization intentionally along different crystal axes.

In Fig. 5.2 the polarization-resolved light–current–voltage (PR-LIV) characteristics and

polarization-resolved spectra of two VCSELs are shown. These VCSELs are adjacent to

each other on wafer A. More information on the different wafers is given in App.D. A

surface grating with a period of 0.95µm and a depth of 41 nm is monolithically integrated

in both VCSELs. The DC of the gratings is 50 % as of all wafers investigated in this thesis,

if not stated otherwise. These devices are nominally identical except for the orientation of

their grating grooves, which is along the [110] crystal axis in the left graphs and along the

[1̄10] crystal axis in the right graphs. The dominant polarization is found to be orthogonal

to the grating grooves independent of the orientation of the grating grooves with respect to

the main crystal axes. The sum of the powers in the two polarizations is lower than the total

output power due to the losses of approximately 6 % in the Glan-Thompson polarizer used

for the PR-LI measurements. The orthogonal polarization suppression ratios (OPSRs) of

9ANDO Electric Corp., model: AQ 6317. The achieved resolution depends on the core diameter of the

utilized optical fiber for coupling the light into the spectrum analyzer. For the measurements presented in

this thesis either a fiber with a core diameter of 50 µm or 100 µm is employed resulting in a resolution of

0.05 or 0.2 nm, respectively.
10The normal to the front surface of the optical fiber is tilted by 8 degrees with respect to the fiber axis.
11OFR Inc., model: IO-1-850-PI, 32 dB isolation
12Gsänger Optoelektronik GmbH, model: DLI 1, 60 dB isolation
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Figure 5.2: In the upper two graphs, the PR-LIV characteristics and the OPSRs calculated

from the powers measured in the two polarizations are shown for two grating VCSELs with

an active diameter of 4 µm, a grating period of 0.95µm, and a grating depth of 41 nm.

These VCSELs are located on wafer A. They are nominally identical except that their

grating grooves are rotated by 90 degrees with respect to each other. The corresponding

polarization-resolved spectra are shown in the lower graphs.

the lasers are calculated from the measured powers in the two polarizations and are shown

in Fig. 5.2, too.

Two different definitions of the OPSR can be found in the literature. One possibility is to

state the OPSR as the peak-to-peak difference between the strongest peak of the dominant

polarization and the strongest peak of the suppressed polarization in the polarization-

resolved spectra as it is done in the lower graphs of Fig. 5.2. The alternative is to calculate

the OPSR from the measured powers in the two polarizations as in the graphs giving

the PR-LIV characteristics in the upper row of Fig. 5.2. The first definition, based on the

polarization-resolved spectra, is more similar to the manner the side-mode suppression

ratio (SMSR) of single-mode VCSELs is defined. The second definition using the power

in the two polarizations is easier to handle, since the OPSR can change rapidly with

changing current. Therefore, it is easier to measure and quantify the powers in the two

polarizations at a large number of different drive currents than to record the spectra for all

these currents. Throughout this thesis, the OPSR is therefore defined for grating VCSELs

as the ratio of the power in the polarization parallel to the grating grooves Pparallel to the
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power in the polarization orthogonal to the grating grooves Porthogonal:

OPSR = 10 · log(Pparallel/Porthogonal) dB. (5.1)

Thus, a positive OPSR in logarithmic units denotes a polarization parallel to the grating

grooves, while a negative OPSR in logarithmic units denotes a polarization orthogonal to

the grating grooves. For standard VCSELs, the OPSR is defined in this thesis as the ratio

of the power in the polarization parallel to the [110] crystal axis P[110] to the power in the

polarization parallel to the [1̄10] crystal axis P[1̄10]:

OPSR = 10 · log(P[110]/P[1̄10]) dB. (5.2)

Whether the peak-to-peak difference taken from the polarization-resolved spectra or the

OPSR calculated from the powers in the two polarizations is analyzed, does not influence

the qualitative statement about the suppression of the weaker polarization. However, there

can be a large quantitative difference between the spectral peak-to-peak difference and the

OPSR as can be seen in Fig. 5.2. The peak-to-peak difference between the strongest peaks

in the two polarizations is 32 dB for both lasers at a current of 8 mA, but the magnitude of

the OPSR calculated from the powers in the two polarizations for the same current is only

20.5 dB for the VCSEL displayed on the left side and only 21 dB for the VCSEL displayed

on the right side. The fact that the peak-to-peak difference taken from the spectra is much

larger than the OPSR calculated from the powers in the two polarizations is due to the

integration of the spectral intensity over the complete sensitivity range of the photodiode

used to measure the optical power. Thus, all the power of the spontaneous emission and

of the suppressed modes are taken into account in the definition of the OPSR used in this

thesis, too.

In Fig. 5.3 the powers in the two polarizations are shown again for the same VCSELs as

in Fig. 5.2, but with the power of the suppressed polarization multiplied by a factor of

100 to make its magnitude comparable to the one of the dominant polarization for better

clarity. In a very first approximation the power in the suppressed polarization increases

linearly up to the threshold current and then stays constant. Therefore, a VCSEL with

20 µW spontaneous emission in the suppressed polarization at its laser threshold has to

have more than 2 mW of output power to achieve an OPSR of 20 dB and even more than

20 mW of output power for an OPSR of 30 dB. As a consequence, the upper limit for the

magnitude of the OPSR, which can usually be obtained, is about 20 dB.

With an OPSR with a magnitude of more than 20 dB, with a peak-to-peak difference

between the polarizations of 32 dB in the polarization-resolved spectra, and with a SMSR of

over 42 dB at output powers of more than 3 mW, the VCSELs from Fig. 5.2 are comparable

or better than the best results for polarization-stable single-mode VCSELs which were

published before the start of the research performed for this thesis [22, 111].

Besides an orientation of the grating grooves along the two main crystal axes, grating

grooves 45 degrees off the main crystal axes are fabricated on wafer A as well. The PR-LIV

characteristics and the polarization-resolved spectra are shown in Fig. 5.4 for two VCSELs
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Figure 5.3: PR-LI characteristics of the VCSELs from Fig. 5.2, but with the power of the

suppressed polarization multiplied by a factor of 100 for better clarity.

with the grating grooves oriented along the [100] (left) and the [010] crystal axis (right).

These VCSELs are located on the same wafer and adjacent to the devices from Fig. 5.2.

They are nominally identical to them except for the orientation of their grating grooves.

While the polarization of the VCSELs with the grating grooves along the [110] and [1̄10]

crystal axes is found to be strictly orthogonal to the grating grooves, the polarization of

the two VCSELs with the grating grooves oriented 45 degrees off is not exactly orthogonal

to the grating grooves, but rotated by approximately ten degrees towards the [110] crystal

axis. Furthermore, a reduced magnitude of the OPSR is found compared to the VCSELs

with grating grooves along the main crystal axes. However, a very strong influence of the

grating can still be seen. To the best knowledge of the author, these VCSELs show the

highest ever published magnitude of the OPSR with a dominant polarization intentionally

close to 45 degrees off the main crystal axes.

It has generally been observed during the research performed for this thesis that it is much

more difficult to pin the polarization of VCSELs along the [100] and [010] crystal axes than

along the [110] and [1̄10] crystal axes. A possible explanation for this finding is discussed

as a hypothesis in the following. Three of the spectra of the VCSELs in Fig. 5.2 and in

Fig. 5.4 exhibit a double peak in the suppressed polarization of the fundamental mode.

These sub-peaks might correspond to the two polarization modes both having an elliptical

polarization. Their wavelength splitting is caused by the birefringence introduced through

the electro-optic and the elasto-optic effect as well as by the birefringence introduced

through the surface grating as discussed in Chap. 2 and 3. No net wavelength splitting can

be observed in the spectrum of the suppressed polarization of the VCSEL with the grating

grooves along the [110] crystal axis, but a large wavelength splitting in the spectrum of

the suppressed polarization of the VCSEL with the grating grooves along the [1̄10] crystal

axis. This can be understood, if one assumes that the intrinsic wavelength splitting due

to the elasto-optic and electro-optic effect is negative (polarization mode with dominant

polarization along the [110] crystal axis has the smaller wavelength) for these VCSELs and

if one assumes further that for the grating parameters discussed here the surface grating

introduces a positive wavelength splitting between the polarization parallel to the grating
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Figure 5.4: PR-LIV characteristics (top) and polarization-resolved spectra (bottom) of two

VCSELs, which are nominally identical to the ones from Fig. 5.2, but with their grating

grooves oriented along the [100] crystal axis (left) and along the [010] crystal axis (right).

grooves and the polarization orthogonal to the grating grooves. To realize a VCSEL with

a polarization 45 degrees off the principal crystal axes, the wavelength splitting between

the two original polarization modes along the main crystal axes has to vanish so that

they can be combined to polarization modes which are polarized 45 degrees off. Therefore

one has to design the grating in such a way that it does not only provide a sufficient

dichroism for polarization control, but also compensates the intrinsic wavelength splitting

in the VCSEL. However, the facts that the dominant polarization modes in the spectra of

Fig. 5.4 have the smaller wavelengths and that they are rotated by ten degrees towards the

[110] crystal axis indicate that the intrinsic wavelength splitting is not fully compensated

through the splitting introduced by the grating. Since the principal axes of dichroism and

birefringence introduced by a surface grating are parallel and orthogonal to the grating

grooves, a surface grating oriented 45 degrees off can never compensate the index ellipsoid

introduced by the electro-optic effect with its principal axes parallel to the main crystal

axes. This could explain the difficulties in defining a stable polarization 45 degrees off.

The question, whether a pinning of the polarization also along the [100] and [010] crystal

axes is possible, is of high academic interest and should be investigated in more detail in

the future, although a polarization control along these axes is of no practical relevance.

As long as the polarization can be controlled along the two main crystal axes, one has
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the possibility to monolithically integrate two VCSELs with orthogonal polarizations on

one single chip. It is hard to imagine an application requiring monolithically integrated

VCSELs with polarizations rotated by 45 degrees with respect to each other. Consequently,

the pinning of the polarization along the [100] and [010] crystal axes is not investigated

further in this thesis.

5.3 Polarization-Stable Multimode VCSELs

Surface gratings cannot only control the polarization of single-mode, but also of multimode

VCSELs. The PR-LIV characteristics and the polarization-resolved spectra at a drive

current of 14 mA of two VCSELs with an active diameter of 7µm, a grating period of

1.0µm, and a grating depth of 22 nm are displayed in Fig. 5.5. These VCSELs are from

wafer B, adjacent to each other, and nominally identical except for the orientation of their

grating grooves, which is along the [110] crystal axis in the left graphs and along the [1̄10]

crystal axis in the right graphs. The magnitude of the achieved OPSR is in both cases

at a drive current of 14 mA above 21 dB, while the peak-to-peak difference between the

polarizations in the spectra at a drive current of 14 mA is as high as 24 dB for the VCSEL

Figure 5.5: PR-LIV characteristics (top) and polarization-resolved spectra (bottom) of two

VCSELs from wafer B with a grating period of 1.0µm, a grating depth of 22 nm, and an

active diameter of 7 µm.
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Figure 5.6: Schematic drawing of the setup used for near-field measurements.

with the grating grooves along the [110] crystal axis and even 27 dB for the VCSEL with

the grating grooves along the [1̄10] crystal axis.

Spectrally and spatially resolved near-field measurements are recorded to identify the

different transverse modes and to check whether their intensity distribution is distorted

by the surface grating. The near-field measurements are performed with a setup which was

originally developed during another PhD thesis [59] and which has been improved several

times later. A sketch of this setup is shown in Fig. 5.6. An optical single-mode fiber with an

integrated lens with a focal length of 12µm is moved by a piezoelectric stage in a distance

of about 25µm above the VCSEL. At every position of the scan, the complete spectrum of

the laser is measured with a multi-wavelength meter13 and the wavelengths and intensities

of the single peaks in the spectrum are determined. After a scan is completed, the different

transverse modes can be composed by sorting the peaks of the spectra recorded at the

different scan positions according to their wavelengths. The results of the measurements

of the VCSEL with the grating grooves along the [110] crystal axis in Fig. 5.5 at a drive

current of 10 mA are shown in Fig. 5.7. The fundamental LP01 mode, both LP11 modes,

and one of the two LP21 modes can be distinguished. Additionally, a LP02 mode with

a heavily distorted intensity distribution is lasing. However, such a distorted LP02 mode

has been found in comparable standard VCSELs as well. Therefore, no disturbance of the

intensity distributions of the different modes introduced by the surface grating can be

13Agilent Technologies Inc., model: 86120 B
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Figure 5.7: Spectra and near-field profiles of the transverse modes at a current of 10 mA

of the VCSEL from Fig. 5.5 with the grating grooves along the [110] crystal axis. The scan

area in the near-field profiles is 20µm times 20 µm.

observed in these measurements.

In the case of multimode VCSELs, the influence and the effectiveness of the surface grating

for polarization control can be demonstrated much easier than for single-mode VCSELs. A

standard VCSEL lasing with three or more different modes with one common polarization

is not known in the literature and has not been observed in all the measurements performed

for this thesis. Therefore, the common polarization of all modes of the VCSELs in Fig. 5.5

is clearly and without any doubt caused by the surface gratings.

The experience gained during the research performed for this thesis shows that it is more

difficult to control the polarization of higher order modes than to pin only the polarization

of the fundamental mode along one specific crystal axis. To the best knowledge of the

author, the only other approach for polarization control which is also able to control the

polarization of higher order modes is the growth on (113)B substrates [111]. With the

surface grating technique, the peak-to-peak difference between the strongest peak of the

dominant polarization and the strongest peak of the suppressed polarization of highly

multimode VCSELs is comparable to the results obtained on (113)B substrates, but the

output power of the surface grating VCSELs presented here is a factor of two higher at

the same drive current.

A surface grating can even control modes of much higher order than LP02. The VCSELs

from wafer D in Fig. 5.8 have an active diameter of 18µm and are consequently highly

multimode. The fundamental mode and modes of lower higher order do not even contribute
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Figure 5.8: PR-LIV characteristics (top) and polarization-resolved spectra (bottom) of two

VCSELs from wafer D with a grating period of 0.7µm, a grating depth of 76 nm, and an

active diameter of 18 µm.

any longer substantially to the laser emission. Nevertheless, the surface gratings, here with

a grating period of 0.7µm and a grating depth of 76 nm, define the polarization of all

modes. The orientation of the preferred polarization for this set of grating parameters is

parallel to the grating grooves instead of orthogonal as in Figs. 5.2 and 5.5 due to a larger

grating depth. This dependence of the orientation of the polarization on the grating depth

is the topic of the following Sect. 5.4. In Sects. 5.6 and 5.7, it is investigated why the output

power of the grating VCSELs with an active diameter of 18µm, a grating period of 0.7µm,

and a grating depth of 76 nm depicted in Fig. 5.8 are just comparable and not higher than

the output power of the grating VCSELs with an active diameter of 7µm, a grating period

of 1.0µm, and a grating depth of 22 nm shown in Fig. 5.5. The reduced OPSR and the

reduced peak-to-peak difference in the polarization-resolved spectra of the VCSELs shown

in Fig. 5.8 compared to the VCSELs depicted in Figs. 5.2 and 5.5 has two reasons. In the

first place, there is a tendency that higher order modes in VCSELs exhibit a lower degree

of linear polarization. In the second place, the OPSR decreases with increasing grating

depth as discussed in Sect. 3.4.

A legitimate question is, which practical relevance polarization-stable multimode VC-

SELs have. First of all, there is an academic interest, whether also the polarization of

all modes of highly multimode VCSELs can be controlled by a specific measure. Besides
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that, polarization-stable multimode VCSELs are a much stronger benchmark for the effec-

tiveness of a measure for polarization control, since it is in general more difficult to define

and stabilize the polarization of higher order modes than of the fundamental one. An ap-

plication in which high power and therefore highly multimode polarization-stable VCSELs

can be of definite practical relevance is free-space polarization-division multiplexing which

will be demonstrated in Sect. 6.5. Besides that, the design of every optical setup is easier

for a light source with a well-defined polarization than for a laser showing polarization

fluctuations as discussed in Sect. 2.4.

5.4 Grating Depth and Grating Period

Depending on the grating parameters, a stable polarization parallel (Fig. 5.8) and orthog-

onal (Figs. 5.2 and 5.5) to the grating grooves is found in the previous section. In this

section, this dependence on the grating parameters, which are mainly the grating depth

and the grating period, is experimentally investigated and compared to the theoretical

predictions presented in Chap. 3. For this purpose, a wafer with grating VCSELs having

12 different grating depths and 11 different grating periods is fabricated and analyzed. If

the VCSELs with the different grating parameters had been realized on different wafers,

the comparison between the individual sets of grating parameters would have suffered from

unintended variations in growth and/or processing. Since all VCSELs investigated in this

section are processed on one wafer, they are nominally identical except for their grating

parameters and a slight unintended variation of the active diameters over the wafer. Stan-

dard VCSELs without any surface modification are fabricated on the same wafer adjacent

to the grating VCSELs for reference as well.

The simulations shown in Chap. 3 are performed with the updated and improved VELM

model in the latest version at the end of the research performed for this thesis. Previously,

the simulations predicted for VCSELs with an emission wavelength of 850 nm a vanishing

polarization control for smaller grating periods starting from 0.7µm [164]. Since the VELM

model is the only model in the world with which such VCSELs with an integrated surface

grating can be simulated, it was and still is not possible to cross check the predictions of

this model with a second one. Consequently, the grating periods on this wafer are chosen

according to the results of the simulations at the time of the fabrication of the wafer. The

selected grating periods are 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.05, 1.1, 1.15, and 1.2µm.

The grating period of 0.7µm was included out of curiosity and to test the theoretical

predictions. The polarization control obtained with this small grating period has then

stimulated the improvement of the VELM model.

The obtained results are similar for grating periods which differ by only 0.05µm. Therefore,

the results presented in the following are averaged over the grating periods 0.7 and 0.75µm,

0.8 and 0.85µm, 0.9 and 0.95µm, 1.0 and 1.05µm as well as 1.1, 1.15, and 1.2µm for

clarity. Every group of grating periods is labeled with the smallest grating period within

the respective group. The second grating parameter, which is varied, is the grating depth.
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The grating depths realized by wet-chemical etching are 17, 25, 30, 36, 41, 48, 51, 58,

65, 70, 76, and 84 nm, which deviate only marginally from the intended grating depths

of 20, 26, 32, 38, 44, 50, 56, 62, 68, 74, 80, and 86 nm. The grating DC is 50 %. The

grating grooves are aligned in equal portions along the [110] and [1̄10] crystal axes. The

active diameters are 3, 4, 5, and 7 µm. The VCSELs with an active diameter of 3 and 7

µm are analyzed in the following as examples for single-mode (with an active diameter

of 3µm) and multimode VCSELs (with an active diameter of 7µm). Unfortunately, the

section of the wafer with a grating depth of 51 nm is too close to the edge of the wafer, so

that no VCSEL with an active diameter of 7µm is available with this particular grating

depth. Likewise no VCSELs with an active diameter of 3µm and grating depths of 41 and

76 nm exist. The epitaxial material is designed for common top-emitting VCSELs with

an emission wavelength of 850 nm and exhibits an only negligibly small variation of the

layer thicknesses as well as a very low defect density. However, the cavity resonance is red-

shifted by 10 nm compared to the designed wavelength. More information on this wafer C

are given in App.D.

Two questions have to be addressed in the analysis of the fabricated grating VCSELs. Is

a stable polarization, which means a high relative dichroism, provided and which is the

orientation of the preferred polarization with respect to the grating grooves? While the

second question can easily be answered, the first one cannot be investigated directly, since

the relative dichroism, which quantifies the strength of the polarization control, cannot be

deduced from PR-LIV characteristics. The OPSR and the dichroism have the same sign,

but their magnitudes are not proportional. Even for a VCSEL with a polarization switch,

the magnitude of the OPSR for drive currents smaller or larger than the current at which

the switch occurs can be very large. In Fig. 2.5, for example, the magnitude of the OPSR

exceeds 18 dB for drive currents slightly smaller and slightly larger than 2.52mA, where a

polarization switch occurs when the current is decreased. Therefore one cannot distinguish

on the basis of the OPSR between a weakly and strongly stabilized polarization. Basically,

two ways to address this problem can be found in the literature. The easier way, which

is most frequently used, is just to ignore this problem. The other alternative is based

on statistics according to the logic that a high dichroism is expected if a large number of

VCSELs with a specific method for polarization control (in the present case with a specific

set of grating parameters) is polarization-stable. Lacking14 a better method for estimating

the dichroism of VCSELs, statistics is applied in the following.

The approach to use statistics, especially in combination with the high number of different

grating parameters included in the investigation in this section, requires to fabricate and

measure a large quantity of VCSELs. Thanks to a collaboration with U-L-M photonics

GmbH, the PR-LIV characteristics presented in this section and in Sect. 5.5 could be

14This statement expresses the state of the research on polarization-stable VCSELs at the beginning of

the research performed for this thesis. The problem how to quantify the strength of the polarization control

remained urgent and unsolved, until at the end of the research performed for this thesis the dichroism of

polarization-stable VCSELs could be measured directly for the first time. These measurements are the

topic of Chap. 7.
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Figure 5.9: Schematic drawing of the wafer mapping station of U-L-M photonics GmbH

used for the measurements in this section and in Sect. 5.5.

measured with a wafer mapping station15. A schematic drawing of this wafer mapping

station is shown in Fig. 5.9. This mapping station is in principle quite similar to the setup

presented in Sect. 5.1, except for the three-dimensional linear stage to position and contact

every individual VCSEL very fast and precisely. In place of a Glan-Thompson polarizer

as in the setup presented in Sect. 5.1, a Glan-Taylor polarizer16 is used together with a

calibrated photodiode. Polarizer and photodiode are again slightly tilted with respect to

the optical axis to avoid feedback. Instead of moving the polarizer and the photodiode

into the optical path, a mirror with a polarization-independent reflectivity, which can be

rotated away for an initial alignment of the wafer, is used. While for the measurements

in this section, the optical transmission losses between the VCSEL and the photodiode

were determined and the detected powers in the two polarizations are correspondingly

converted, an additional measurement of the total output power in front of the microscope

objective was conducted for the results presented in Sect. 5.5.

In Fig. 5.10, four charts present the results obtained for the VCSELs on wafer C discussed

15This wafer mapping station was developed by Lin Borowski, who also operated the setup when the

measurements presented here were performed.
16Melles Griot Inc., model: 03 PTY 001/C, extinction better than 40 dB

79



CHAPTER 5. INVESTIGATION OF GRATING PARAMETERS

in this section. The data of the VCSELs with an active diameter of 3µm are given in

the upper charts and of the VCSELs with an active diameter of 7µm in the lower ones.

The left charts state for every set of grating parameters (grating depth on the abscissa

and grating period as one bar within one group of bars for one specific grating depth) the

percentage of VCSELs with a polarization orthogonal or parallel to the grating grooves

and the percentage of VCSELs whose dominant polarization change when the current is

increased from threshold to thermal rollover. For both active diameters, every set of grat-

ing parameters contains at least two VCSELs and on average six devices for the smaller

active diameter and seven for the larger active diameter. An exception is the group with

a grating depth of 58 nm, a grating period of 1µm, and an active diameter of 3µm which

consists of only one laser. No VCSELs with an active diameter of 3µm and with grat-

ing depths/grating periods of 48 nm/1.1µm, 51 nm/1.0µm, 51 nm/1.1µm, 58 nm/0.9µm,

and 58 nm/1.1µm exist on the wafer. The VCSELs with an active diameter of 3µm are

single-mode up to thermal rollover, while the VCSELs with an active diameter of 7 µm

emit on multiple transverse modes. The groups with an etch depth of 0 nm comprise 86

standard VCSELs with an active diameter of 3µm and 105 standard VCSELs with an

active diameter of 7 µm for reference, respectively.

Out of the 86 standard VCSELs with an active diameter of 3µm in the upper–left chart,

two exhibit a polarization switch. These are labeled with ’unstable’ in the legend. Nine

VCSELs are polarized along the [110] crystal axis, labeled ’parallel’, and 75 along the [1̄10]

crystal axis, labeled ’orthogonal’. Out of the 105 standard VCSELs with an active diameter

of 7µm, 60 exhibit a change of the dominant polarization. The remaining 43 % of these

VCSELs have a dominant polarization with a percentage of 28 % along the [1̄10] crystal

axis and with a percentage of 15 % along the [110] crystal axis. These results underline

again the lack of polarization control in standard VCSELs.

The grating VCSELs with both active diameters can be divided into two groups: the lasers

with a grating depth up to 48 nm and those with a larger grating depth. While for the

VCSELs with a grating depth up to 48 nm, the grating period has a strong influence on

the control and on the orientation of the polarization, all 169 single-mode and all 215

multimode VCSELs with a grating depth exceeding 48 nm exhibit a stable polarization

parallel to the grating grooves and independent of the grating period. No substantial

difference can be observed for the two different active diameters. To the best knowledge

of the author, this is the largest quantity of VCSELs ever reported with one common

polarization.

The charts on the right side of Fig. 5.10 present for the same groups of VCSELs the doubled

averaged OPSR. First, the average OPSR is determined for every single VCSEL. This is

done throughout this thesis in the same way. The powers in the two polarizations are

measured for equally spaced current steps. The OPSR is then determined for every single

current step between the current for which the laser first reaches 10% of its maximum

output power and the current at thermal rollover. The average OPSR of a laser is then

given by the mean of all the OPSRs at the single current steps. The average OPSR of a
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Figure 5.10: The charts on the left side state the distribution of the VCSELs exhibiting

an unstable or a stable polarization parallel or orthogonal to the grating grooves for the

different grating parameters, while the charts on the right side display the measured av-

erage OPSR of these VCSELs. The VCSELs in the upper charts have an active diameter

of 3µm and in the lower charts an active diameter of 7µm. The emission wavelength is in

both cases about 860 nm. The total number of investigated VCSELs is 386 with an active

diameter of 3 µm and 477 with an active diameter of 7µm.

group of lasers, as it is displayed in the charts on the right side of Fig. 5.10, is then in turn

calculated as the mean of the average OPSRs of the single lasers within this group17. Here,

the magnitude of the OPSR is found to be somewhat smaller than in previously shown

graphs in this chapter, which is partially due to a not completely well-aligned polarizer

during the measurement of the PR-LIV characteristics. Besides that, the angle of the

polarization direction with the main crystal axes can vary even with a surface grating

from VCSEL to VCSEL by some degrees. Since all VCSELs are measured with the same

17The term ’OPSR’ is used in four different ways in this thesis. First, there is the OPSR which is

measured for one specific laser at one specific current. Then there is the average OPSR of one VCSEL,

which is always determined as described here. If a group of VCSELs is considered, the mean of the average

OPSRs of the individual lasers is given. Finally, the OPSR obtained in the simulations gives the upper

limit for the OPSR of the dominant polarization mode in a single-mode VCSEL. All four quantities are

called OPSR in this thesis to shorten the text, since it should always be clear from the context, which of

the four quantities is meant.
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alignment of the polarizer, these variations in the orientation of the polarization reduce the

average OPSR of a group of lasers. Nevertheless, one can clearly see that smaller grating

periods in general lead to a higher average OPSR. This phenomenum is especially present

for grating depths above 48 nm, for which all VCSELs exhibit a stable polarization parallel

to the grating grooves.

To compare the experimental results with the theoretical predictions, the relative dichroism

and the OPSR simulated with the updated VELM model are displayed in Fig. 5.11 for the

grating parameters investigated experimentally in Fig. 5.10. The simulations are performed

for the fundamental mode of the VCSELs with an active diameter of 3µm. The basis for

these simulations is the layer structure of the wafer investigated experimentally in this

section, which differs18 significantly from the layer structure, which is given in App.A and

which is used in Chap. 3 for the simulations performed there. Despite these differences

in the layer structure and despite the different active diameters, the simulation results

presented in Chap. 3 and here are very comparable. This backs the statement in Chap. 3

that the actual VCSEL layer structure has only a minor influence on the polarization

control as long as the relative position of the grating remains unchanged with respect to

the optical standing wave inside the VCSEL cavity.

The change from a polarization orthogonal to the grating grooves at smaller grating depths

to a polarization parallel to the grating grooves at larger grating depths, as it is experimen-

tally observed in Fig. 5.10, is well predicted by the simulations of the relative dichroism

given in the left chart of Fig. 5.11. In the simulations as well as in the experiments, this

change of the orientation of the polarization occurs for smaller grating periods at smaller

grating depths than for larger grating periods. The only major difference between the the-

oretical predictions and the experimental results is the grating depth, at which the change

from an orthogonal to a parallel polarization occurs. This difference in grating depth of

about 20 nm is not yet understood.

While the relative dichroism and the OPSR have the same sign, their magnitudes are not

proportional. Therefore, one can only relate the relative dichroism to the percentage of

VCSELs with a stable polarization within one group of grating parameters. In this way, it

can be estimated very roughly that a relative dichroism with a magnitude of 10–20 % can

already be sufficient for complete polarization control. This is consistent with the analysis

in the framework of the spin-flip model in Chap. 2, which as well predicts that a relative

dichroism with a magnitude of about 10 % is sufficient for polarization control.

The OPSR in the right chart of Fig. 5.11 is simulated in the same way as in Chap. 3. Out

of the two solutions for the two polarization modes of the fundamental mode, the one

with the smaller threshold gain is chosen, since that polarization mode is the dominant

one. However, this polarization mode is made up of contributions from both polarizations

as well. The ratio of these two contributions is calculated at the grating–air interface

and given here as the OPSR. Thus, all contributions from the suppressed polarization

18The differences cannot be stated, since the layer structure of the wafer used in the experiments pre-

sented in this section is confidential corporate knowledge of U-L-M photonics GmbH.
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Figure 5.11: Simulated relative dichroism (left) and simulated OPSR of the dominant

polarization mode of the fundamental mode (right) of the VCSELs from Fig. 5.10 with an

active diameter of 3 µm.

mode, from higher order modes, and from the spontaneous emission are neglected. It is

further neglected in this estimation of the OPSR that the OPSR of VCSELs can decrease

due to the axes of birefringence and dichroism not being parallel. Thus, the simulated

OPSR in the right chart of Fig. 5.11 is only the upper limit for the OPSR, which can be

experimentally expected. However, the simulations clearly predict a decay of the OPSR

with increasing grating depth. This decay, although not clearly visible in the measurements

presented in this section, can also be experimentally observed to a minor degree as shown

in the next section. Apart from that, the simulations predict an upper limit of the OPSR

in the order of 22 to 25 dB for larger grating depths. This fits well with the upper limit

of the OPSR in the order of 20 dB for a single VCSEL stated previously and found in the

experiments, considering the differences between the simulated and the measured OPSR

discussed above.

The simulated threshold gain of the favored polarization is displayed in the left chart of

Fig. 5.12 for the different grating parameters for a rough comparison with the threshold

current found experimentally, which is given in the right chart of the same figure. The

threshold current would only be proportional to the threshold gain, if one could neglect

the transparency electron density and the dependence of the carrier lifetime on the electron

density [48, 183]. This is not the case in VCSELs. Nevertheless, a qualitative comparison

between the tendency of the simulated threshold gain and the measured threshold cur-

rent is possible. Both have a minimum for grating periods around 0.8µm and a strong

maximum for large grating periods. Besides the grating period, the grating depth has a

very strong influence on the threshold gain and the threshold current. While the simulated

threshold gain peaks for a grating depth around 50 nm, the measured threshold current

has its maximum at a grating depth of 36 nm. This difference of approximately 15 nm

corresponds well with the difference between simulation and experiment observed above

for the grating depth at which the polarization changes from orthogonal to parallel to

the grating grooves. Apart from this difference, the tendencies of the measured threshold
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Figure 5.12: Simulated threshold gain (left) and measured threshold current (right) of the

VCSELs from Fig. 5.10 with an active diameter of 3µm.

current and the simulated threshold gain are the same. The qualitative agreement between

the simulated threshold gain and the measured threshold current increases the plausibility

of the simulated relative dichroism, since the simulated relative dichroism is derived from

the simulated threshold gains.

5.5 Yield of Polarization-Stable VCSELs

As convincing as the results of the previous section are, they have to be reproducible

on a second wafer to be reliable. Due to the high number of different grating periods

and grating depths on wafer C discussed in the previous section, the number of VCSELs

with one common set of grating parameters, although higher than in most investigations

done on polarization-stable VCSELs previously, is partially somewhat low, especially for

estimating the polarization control by using statistics or for determining the variations of

the OPSR of nominally identical grating VCSEL. Hence a second grating VCSEL wafer,

called wafer D, with only four grating periods (0.7, 0.8, 0.9, and 1.0µm) and three grating

depths (27, 52, and 76 nm) is investigated in this section. The DC is set again to 50 %

and the grating grooves are oriented once more in equal portions along the [110] and [1̄10]

crystal axes. The realized active diameters are 3, 4, 5, 6, 8, 10, 12, 18, and 23µm. The

epitaxial material is again designed for standard 850-nm top-emitting VCSELs, but wafer

D comes from a different epitaxial run than wafer C. While the emission wavelength of

the VCSELs on wafer C is about 860 nm, it is 850 nm for the VCSELs on wafer D. The

surface gratings on wafer D are fabricated by dry etching in contrast to wafer C.

The distribution of the different orientations of the polarization within one set of grating

parameters with respect to the grating grooves found on wafer D is presented in the left

chart of Fig. 5.13 in the same manner as in Fig. 5.10 for wafer C. Like on wafer C, the

polarization of all VCSELs with a grating depth of 76 nm is parallel to the grating grooves

for all investigated grating periods on wafer D. The grating periods 0.7 and 0.8µm lead to a
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stable polarization parallel to the grating grooves on both wafers for grating depths around

50 nm. For the same grating depths, larger grating periods do not provide full polarization

control on any wafer. For grating depths around 25 nm, the VCSELs with grating periods

of 0.9 and 1.0µm exhibit a well-defined polarization orthogonal to the grating grooves on

both wafers. Smaller grating periods in combination with a grating depth of about 25 nm

result in a polarization orthogonal to the grating grooves or in no polarization control at

all. The results of both wafers are therefore very comparable despite the different epitaxial

material, the different active diameters, and the different fabrication process of the surface

gratings which lead to a somewhat different grating shape as discussed in Sect. 4.3.
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Figure 5.13: Polarization behavior of the 3574 VCSELs on wafer D. The left chart gives

the distribution of VCSELs with an unstable or a stable polarization parallel or orthogonal

to the grating grooves, while the right chart displays the measured average OPSR of the

VCSELs. The active diameters of the VCSELs are between 3 and 23 µm and their emission

wavelength is about 850 nm.

The absolute numbers on which the left chart of Fig. 5.13 is based are stated in Tab. 5.1.

Wafer D contains in total 749 reference VCSELs and 2825 surface grating VCSELs with

undamaged grating structures. The minimum number of VCSELs with one common set

of grating parameters is as high as 129. All 1374 grating VCSELs with a grating depth of

76 nm exhibit a polarization parallel to the grating grooves. This corresponds to a yield of

100 %. This investigation proves additionally that the fabrication of the grating itself is a

rather uncritical process, since the grating fabrication failed on only two VCSELs.

The right chart of Fig. 5.13 displays the doubled averaged OPSR for the VCSELs on wafer

D. The OPSR is again averaged for every individual VCSEL and subsequently over all

VCSELs with the same grating parameters in the same manner as done for the VCSELs

on wafer C in Fig. 5.10. The average OPSR for the different groups of grating parameters

containing exclusively polarization-stable VCSELs is between 14.5 and 18.5 dB. It tends

to decrease with increasing grating period. Probably, this is partially caused by a reduced

polarization control induced by the larger grating periods, but the main reason is the

reduced output powers of the VCSELs with larger grating periods as discussed in the next

section. The average values of the OPSR are again stated in Fig. 5.14 together with the
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Table 5.1: Numbers of VCSELs with one common set of grating parameters having a

parallel, orthogonal or unstable polarization.

grating grating number parallel orthogonal unstable

depth period of VCSELs polarization polarization polarization

(nm) (µm)

0 0 749 219 (29.3%) 147 (19.6%) 383 (51.1%)

27 0.7 131 71 (54.2%) 6 (4.6%) 54 (41.2%)

27 0.8 129 0 (0%) 129 (100%) 0 (0%)

27 0.9 154 0 (0%) 154 (100%) 0 (0%)

27 1 148 0 (0%) 148 (100%) 0 (0%)

52 0.7 239 239 (100%) 0 (0%) 0 (0%)

52 0.8 234 234 (100%) 0 (0%) 0 (0%)

52 0.9 231 223 (96.5%) 0 (0%) 8 (3.5%)

52 1 185 164 (88.6%) 0 (0%) 21 (11.4%)

76 0.7 332 332 (100%) 0 (0%) 0 (0%)

76 0.8 370 370 (100%) 0 (0%) 0 (0%)

76 0.9 334 334 (100%) 0 (0%) 0 (0%)

76 1 338 338 (100%) 0 (0%) 0 (0%)

maximum OPSR and the minimum OPSR (left graph) as well as together with the average

OPSR plus the standard deviation and the average OPSR minus the standard deviation

(right graph). The standard VCSELs, labeled with a grating depth of 0 nm, exhibit as

expected a random orientation of their polarization due to a lack of polarization control.

Nevertheless, the magnitude of their OPSR can exceed 18 dB for both polarizations parallel

and orthogonal to the [110] crystal axis. This underlines that a high OPSR is not strictly

connected with a high degree of polarization control. Very similar results can be observed

for a grating period of 0.7µm and a grating depth of 27 nm. With this set of grating

parameters, the maximum magnitude of the OPSR exceeds 20 dB, but no polarization

control is achieved. For the same grating depth of 27 nm, but for the grating periods 0.8,

0.9, and 1.0µm, for which all grating VCSELs are polarization-stable, the large spread of

the OPSR values is striking. In contrast to that, the difference between the maximum and

minimum OPSR can be as small as 6 dB with a standard deviation of less than 1 dB for

larger grating depths.

To investigate the reasons for the different spread of the OPSRs for different grating depths,

the absolut values of the average OPSR as well as of the average OPSR plus and minus

the standard deviation are given in Fig. 5.15 versus the active diameter of the VCSELs for

a grating period of 0.8µm and grating depths of 27 nm (left) as well as 76 nm (right). For

both grating depths, the absolute value of the average OPSR first increases with increasing

active diameter due to increasing output power. While the absolute value of the average

OPSR remains approximately constant with a further increased active diameter for a
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Figure 5.14: Average, maximum and minimum OPSR for every set of grating parameters

(left) and average OPSR, average OPSR plus standard deviation and average OPSR minus

standard deviation (right) for the same VCSELs as in Fig. 5.13.

grating depth of 76 nm, it strongly drops with increasing active diameter down to 13 dB for

a grating depth of 27 nm. Since the OPSRs stated in Fig. 5.14 are averaged over all active

diameters, this partially explains the increased spread of the OPSRs for the smaller grating

depth. Furthermore, it can be observed in Fig. 5.15 that for nominally identical grating

VCSELs (same grating parameters and same active diameter) the spread of the OPSRs is

higher for VCSELs with a grating depth of 27 nm than for VCSELs with a grating depth of

76 nm. This can be explained by the very strong dependence of the polarization control on

the actual grating parameters for small grating depths as can be seen in Figs. 5.10 and 5.13.

For grating depths around 25 nm, even a change as small as 0.1µm in the grating period

or 5 nm in the grating depth can lead to an unstable polarization or to a change of the

orientation of the polarization. Therefore, process fluctuations in the grating fabrication

have a very strong influence on the polarization control and on the OPSR for smaller

grating depths. In contrast to that, larger grating depths are much more tolerant and

Figure 5.15: Absolute value of the average OPSR, of the average OPSR plus the standard

deviation, and of the average OPSR minus the standard deviation for a grating period of

0.8µm and grating depths of 27 nm (left) and 76 nm (right). These results are based on

the same VCSELs as Fig. 5.13.
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a very small spread of the OPSR values can be achieved, even for quite different active

diameters. Concluding, this section has demonstrated an excellent polarization control

with a surface grating for several thousands of VCSELs.

5.6 Performance of First Generation Grating VCSELs

While the former sections are dedicated to the demonstration of complete polarization

control with a monolithically integrated surface grating, this section deals with the overall

properties of grating VCSELs. In particular, the dependence of the threshold current, of

the current at thermal rollover, of the differential quantum efficiency, and of the maximum

output power on the grating parameters are investigated in this section. For this purpose,

the average values of these quantities are plotted in Fig. 5.16. The investigation is based

on the VCSELs from wafer C with an active diameter of 7µm known from Fig. 5.10. The

charts in Fig. 5.16 are arranged in the same manner as the ones in Fig. 5.10. A grating

depth of 0 nm again labels the standard VCSELs for reference.

The dependence of the threshold current of single-mode VCSELs on the grating parameters

is already stated in Fig. 5.12. For the multimode VCSELs discussed here, the results are

virtually the same (top-left chart in Fig. 5.16). For intermediate grating depths of 30–

50 nm, the threshold current is increased compared to the standard VCSELs on the same

wafer by a factor of almost two for grating periods of 0.7 and 0.8µm and even more

for larger grating periods. With further increased grating depth, the threshold current

decreases again. For grating depths exceeding 60 nm, it finally reaches almost the level of

the standard VCSELs again. The high threshold current of the VCSELs with a grating

depth of 17 nm is partially due to larger active diameters on that part of the wafer as can

also be seen from the currents at thermal rollover given in the top-right chart of Fig. 5.16.

The differential quantum efficiency of the grating VCSELs (bottom-left chart of Fig. 5.16)

decreases almost continuously with increasing grating depth and increasing grating period.

Consequently, the maximum output power is expected to decrease with increasing grating

depth and increasing grating period, too. However, the threshold current influences the

maximum output power as well, so that a combination of these two contributing factors

leads to the results found for the maximum output power in the bottom-right chart of

Fig. 5.16. For some sets of grating parameters the reduction of the differential quantum

efficiency and the maximum output power can even exceed 75 %.

The results presented in Fig. 5.16 for wafer C are confirmed by the results obtained on

wafer D. Since the number of VCSELs with one common set of grating parameters on

wafer D is much larger than on wafer C, the average value plus and minus the standard

deviation within one group of VCSELs with the same grating parameters are as well

given in Fig. 5.17 for the threshold current (top-left), the current at thermal rollover (top-

right), the differential quantum efficiency (bottom-left), and the maximum output power

(bottom-right). Since one data point comprises all the different active diameters between
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Figure 5.16: Average threshold current (top-left), average current at thermal rollover (top-

right), average differential quantum efficiency (bottom-left), and average maximum output

power (bottom-right) of the VCSELs from wafer C with an active diameter of 7µm and

an emission wavelength of 860 nm.

3 and 23µm, all measured quantities are normalized for every VCSEL to the average value

of the standard VCSELs with the same active diameter. The graphs in Fig. 5.17 indicate

clearly that the differences in the LIV characteristics are small for grating VCSELs with

a common set of grating parameters. This puts in evidence again the small variations in

the fabrication of the grating.

Without any doubt, the decrease of the differential quantum efficiency and of the output

power, as it is observed in Figs. 5.16 and 5.17, is a severe drawback of the grating VCSELs

presented here. In the following section, the reason for these losses is therefore investigated,

before in Sect. 5.8 and in Chap. 8 possible solutions for this problem are presented.

5.7 Diffraction Induced by a Surface Grating

As can be found in several textbooks (for example [184]), diffraction occurs when an

electromagnetic wave passes through or is reflected by a grating with a grating period Λ

comparable to the material wavelength of the incident λ1 or transmitted light λ2. Two

types of gratings are commonly distinguished in the literature [185]. These are amplitude
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Figure 5.17: Average normalized threshold current (top-left), average normalized current

at thermal rollover (top-right), average normalized differential quantum efficiency (bottom-

left), and average normalized maximum output power (bottom-right) of the VCSELs from

wafer D with active diameters between 3 and 23µm and an emission wavelength of 850 nm.

and phase gratings. An amplitude grating periodically transmits and absorbs or reflects,

respectively, the incoming wave as sketched on the left side of Fig. 5.18. Consequently

the amplitude of the incoming wave is locally reduced, while its phase is not influenced.

Considering the case of an incident plane wave and of a small Fresnel number which allows

to use the Fraunhofer approximation, the secondary waves originating from the slits have a

phase difference of ∆OP = 2πl sin θ/λ2 at an observation point at infinity. l is the distance

of the origins of the secondary waves, which corresponds to the grating period (l = Λ) for

an amplitude grating. θ is the angle under which the observation point is seen from the

grating and λ2 the wavelength in the half space of the observation point.

The principle of a phase grating is depicted on the right side of Fig. 5.18. There, the

complete incoming wave is equally transmitted, but some parts propagate an additional

distance d inside medium 1 with a refractive index different from that of medium 2 resulting

in a phase difference ∆ at the interface between grating and medium 2. The phase difference

for a phase grating at an observation point at infinity is given by ∆OP = 2πl sin θ/λ2 + ∆.

In contrast to an amplitude grating, for a phase grating, the distance of the origins of the

secondary waves l amounts to only half the grating period (l = Λ/2).

Using scalar fields and the Fraunhofer approximation, the intensity of the diffraction pat-
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Figure 5.18: Sketch of an amplitude grating (left) and a phase grating (right).

tern of an one-dimensional grating with N slits with a slit width w is given by [185]:

I =
(sin ∆S)

2

∆2
S

(sin(N∆G))2

(sin ∆G)2
with ∆S =

πw sin θ

λ2
and ∆G =

πl sin θ

λ2
+

∆

2
. (5.3)

The factor (sin ∆S)
2/∆2

S describes the diffraction pattern of a single slit, while the contri-

bution of the grating is accounted for by (sin(N∆G))2/(sin ∆G)2. The diffraction pattern

of an amplitude as well as of a phase grating with eight slits, a slit width of w = 0.6 µm, and

a grating period of Λ = 1.2 µm is shown in Fig. 5.19. The wavelength λ2 of the transmitted

wave is 850 nm. The phase difference ∆ induced by the phase grating is π.

The intensity maxima of a diffraction pattern are according to Eqn. 5.3 defined by the

condition ∆G = πl sin θ/λ2 + ∆/2 = mπ with m as an integer giving the order of the

diffraction lobe. The corresponding angles are consequently

sin θ =
λ2

l

(

m − ∆

2π

)

. (5.4)
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Figure 5.19: Diffraction pattern of an amplitude grating (left) and a phase grating (right)

with eight slits, a slit width w = 0.6 µm, a grating period Λ = 1.2 µm, and a transmitted

wavelength λ2 = 850 nm calculated using Eqn. 5.3. The phase difference ∆ induced by the

phase grating is set to π.
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Table 5.2: Some values of sin θ for important cases of phase difference ∆ and distance l

between sources of secondary waves according to Eqn. 5.4.

∆ l m = 0 m = 1 m = 2

0 Λ 0 λ2/Λ 2λ2/Λ

π Λ/2 - λ2/Λ 3λ2/Λ

Some values of sin θ for important cases of phase difference ∆ and distance l between the

sources of secondary waves are given in Tab. 5.2, since they will be needed in the following

discussion.

The surface grating of the VCSELs investigated in this thesis is a combination of an am-

plitude and a phase grating as can be seen in Fig. 5.20. There, the normalized magnitude

of the dominant transverse electric field component of the dominant fundamental polariza-

tion mode is plotted at the outcoupling section of a standard VCSEL (left) and of a grating

VCSEL (right). In contrast to the above discussion, which is limited to scalar fields, the

fields in Fig. 5.20 are simulated with the fully vectorial, three-dimensional VELM model

introduced in Chap. 3 using the layer structure stated in App.A with an active diameter of

5 µm and an emission wavelength of 850 nm. The grating period is 1.2µm and the grating

depth 60 nm.

In contrast to the transverse electric field of a standard VCSEL, which is plotted on

the left side of Fig. 5.20 for comparison, the grating modulates not only the phase (as

one would assume a priori based on the above discussion, since the transmittivity at

the semiconductor–air interface itself is the same everywhere), but also the amplitude

of the electric field. The reason for this amplitude modulation is the coupling of the

grating with the underlying Bragg mirror and the resonator. Therefore, grating ridges

and grating grooves feature different effective reflectivities. The reflectivity of the grating

in combination with the Bragg mirror is smaller at the grating grooves and larger at the

grating ridges. An explanation of this phenomenon is given in Sect. 8.4. Therefore, the

amplitude of the electric field at the grating–air interface is different for grating grooves

and grating ridges as can be seen in the top-right and bottom-right diagram of Fig. 5.20.

Besides the amplitude, the phase of the electric field differs at the grooves and at the ridges

as well. This phase difference approximately equals π as can be seen in the bottom-right

graph of Fig. 5.20. The electric field in the bottom-right graph of Fig. 5.20 can thus be

decomposed into two contributions: one is an anti-phase emission (∆ = π) with a distance

of the sources of the secondary waves of l = Λ/2 and one an in-phase emission (∆ = 0)

with a distance of the sources of secondary waves of l = Λ. The anti-phase emission is

composed of the electric field at the grating ridges and an equally strong part of the

electric field at the grating grooves. The remaining electric field at the grating grooves

is then responsible for the in-phase emission. According to Tab. 5.2, the angles of the

diffraction lobes for the anti-phase emission are given by sin θ = λ2/Λ and for the in-phase

emission by sin θ = 0 and sin θ = λ2/Λ. For the grating parameters of Fig. 5.20, which are
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Figure 5.20: Normalized magnitude of the dominant transverse electric field component

of the dominant fundamental polarization mode of a standard VCSEL (left) and of a

grating VCSEL (right). The upper diagrams display the gray-scale-coded magnitude of the

transverse electric field at the semiconductor–air (left) and grating–air (right) interface of

the VCSELs. The grating grooves and the active diameters are indicated by white lines.

The lower graphs show the magnitude and the phase of the transverse electric field at the

semiconductor–air (left) and grating–air (right) interface in a cross-section orthogonal to

the grating grooves. The grating is depicted as a dashed line in the lower–right graph of

the figure. The fully vectorial, three-dimensional simulations are performed for the layer

structure stated in App.A with an active diameter of 5µm, an emission wavelength of

850 nm, a grating period of 1.2µm, and a grating depth of 60 nm.

an emission wavelength of λ2 = λ0 = 850 nm and a grating period of 1.2µm, this results

in first order diffraction lobes (also called side lobes) at angles of 45 degrees besides the

zeroth order diffraction lobe (also called main lobe or central lobe). The side lobes can

be seen in the left diagram of Fig. 5.21, where the magnitude of the simulated Poynting

vector in the far-field corresponding to the near-field of the grating VCSEL in Fig. 5.20

is plotted. As one would intuitively assume, no diffraction can be found in the direction

parallel to the grating grooves as can be seen in the left diagram of Fig. 5.21

Although the analysis above based on in-phase and anti-phase emission is somewhat sim-
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Figure 5.21: Simulated far-field and far-field cuts in two directions of a grating VCSEL

with an emission wavelength of 850 nm, a grating depth of 60 nm, and a grating period of

1.2µm (left) and 0.6µm (right).

plified and has to be modified for different grating depths, it explains the basic diffraction

phenomena observed in the far-field of grating VCSELs. However, the situation changes if

the grating period becomes smaller than the emission wavelength as depicted in the right

diagram of Fig. 5.21. There, the far-field is plotted for a grating VCSEL in the same way

as in the left diagram of the figure, but with a grating period of 0.6µm, which is smaller

than the emission wavelength of the VCSEL. No side lobes and no diffraction are visible

any longer in the far-field, since for grating periods smaller than the emission wavelength

the part of the electromagnetic emission, responsible for the side lobes in the far-field,

experiences a total internal reflection at the semiconductor–air interface. This can be un-

derstood from Tab. 5.2. For a grating period Λ smaller than the emission wavelength λ2,

the ratio λ2/Λ responsible for the first order diffraction lobes becomes larger than 1 and

therefore no angle θ can satisfy this condition any more. The same conclusion is obtained

if one considers the expansion modes with the strongest contribution to the electric field in

the grating section of a VCSEL. As discussed in Chap. 3, the magnitude of their transverse

wavevector is 2π/Λ and they are responsible for the side lobes in the far-field. Since the

magnitude of the transverse wave vector does not differ inside and outside of the VCSEL,

but the magnitude of the complete wave vector does, the magnitude of the transverse wave

vector of the expansion modes would exceed the magnitude of their wave vector in the air

above the VCSEL.

Since side lobes in the far-field are not desirable at all, grating periods smaller than the

emission wavelength are the better alternative. However, in the following, the dependence

of the power in the side lobes on the grating parameters shall be discussed briefly to

understand the results of the overall grating VCSEL performance obtained in the previous

section. In Fig. 5.22, the magnitude of the Poynting vector in the far-field, simulated with
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the fully vectorial, three-dimensional VELM model, is shown on a semicircle around the

grating VCSEL orthogonal to the grating grooves. The layer structure and the active

diameter are again the same as in Fig. 5.20. In the left graph of Fig. 5.22, the grating

depth is kept constant at 60 nm and the grating period increases from 0.7 to 1.2µm along

the arrow in the graph. For grating periods of 0.7 and 0.8µm, no side-lobes can be seen.

The angles under which the maximum of the side lobes is observed in the far-field simulated

with the fully vectorial, three-dimensional VELM model are 70, 57, 50, and 49 degrees for

grating periods of 0.9, 1.0, 1.1, and 1.2µm, respectively. These angles correspond very well

to the angles given by the simple formula θ = sin−1 (λ2/Λ), which are 71, 58, 51, and 45

degrees. The height of the side lobes increases with increasing grating period and with

increasing grating depth. The latter can be seen in the right graph of the same figure.

There, for a grating period of 1.2µm, a cross-section of the far-field is plotted for grating

depths of 0, 20, 40, 60, 80, and 100 nm. While no distortion of the far-field can be seen for

grating depths of 0 and 20 nm, side lobes appear starting from a grating depth of 40 nm.
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Figure 5.22: Simulated far-field of 850-nm grating VCSELs with different grating periods

(left) and grating depths (right). The magnitude of the Poynting vector on a semicircle

orthogonal to the grating grooves is shown.

When recording the LI characteristics of grating VCSELs, only the power in the main

lobe is collected by the collimating lens and consequently measured. Since within the

investigated range of grating parameters the power in the side lobes generally increases

with increasing grating depth and increasing grating period, the relative power in the

main lobe and therefore the measured output power of the grating VCSELs decreases

with increasing grating depth and increasing grating period as is experimentally observed

in Sect. 5.6. To quantify the portion of the output power in the main lobe of a grating

VCSEL, the far-field intensity obtained in the same simulations as the results of all figures

in this section starting from Fig. 5.20 is integrated over the main lobe and over the total

half space above the VCSEL. The ratio of these two quantities is plotted in Fig. 5.23 for a

polarization parallel to the grating grooves (left graph) and a polarization orthogonal to

the grating grooves (right graph). As discussed in Chap. 3, the field polarized orthogonally

to the grating grooves, independent whether it is the electric or magnetic one, has to have
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Figure 5.23: Simulated ratio of the power in the main lobe to the total output power

of the fundamental polarization mode for a polarization parallel (left) and orthogonal

(right) to the grating grooves for different grating periods and grating depths. The emission

wavelength is 850 nm.

a non-vanishing longitudinal component to give rise to side lobes. This results in a TE-like

mode, if the magnetic field is oriented orthogonal to the grating grooves, and in a TM-like

mode, if the electric field is oriented orthogonal to the grating grooves. Since the diffraction

efficiencies of the grating for TE- and TM-like modes is different, the power in the main

lobe depends not only on the grating parameters, but also on the polarization of the mode.

The simulations in Fig. 5.23 predict that the power in the main lobe can decrease below

40 % for large grating depths and grating periods. This tendency corresponds well to the

experimentally observed reduction of the differential quantum efficiency and the output

power in Sect. 5.6. However, in the experiments the reduction of the differential quantum

efficiency and the maximum output power is even stronger. In the worst case, for large

grating depths and grating periods, they drop down to one fourth of the value measured

for a standard VCSEL. There are two reasons which can explain this discrepancy: first,

the idea that the VCSEL basically remains the same and only some power is coupled to

the side lobes which is then lost for the central lobe is oversimplified. At least the influence

of the modified threshold current has to be taken into account. Besides that, the measured

side lobes are even more pronounced than the simulated ones, as discussed in the following.

The setup used for far-field measurements is schematically shown in Fig. 5.24. A photodiode

with an adjustable aperture can be moved along a semicircle with a radius of approximately

15 cm. The VCSEL to be investigated is located in the center of the semicircle. In this

way, one can measure cuts through the far-field of VCSELs corresponding to the simulated

ones presented in Figs. 5.21 and 5.22. Depending on the type of contacts on the VCSEL

wafer, the contact probe shadows some parts of the semicircle. Thus, only half of the

semicircle can be measured and displayed for the VCSELs from wafers C and D investigated

here. However, this does not limit the information about the far-field properties of these

VCSELs, since the far-field along the semicircle is symmetric. The CCD camera with the

monitor, the halogen lamp, the two lenses, and the beamsplitter in the setup are again

used to identify the individual VCSELs and to facilitate contacting.
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Figure 5.24: Schematic drawing of the setup used to measure cuts through the far-field of

VCSELs as shown in Fig. 5.25.

The measured far-fields of VCSELs with an active diameter of 3µm on wafer D known from

Sect. 5.5 are shown in Fig. 5.25. For grating periods somewhat smaller than the emission

wavelength of the VCSELs, which is 850 nm, no side lobes in the far-field can be seen

in the experiments. This is well consistent with the simulations and is demonstrated in

the graphs on the left side of Fig. 5.25 for a grating period of 0.7µm and a small grating

depth of 27 nm (top) as well as for a larger grating depth of 76 nm (bottom). If the grating

period exceeds the emission wavelength of the VCSELs, side lobes appear in their far-field

as can be seen in the graphs on the right side of Fig. 5.25 for a grating period of 1µm

and for the same grating depths as on the left side of the figure. While the side lobes in

the far-field of the VCSEL with a grating depth of 27 nm are moderate, their magnitude

even exceeds the one of the main lobe in the far-field of the VCSEL with a grating depth

of 76 nm. For both grating depths and grating periods, no side lobes can be observed in

the direction parallel to the grating grooves. In so far, the experimental findings are inline

with the theoretical predictions. However, the strong distortion observed in all measured
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Figure 5.25: Far-field intensity of grating VCSELs with different grating parameters mea-

sured parallel and orthogonal to the grating grooves. All VCSELs are located on wafer D

and have an active diameter of 3µm as well as an emission wavelength of 850 nm.

far-fields cannot be seen in the simulations. The disturbance of the measured far-field is

neither due to an insufficient quality of the used measurement setup nor due to scattering

from the contact ring. More likely, the limited transverse dimension of the grating has a

stronger influence on the far-fields in the experiments than in the simulations. Additionally,

the experimentally realized grating grooves differ from the rectangular shape used in the

simulations by grating imperfections and their trapezoidal shape.

The influence of the grating period and the grating depth on the measured magnitude of

the side lobes is shown in Fig. 5.26 for grating VCSELs with an active diameter of 3 µm

located on wafer C known from Sect. 5.4. In the left graph of Fig. 5.26 the far-field of

grating VCSELs with a grating depth of 70 nm and a grating period between 0.7 to 1.2µm

are displayed. The increase of the grating period is indicated by an arrow. In the same

manner, the increase of the grating depth from 17 to 84 nm is highlighted in the right

graph of Fig. 5.26 for grating VCSELs with a grating period of 1.0µm. The increase of the

magnitude of the side lobes with increasing grating period and increasing grating depth

predicted by the simulations can be clearly seen in the measurements despite the heavily

disturbed far-field. The angular position of the side lobes matches the theoretically found

values reasonably well, although an exact determination is not possible due to the jitter in

the measurements. The magnitude of the side lobes found on wafer D presented in Fig. 5.25
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Figure 5.26: Far-field intensity of grating VCSELs measured orthogonal to the grating

grooves for different grating periods (left) and grating depths (right). All VCSELs are

located on wafer C and have an active diameter of 3µm as well as an emission wavelength

of 860 nm.

tends to be larger than the ones found on wafer C shown in Fig. 5.26. This difference might

emerge from the fact that on wafer D the gratings are fabricated by dry etching resulting

in slightly steeper sidewalls of the grating ridges than on wafer C as discussed in Sect. 4.3.

Due to the strong side lobes accompanied by the severe degradation of the overall VCSEL

performance, grating VCSELs with grating periods larger than the emission wavelength

are of no practical relevance as long as a two or three beam emission from one laser is

not intentionally aimed-at as, for example, for applications in interferometry [186]. Thus,

only grating periods smaller than the emission wavelength of the VCSELs are of interest.

However, according to Sect. 5.6, even grating VCSELs with a grating period smaller than

their emission wavelength suffer from a reduced differential quantum efficiency and a re-

duced output power despite their diffraction-free far-field. The reason for that can be seen

in the simulations presented in Fig. 5.27, where the normalized magnitude of the real part

of the Poynting vector is plotted in a plane which cuts the grating VCSELs orthogonally

to their grating grooves. The simulations are again based on the same structure as the

ones shown in Fig. 5.20. The upper white line in the diagrams of Fig. 5.27 indicates the

interface between the top Bragg mirror of the VCSEL and the air above the VCSEL and

the lower white line the interface between the bottom Bragg mirror of the VCSEL and

the substrate, which is assumed to be non-absorbing in these simulations for clarity. The

white line in between the other two white lines indicates the layer containing the oxide

aperture.

In the left diagram of Fig. 5.27, the grating period is 1.2µm and thus larger than the

emission wavelength of the VCSEL, which is 850 nm. In contrast, the grating period is

0.6µm and thus smaller than the emission wavelength in the right diagram of Fig. 5.27.

All other parameters are the same in the two simulations. However, the two results differ

significantly. For the grating period larger than the emission wavelength (left diagram),

the side lobes with a magnitude comparable to the main lobe can clearly be seen in the air

above the grating VCSEL. In contrast to that, a grating period smaller than the emission
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Figure 5.27: Normalized magnitude of the real part of the Poynting vector in a plane which

cuts the VCSELs orthogonally to their grating grooves. The upper white line represents

the interface between the upper Bragg mirror and air, while the lower white line indicates

the interface between the lower Bragg mirror and the substrate. The white line in the

center is located at the aluminum oxide layer of the VCSELs. The grating depth is in both

cases 60 nm, but the grating period is 1.2µm in the left diagram and 0.6µm in the right

diagram. The simulations are the same as the ones in Fig. 5.20.

wavelength (right diagram) does not give rise to any side lobes in the air above the grating

VCSEL due to total internal reflection. So far, everything has already been discussed above.

However, the grating period smaller than the emission wavelength causes a pronounced

backward diffraction towards the substrate. The position of the side lobes in the substrate

caused by this backward diffraction is given by sin θ = λ1/Λ with λ1 as the wavelength

of the VCSEL in the material of the cap layer of the VCSEL, which is GaAs in this case.

The beams with strongly reduced intensity propagating parallel to the side lobes are no

higher order diffraction lobes, but arise from multiple reflections of the diffracted light

inside the laser cavity. The fact that the peak intensity of the side lobes in the substrate

is more than an order of magnitude higher than the intensity of the central lobe in the

substrate is due to the low reflectivity of the Bragg mirror for the electromagnetic waves

which contribute to the side lobes due to their large transverse wave vectors. These side

lobes on the backside of the VCSEL are not easily accessible in the experiment, since

even for a non-absorbing substrate the electromagnetic waves of which the side lobes are

composed would experience a total internal reflection at a planar interface between the

substrate and the surrounding air.

The backward diffraction, which can be seen in the right diagram of Fig. 5.27, is the loss

mechanism present in grating VCSELs with a grating period smaller than the emission

wavelength. These losses are responsible for the decreased differential quantum efficiency

and the decreased output power of the grating VCSELs with a grating period of 0.7µm

in Sect. 5.6 despite their diffraction-free far-field. It is difficult to compare the losses intro-

duced by the backward diffraction with the losses which arise from the side lobes in the
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Figure 5.28: Simulated ratio of the power emitted to the back side of the VCSEL to

the power emitted to the front side of the VCSEL for a polarization parallel (left) and

orthogonal (right) to the grating periods.

far-field. While the waves which cause the side lobes in the far-field are attenuated by the

finite transmission of the semiconductor–air interface at the top of the VCSEL, the com-

plete power is reflected at that interface in the case of backward diffraction. This backward

diffraction is reduced for smaller grating periods and grating depths as shown in Fig. 5.28,

in which the ratio of the simulated power propagating backward into the substrate to the

simulated power in the air above the VCSEL is plotted for both polarizations.

This backward diffraction does not vanish completely until the grating period is clear-

ly smaller than the material wavelength of the VCSEL, which is for a 850-nm VCSEL

about 233.5 nm in GaAs with a refractive index of 3.64 [39]. Gratings with periods small-

er than the material wavelength are no longer experienced as a grating by the electric

fields, but as an anisotropic medium. Stimulated by the unrivaled polarization control in

VCSELs obtained with surface gratings in the research performed for this thesis, such

sub-material wavelength grating VCSELs with a grating period of 120 nm were presented

recently [187, 188]. This is a very interesting approach, although only the static PR-LIV

characteristics of just a few VCSELs with such a sub-material wavelength grating have

been published until now. The published results do not allow a final assessment of the

polarization control introduced by such sub-material wavelength gratings. With groove

widths of 60 nm featuring an aspect ratio of 1:1, these sub-material wavelength gratings

are extremely challenging to fabricate and need advanced semiconductor technology as

it is used for fabricating state-of-the-art computer processors. This can hardly be made

consistent with the requirement for a low cost method for polarization control of VCSELs.

5.8 Surface Grating VCSELs With Very Small Grating Depth

and Large Duty-Cycle

Besides smaller grating periods, the use of smaller grating depths reduces the losses in-

troduced by surface gratings as can be seen from Figs. 5.16 and 5.17. Additionally, a DC
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larger than 50 % is expected to further minimize the diffraction losses, because the cap

layer of a grating VCSEL is more similar to the one of a standard VCSEL in that case.

In the following, grating VCSELs with a very shallow grating depth of 22 nm, an increased

DC of 65 %, and a grating period of 1µm from wafer B are investigated. In Fig. 5.29

the achieved OPSR (top-left), threshold current (top-right), differential quantum efficien-

cy (bottom-left), and maximum output power (bottom-right) are displayed for different

active diameters and compared to standard VCSELs, which are fabricated on the same

wafer. Although the total number of the fabricated and investigated VCSELs is smaller

than on the wafers discussed in Sect. 5.4 and especially in Sect. 5.5, some tendencies can

be seen. The threshold current of these grating VCSELs is still increased on average by

46 % compared to standard VCSELs, while their average differential quantum efficiency

is just 4 % and their average maximum output power just 17 % smaller than that of stan-

dard VCSELs. Thus, the performance of these surface grating VCSELs with their shallow

grating depth and their increased DC is significantly improved compared to the results

obtained in Sect. 5.6.

Figure 5.29: OPSR (top-left), threshold current (top-right), differential quantum efficien-

cy (bottom-left), and maximum output power (bottom-right) versus active diameter for

standard and grating VCSELs with a grating period of 1µm, a grating depth of 22 nm,

and a DC of 65 %. Wafer B investigated here does not contain standard VCSELs with an

active diameter of 7 µm due to some restrictions in the mask design.

102



5.8. VCSELS WITH SMALL GRATING DEPTH AND LARGE DUTY-CYCLE

Figure 5.30: PR-LIV characteristics (left) and polarization-resolved spectra (right) of a

grating VCSEL with an active diameter of 9µm, a grating period of 1µm, a grating depth

of 22 nm, and a DC of 65 %.

While the overall performance is enhanced, the polarization control is expected to be

diminished with such a shallow grating depth and an increased DC. Nevertheless, all

grating VCSELs with a shallow grating depth of 22 nm and an increased DC of 65 % have

a negative OPSR as can be seen in upper-left graph of Fig. 5.29 and no change of the

dominant polarization is observed. The orientation of their polarization is thus orthogonal

to the grating grooves as expected from the results shown in Figs. 5.10 and 5.13. The OPSR

obtained for an active diameter of 7µm is comparable or even better than the OPSR

achieved previously. However, the magnitude of the OPSR decays fast with increasing

active diameter. In general, an increase of the active diameter of grating VCSELs is not

necessarily accompanied by a reduction of the OPSR as shown in the right graph of

Fig. 5.15. The reason for the strong decay of the magnitude of the OPSR observed here for

the grating VCSELs with a shallow grating depth and an increased DC can be seen in the

polarization-resolved spectra of one of these VCSELs in the right graph of Fig. 5.30. All

modes with an emission wavelength down to about two and a half nanometers smaller than

the emission wavelength of the fundamental mode of this 9-µm active diameter VCSEL are

well suppressed by 26-dB peak-to-peak difference. However, the peak-to-peak difference of

the two polarizations decreases to only 7 dB for an even higher order mode with an emission

wavelength of 862.2 nm. This is also the reason why the OPSR of this VCSEL decreases

from over 18 dB at a current of 16.5mA to 16 dB at thermal rollover as can be seen in

the left graph of Fig. 5.30. The polarization control introduced by these shallow surface

gratings with increased DC is obviously no longer capable of controlling the polarization

of all transverse modes independent of their order. Therefore, such small grating depths in

combination with an increased DC can only be applied to VCSELs having a small active

diameter. However, even in that case, the dichroism and therefore the induced polarization

control is rather weak as is found in the direct measurement of the dichroism in Chap. 7.

Additionally, the processing tolerances with such shallow surface gratings are very small.

These are the reasons for the variation of the OPSR values displayed in the upper–left

graph of Fig. 5.29. Altogether, the approach to reduce the losses introduced by the surface
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gratings with a reduced grating depth and an increased DC can be recommended only

very conditionally. Thus, further investigations are needed to reduce the diffraction losses

of grating VCSELs. This will be the topic of Chap. 8.
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Chapter 6

Polarization Control Under

Demanding Conditions

If a VCSEL is found to be polarization-stable in a single experiment, this does not at

all mean that it is always polarization-stable. A different type of mounting, a different

substrate temperature or optical feedback might lead to a polarization switch. Out of

this reason, the polarization control introduced by a surface grating is investigated in this

chapter for varying substrate temperatures, optical feedback, externally introduced strain,

and high-frequency modulations.

6.1 Polarization Control Under Variation of the Substrate

Temperature

The first polarization switch was observed in 1991 due to an increase of the drive cur-

rent [7]. Shortly afterwards, it was discovered that the current at which a polarization

switch occurs can depend on the substrate temperature [8, 64, 67]. This was explained

by the relative wavelength difference between the cavity resonance, which determines the

emission wavelength of the modes, and the gain spectrum as has already been discussed in

Chap. 2. Both, an increased drive current and an increased substrate temperature result in

an increased temperature inside the VCSEL. If the cavity resonance is on the long wave-

length side of the gain spectrum for a low laser temperature, the polarization mode with

the shorter emission wavelength experiences the higher gain and therefore lases. However,

the gain spectrum experiences a stronger red-shift than the cavity resonance with increas-

ing laser temperature. Therefore, the cavity resonance is eventually located on the short

wavelength side of the gain spectrum for a higher laser temperature. In the latter case, the

polarization mode with the larger emission wavelength experiences the higher gain and

starts to lase.

In the following, the stability of the polarization of one of the grating VCSELs presented in

Sect. 5.8 is investigated under varying substrate temperatures. The VCSEL has an active
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diameter of 7 µm, a grating depth of 22 nm, a grating period of 1µm, and a DC of 65 % for

better overall performance. As can be seen in the left graph of Fig. 6.1, which shows the

polarization-resolved spectra of the VCSEL measured with a spectrum analyzer close to

threshold for a substrate temperature of 20 ◦C, the polarization modes oriented along the

[110] crystal axis have the larger emission wavelength as is expected due to the electro-

optic effect discussed in Chap. 2. The polarization along the [1̄10] crystal axis is selected at

threshold as the dominant one. Within every transverse mode, the polarization mode with

the shorter emission wavelength lases. The right graph of Fig. 6.1 gives the dependence

of the threshold current of the investigated VCSEL on its substrate temperature. The

threshold current is minimum, when the maximum of the gain spectrum approximately

overlaps with the cavity resonance at threshold. From these measurements and knowing

that with increasing temperature the gain spectrum shifts faster to longer wavelengths

than the cavity resonance, one can conclude that at threshold the cavity resonance is on

the long wavelength side of the gain spectrum for temperatures below 80◦C and on the

short wavelength side of the gain spectrum for temperatures above 80◦C in this VCSEL.

Figure 6.1: Polarization-resolved spectra close to threshold for a substrate temperature of

20 ◦C (left) and dependence of the threshold current on the substrate temperature (right)

of the grating VCSEL whose PR-LIV characteristics are shown in Fig. 6.2 for the same

substrate temperatures.

According to the explanation of a polarization switch due to thermal effects summarized

above, the VCSEL presented in Fig. 6.1 fulfills all requirements for a polarization switch

with increasing current and increasing substrate temperature. However, the grating VC-

SEL remains polarization-stable even well above thermal rollover as can be seen in Fig. 6.2,

although the cavity resonance crosses the gain maximum due to the increase of the sub-

strate temperature from 20 to 110 ◦C. The dominant polarization is defined by the surface

grating along the [1̄10] crystal axis for all substrate temperatures despite the variation of

the substrate temperature and the relatively small dichroism of this VCSEL compared to

other grating VCSELs according to the measurements in Chap. 7. Other grating VCSELs

have been tested under varying substrate temperatures as well (see for example [189,190]),

but cannot be presented here for lack of space. None of these grating VCSELs shows any

change of its polarization at any tested temperature.
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Figure 6.2: PR-LIV characteristics of a grating VCSEL with an active diameter of 7 µm, a

grating depth of 22 nm, a grating period of 1µm, and a DC of 65 % at substrate tempera-

tures increased in equal steps of 10 ◦C from 20 to 110 ◦C. The arrows in the figure labeled

with ’T’ point towards higher temperature.

6.2 Polarization Control Under Optical Feedback

It has been pointed out in Chap. 2 that the polarization properties of VCSELs are very sen-

sitive to optical feedback [82,83,87]. The polarization of VCSELs can be switched by means

of polarization-selective optical feedback [84], by feedback with rotated polarization [191]

or by varying the phase of the feedback in an extremely short external cavity [85,86]. It is

beyond the scope of this thesis to give a comprehensive and conclusive investigation of the

polarization properties of grating VCSELs under optical feedback. The investigation of

the feedback is thus in the following limited to the long cavity regime, which is character-

ized [192] by an external roundtrip delay time (in the present case about 4 ns corresponding

to an approximately 60 cm long external cavity) larger than the inverse of the relaxation

oscillation frequency of the laser (in the case of VCSELs typically several GHz [58]). In this

regime, the observed physical effects are expected to be qualitatively independent from

phase variations in the feedback, which can, for example, result from a change of the cav-

ity length. This expectation is experimentally validated for the measurements presented

in this section.

The measurement setup used for the experiments with optical feedback is shown in Fig. 6.3.

The setup comprises the feedback path, which consists of an external mirror, a polarizer,

and a variable optical attenuator, and the detection path with a second polarizer and

a photodetector. In addition, there are the halogen lamp and the CCD camera known

already from setups shown previously to identify the single VCSELs and facilitate con-

tacting. Behind the collimating lens with a transmittivity of 97 %, an uncoated wedge

plate is inserted into the optical path to couple about 4 % of the light out of the exter-

nal cavity for detection. A polarization-independent beamsplitter with a 50:50 splitting

107



CHAPTER 6. POLARIZATION CONTROL UNDER DEMANDING CONDITIONS

Figure 6.3: Schematic drawing of the measurement setup used for the optical feedback

investigations.

ratio, as it is often used in such setups, would have limited the available feedback level

(the portion of the laser emission reflected back on the laser facet) to a level below the

one of interest, since the polarization properties of VCSELs with a surface grating are

quite robust against feedback as proven in the following. For lack of space on the optical

table, the wedge plate is inserted under a relatively large angle of about 6 degrees into

the optical path of the external cavity. The reflectance at a single interface of the wedge

plate is therefore about 3 % larger for the polarization orthogonal to the optical table

than for the polarization parallel to the optical table as follows from Fresnel’s equations.

Since the light is transmitted four times through an interface of the wedge plate during

one round-trip in the external cavity, the transmission in the external cavity and thus the

feedback level is for the polarization parallel to the optical table about 0.5% higher as

long as no additional polarization-selective element is inserted into the external cavity.

The optical attenuator behind the wedge plate has a variable transmittivity between 0

and 70 % and is used to adjust the feedback level. The polarizer, which can optionally be

108



6.2. POLARIZATION CONTROL UNDER OPTICAL FEEDBACK

inserted into the feedback path, exhibits losses of about 6 %. The feedback loop is closed

by an external dielectric mirror with a reflectivity exceeding 99 %. In total, the feedback

level can be varied in this setup between 0 and 39 %. A typical feedback level, which can

be expected in common applications, is about 4 % corresponding to a reflection from an

uncoated glass surface. With the measurement setup used here, this expected feedback

level can be exceeded by almost a factor of ten. The actual feedback strength depends

besides the feedback level on the alignment of the feedback. Before all measurements, the

external mirror and the collimating lens are iteratively adjusted several times to optimize

for the smallest threshold of the VCSEL under feedback. Consequently, the alignment of

the feedback in the measurements presented here is much better than one can expect it

in the case of unwanted feedback. Therefore, the feedback strengths investigated here are

for the same feedback level higher than the ones expected for unwanted feedback.

To guarantee an as large as possible modal overlap between the laser mode and the feed-

back, single-mode VCSELs are desirable. Therefore, VCSELs with a high single-mode

current range and a high single-mode output power from wafer A are investigated. The

diameter of the grating area of the majority of the VCSELs on wafer A is limited to 4.5

times the grating period. The purpose of such a grating relief is to increase the single-mode

output power of the VCSELs [164]. This concept has proven to be on average successful

and single-mode output powers as high as 4.2mW are achieved. However, these high single-

mode output powers are to a minor degree due to the grating relief, but more to the good

epitaxial layer structure of this wafer, since also some standard VCSELs on wafer A can

deliver single-mode output powers up to 3.5mW. A much stronger increase in the single-

mode output power than with the here used grating relief on a normal VCSEL structure

can be achieved by an inverted grating relief, which is the topic of Chap. 9.

The PR-LI characteristics of the two VCSELs investigated in the following are shown in

Fig. 6.4. Both VCSELs have an active diameter of about 4µm and an emission wavelength

of 924 nm. They are nominally identical, except that the VCSEL, whose LI characteristics

are displayed in the left graph of Fig. 6.4, is a standard VCSEL without any surface

modification, while the laser in the right graph is a grating relief VCSEL with a grating

period of 0.8µm, a grating depth of 57 nm, and an grating relief diameter of 3.6µm. Due to

the limited extension of the grating, the strength of the polarization control induced by the

grating is reduced. The decreased mirror reflectivity outside of the grating region of such a

grating relief VCSEL makes the laser simultaneously more vulnerable to optical feedback.

This reduced reflectivity of the Bragg mirror causes also the much higher threshold current

of the grating VCSEL compared to the standard VCSEL in Fig. 6.4. However, the grating

relief VCSEL is single-mode up to thermal rollover, while higher order modes start to

lase in the standard VCSEL at a current of 6.9mA with a polarization orthogonal to the

polarization of the fundamental mode.

Without feedback, the fundamental mode of the standard VCSEL as well as of the grating

VCSEL is polarization-stable. The polarization is oriented along the [1̄10] crystal axis in the

case of the standard VCSEL and along the [110] crystal axis and therefore parallel to the
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Figure 6.4: PR-LI characteristics of a standard VCSEL (left) and of a grating relief VCSEL

(right). The behavior of these two VCSELs under optical feedback is investigated in this

section. Both VCSELs have an active diameter of 4µm and an emission wavelength of

924 nm. The grating period is 0.8µm, the grating depth 57 nm, and the outer grating

diameter 3.6µm.

grating grooves in the case of the grating VCSEL. As first type of feedback, quasi isotropic

feedback is investigated. The term ’quasi’ refers to the slight polarization asymmetry

of the external cavity introduced by the wedge plate as discussed above. However, the

VCSELs are mounted in such a way that the [1̄10] crystal axis is oriented parallel and the

[110] crystal axis orthogonal to the optical table. Thus, the feedback strength along the

[1̄10] crystal axis is higher than along the [110] crystal axis. Consequently, the dominant

polarization of the standard VCSEL is favored and the dominant polarization of the grating

VCSEL is put at a disadvantage. However, when the quasi isotropic feedback is applied, the

standard VCSEL looses its stable polarization as can be seen in the left graph of Fig. 6.5.

The top (bottom) half of this graph gives the output power in the polarization along

the [110] ([1̄10]) crystal axis versus current for different feedback levels corresponding to

different reflectivities of the external cavity R. With increasing feedback level, the standard

VCSEL exhibits, at least in its single-mode range, an almost equally distribution of its

output power in the two polarizations. The influence of the feedback on the threshold

current is enlarged depicted as a total-output-power-versus-current diagram in the inset

in the bottom half of the graph. As expected, the reduction of the threshold current with

increasing feedback is larger for the grating VCSEL shown in the right graph of Fig. 6.5

than for the standard VCSEL due to the reduced reflectivity of the upper Bragg mirror

of the grating VCSEL compared to the reflectivity of the upper Bragg mirror of the

standard VCSEL. This explains also the different shape of the LI characteristics of both

lasers, especially close to threshold. However, virtually no influence of the feedback on the

polarization properties of the grating VCSEL can be observed, even for a feedback level

as high as 39 %.

Quasi unpolarized feedback is the most probable type of feedback a VCSEL can be exposed

to in common applications. Consequently, it is of high relevance that a grating VCSEL
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Figure 6.5: PR-LI characteristics of the standard (left) and of the grating VCSEL (right)

from Fig. 6.4 under quasi isotropic feedback. The power in the [110] polarization is given

in the top half of each graph, while the power in the [1̄10] polarization is displayed in the

bottom half. The reflectivity of the external cavity R and therefore the feedback level is

varied between 0 and 39 %. The optical power is given in arbitrary units, which are chosen

in such a way that the magnitude of the arbitrary units correspond to the optical power in

mW emitted by the VCSELs in the case without feedback. The reduction of the threshold

current with increasing feedback level is enlarged depicted in the insets in both graphs,

which give the total output power in the same arbitrary units versus the drive current in

mA.

can withstand ten times the feedback level resulting from a single uncoated glass surface.

However, besides isotropic feedback, also polarized feedback can occur in a setup with

polarization-dependent optical elements. For testing highly polarized feedback, a polarizer

is inserted into the external cavity. The PR-LI characteristics of the standard VCSEL are

shown in Fig. 6.6 under feedback polarized along the [1̄10] crystal axis (left graph) and

along the [110] crystal axis (right graph). Since the solitary standard VCSEL exhibits a

dominant polarization along the [1̄10] crystal axis, the feedback polarized parallel to that

crystal axis in the left graph of Fig. 6.6 does not change the polarization properties of

the standard VCSEL except for the case of a small feedback level of 1 %, for which a

polarization switch from the [1̄10] to the [110] crystal axis and back again is observed.

When the polarizer is rotated by 90 degrees so that the feedback is polarized along the

[110] crystal axis and therefore orthogonal to the dominant polarization of the solitary

VCSEL, its polarization is already for a feedback level of 1 % oriented parallel to the

polarization reflected from the feedback path and orthogonal to the dominant polarization

of the VCSEL without feedback as can be seen in the right graph of Fig. 6.6. The control of

the polarization of the standard VCSEL by the polarized feedback is weakened somewhat

for small feedback levels and high drive currents. This is due to the heat dissipation inside

the VCSEL, which results in a change of the output beam profile with increasing current

and a therefore no longer well-aligned external cavity.
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Figure 6.6: PR-LI characteristics of the standard VCSEL from Fig. 6.4 under different

levels of optical feedback polarized along the [1̄10] crystal axis (left) and along the [110]

crystal axis (right).

In the measurements presented in Fig. 6.7, the polarization control induced by a surface

grating is investigated under polarized feedback. As expected and shown in the left graph

of Fig. 6.7, a feedback polarized parallel to the dominant polarization of the solitary grat-

ing VCSEL has no influence on its polarization properties. More interesting is the case

presented in the right graph of the same figure, in which the feedback is polarized or-

thogonal to the dominant polarization of the solitary grating VCSEL. Since a surface

grating is nothing else as a monolithically integrated type of polarization-dependent feed-

back, one expects intuitively that polarized external feedback can above a certain feedback

strength outbalance the feedback from the surface grating and cause a polarization switch,

if the polarization preferred by the external feedback and the polarization preferred by the

feedback from the grating are orthogonal to each other. However, the required feedback

levels are rather high as can be seen in the right graph of Fig. 6.7. Even with 18 % of the

suppressed polarization and nothing of the dominant polarization of the solitary grating

VCSEL reflected back on the laser facet, the polarization properties of the VCSEL do

not change compared to those of the solitary laser. Also no reduction of the threshold

current can be observed for feedback levels up to 18 %. This is not caused by a less careful

alignment, since just turning the polarizer by 90 degrees leads to the results displayed in

the left graph of Fig. 6.7. The reason is rather that the polarization along the [110] crystal

axis, which is not influenced by the feedback, has still the smaller threshold current and

consequently starts to lase. Even for feedback levels exceeding 18 %, the current range, in

which the polarization is rotated with respect to the polarization of the solitary VCSEL,

is rather limited and close to threshold. This is most probably again due to the influence

of the dissipated heat inside the VCSEL on the beam profile emitted by the VCSEL and

thus the alignment of the external cavity. Consequently, even a feedback level of 35 % is

not high enough to control the polarization for all drive currents.
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Figure 6.7: PR-LI characteristics of the grating VCSEL from Fig. 6.4 under different levels

of optical feedback polarized along the [110] crystal axis (left) and along the [1̄10] crystal

axis (right).

Although further investigations of the polarization properties of grating VCSELs under

feedback, especially in the short cavity regime, are needed, one can already conclude from

the results presented here that the polarization properties of grating VCSELs are much

less sensitive to optical feedback than the ones of standard VCSELs. A surface grating can

define the polarization of VCSELs even under considerable external feedback.

6.3 Polarization Control Under External Stress

Since strain is linked by the optical impermeability tensor to the complex refractive indices

of the different layers inside a VCSEL structure, it influences the polarization properties

of VCSELs as discussed in detail in Chap. 2. A modified real part of the complex refrac-

tive indices causes additional birefringence and a modified imaginary part of the complex

refractive indices alters gain and absorption. Strain in VCSELs can result from a mis-

match of the lattice constants of two layers or from defects introduced during growth and

processing. It can also be caused by externally applied stress as it is unavoidable in the

mounting and bonding process of VCSELs. Additionally, strain can also be introduce in-

tentionally to study the polarization properties of VCSELs. This was done by focusing a

laser beam to a small spot close to a VCSEL to introduce a localized heat source [69] or

permanent crystal defects [70]. Strain in VCSELs can also be caused by bending a VCSEL

chip mechanically [68].

In this section, the latter approach is followed to study whether a surface grating can

control the polarization of VCSELs even under severe externally applied stress. The wafer

holder [193] shown in Fig. 6.8 is used for this investigation. A wafer is placed on a baseplate

with an edge milled in the middle of one of its sides. The wafer is then clamped with

a plate and a screw on one side. On its other side, a seesaw driven by a micrometer
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micrometer screw

screw to clamp
sample

seesaw
to apply stress

baseplate with edge

sample

Dx

Figure 6.8: Schematic drawing of the wafer holder used for the investigations of the polar-

ization properties of VCSELs under externally applied stress.

screw bends the wafer over the edge in the baseplate. The lateral width of the seesaw

exceeds thereby the lateral width of the wafer to introduce a uniform strain along one

direction. All three in the following investigated VCSELs are from wafer A and chosen

such that they are located along a line parallel to the [1̄10] crystal axis. Consequently,

they can be aligned simultaneously along the edge of the baseplate, so that the strain

induced in all three VCSELs is the same, although its magnitude is not exactly known.

To give a rough estimation of the strain introduced into the VCSELs through the bending

and to make the experiments comparable to others reported in the literature [45, 68, 98],

polarization-resolved spectra are recorded close to threshold to measure the wavelength

splitting between the two polarization modes for different bending strengths. The value of

the bending ∆x stated in the following is the deflection of the seesaw on the side of the

wafer as indicated in Fig. 6.8.

For this investigation, the grating VCSEL from the previous section is chosen again as

well as an adjacent grating VCSEL with the same grating parameters, but with its grating

grooves rotated by 90 degrees. The standard VCSEL has to be a different one compared to

the previous section due to the requirement that all three VCSEL have to be located along

one line on the wafer for easier comparison. Without strain, the fundamental mode of the

standard VCSEL is polarized along the [1̄10] crystal axis, while the first higher order mode,

which starts to lase around 5.8mA, is polarized along the [110] crystal axis as can be seen

in the left graph of Fig. 6.9. A switch of the polarization of the standard VCSEL is caused

already by quite moderate strain, which does not even change the emission wavelengths of

the two polarization modes significantly as can be seen in the right graph of Fig. 6.9. The

current at which the polarization switch occurs is decreasing with increasing bending.

The above presented measurements with a standard VCSEL are just intended to illustrate

the influence of externally introduced strain on the polarization properties of VCSELs. This

has been investigated by other researchers before [45,68,98]. The influence of the strain on

the polarization properties of the standard VCSEL are compared in the following to the

influence of the strain on the grating VCSELs shown in Fig. 6.10. The grating VCSELs are
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Figure 6.9: PR-LI characteristics (left) and polarization-resolved spectra (right) of a stan-

dard VCSEL with an active diameter of 4µm under varying, externally applied stress.

Figure 6.10: PR-LI characteristics (left) and polarization resolved spectra (right) of a

grating VCSEL with its grating grooves oriented along the [110] crystal axis (top) and of

a grating VCSEL with its grating grooves oriented along the [1̄10] crystal axis (bottom)

under varying, externally applied stress. The bending ∆x of the wafer is varied between 0

and 500µm in steps of 50 µm. Both VCSELs have an active diameter of 4µm, a grating

period of 0.8µm, and a grating depth of 57 nm. The grating is limited to a circle with a

diameter of 3.6µm.
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nominally identical to the standard VCSEL except for their surface gratings with a grating

period of 0.8µm and a grating depth of 57 nm. Their grating grooves are oriented along

the [110] crystal axis (upper graphs in Fig. 6.10) and along the [1̄10] crystal axis (lower

graphs in Fig. 6.10). Without strain, both grating VCSELs are polarized parallel to their

grating grooves and therefore orthogonally with respect to each other. Consequently, the

polarization of one of the two VCSELs must be destabilized by the externally applied stress

along the [110] crystal axis independent of whether the bending favors the mode parallel or

orthogonal to the bending direction. The bending introduces a relative wavelength shift of

up to 140 pm. This wavelength shift and thus the induced strain are comparable to the ones

investigated in [45,68,98], which caused in all three studies a change of the orientation of

the polarization by 90 degrees. Nevertheless, the grating VCSELs investigated here remain

polarization-stable with almost unmodified PR-LI characteristics. This proves very well

the ability of surface gratings to control the polarization of VCSELs even under strong

externally applied stress.

6.4 Polarization Control Under High-Frequency Modula-

tion

A VCSEL, which is polarization-stable under CW operation, has not to be polarization-

stable under high-frequency modulation [78]. Nevertheless, of all attempts on polarization

control tried so far, only VCSELs grown on substrates with higher indices were tested

under high-frequency modulation [23, 111, 126, 127]. Despite all improvements as strained

quantum wells and thinner oxide aperture layers, which had been made during the years,

a full polarization control was not achieved using substrates with higher indices. The

suppression of the orthogonal polarization was found to decrease under high-frequency

modulation or during the relaxation oscillations following an abrupt turn-on of the lasers.

In this section, the capability of surface gratings for polarization control of VCSELs un-

der high-frequency modulation is investigated. The setup presented in Sect. 5.1 is used

for these high-frequency measurements. As in the previous sections of this chapter, only

examples of all tested VCSELs are presented. The results stated here are confirmed by

the other measurements performed. It has not been feasible to test the properties of grat-

ing VCSELs under high-frequency modulation for all kinds of grating parameters as done

for the PR-LIV characteristics in Sects. 5.4 and 5.5, since no mapping station capable of

high-frequency investigations has been available.

In a previous study [111] of VCSELs grown on substrates with higher indices, the po-

larization control under high-frequency modulation displayed a dependence on the active

diameter of the VCSELs. While multimode VCSELs were polarization-stable, the extinc-

tion of the suppressed polarization in single-mode VCSELs decreased from 30 dB under

CW operation to 11 dB under high-frequency modulation. However, with a surface grating,

polarization control of multimode VCSELs is under CW operation more demanding than
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polarization control of single-mode VCSELs. It is expected that this holds also for the po-

larization control under high-frequency modulation. Consequently, grating VCSELs with

different active diameters are tested. The investigated VCSELs are from wafer C known

from Sect. 5.4. Their PR-LIV characteristics and their polarization-resolved spectra under

CW operation are displayed in Fig. 6.11. Their active diameters are 3 µm (top graphs),

4 µm (center graphs), and 7µm (bottom graphs) and their grating depths 48, 30, and

36 nm, respectively. The grating period of all VCSELs is 0.7µm. The ratios of the grating

period and the grating depth of the grating VCSELs to their emission wavelength of 860 nm

are comparable to those of the grating VCSELs investigated in the previous two sections.

Consequently, it is expected that their relative dichroism is comparable. According to the

simulations presented in Sects. 3.4 and 5.4, the relative dichroism of these VCSELs can

be assumed to be in the order of 30 to 50 % considering that there is a difference in the

absolut grating depth of about 20 nm between the experiments and the simulations. A

relative dichroism of 30 to 50 % is in general high, but not for grating VCSELs and can

easily be realized also with other grating parameters.

In the upper-left graph of Fig. 6.12, the average OPSR of the grating VCSELs from

Fig. 6.11 under high-frequency modulation is given. In these measurements, the VCSELs

are driven in addition to a bias current with a high-frequency signal from a pattern gen-

erator1 using a bias tee2. The optical output power of the VCSELs is measured with a

large-area, time-averaging photodetector. The modulation amplitudes and the bias cur-

rents are chosen such that the VCSELs are switched off and on again under modulation,

since these are the most demanding conditions to demonstrate polarization control. The

bias currents and voltage modulation amplitudes are 3.5, 5, and 8 mA as well as 0.8, 1, and

1.5Vpp for the grating VCSELs with active diameters of 3, 4, and 7µm, respectively. The

voltage modulation amplitude in units of Vpp specifies the peak-to-peak difference of the

voltage drop, which would occur across the investigated VCSEL, if it had an impedance

of 50 Ω. Since VCSELs have rarely such an impedance, the actual voltage modulation am-

plitude applied to the VCSEL consequently differs from the stated modulation amplitude

depending on the impedance of the VCSEL, which in turn depends on the modulation

frequency. For modulation frequencies much smaller than the 3-dB modulation bandwidth

of the VCSEL under investigation, its impedance is dominated by its static differential

resistance. In this case, the applied voltage modulation amplitudes of 0.8, 1, and 1.5Vpp

correspond to current modulation amplitudes of about 6, 10, and 22 mApp, respectively.

The modulation pattern used in the upper-left graph of Fig. 6.12 is a pseudo-random bit

sequence (PRBS) with a word length of 231 − 1. The data rate is varied between 0 and

10 Gbit/s. Despite the high modulation amplitude and the large word length, the OPSR

of all three lasers remains virtually the same for all data rates. The slight decrease of the

OPSR of the grating VCSEL with an active diameter of 4µm for smaller data rates is due

to the onset of higher order modes with a smaller extinction of the suppressed polarization.

1Anritsu Corp., model: MP1763B, in combination with a signal generator made by Rohde & Schwarz

GmbH & Co. KG, model: SMR40
2Picosecond Pulse Labs Inc., model: 5530A, 12.5GHz bandwidth

117



CHAPTER 6. POLARIZATION CONTROL UNDER DEMANDING CONDITIONS

Figure 6.11: PR-LIV characteristics (left) and polarization-resolved spectra (right) of the

grating VCSELs used for the high-frequency measurements in the following. The active

diameters of the VCSELs are 3µm (top), 4µm (center), and 7 µm (bottom) and their

grating depths 48 nm, 30 nm, and 36 nm, respectively. The grating period is always 0.7µm.

Besides the OPSR, also polarization-resolved spectra of the grating VCSELs for a data

rate of 5 Gbit/s are shown in Fig. 6.12. The extinction of the suppressed polarization is

decreased compared to the spectra under CW operation by only 1 dB for the VCSEL with

an active diameter of 3µm, by only 3 dB for the VCSEL with an active diameter of 4µm,

and by only 2 dB for the VCSEL with an active diameter of 7µm. This reduction of the

spectral peak-to-peak difference is not due to a reduced polarization control. It is rather

mainly caused by a broadening of the peaks in the spectra due to thermal effects.
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Figure 6.12: Average OPSR (upper–left graph) and polarization-resolved spectra of the

three lasers from Fig. 6.11 under high-frequency modulation with a pseudo-random bit

sequence with a word length of 231 − 1. The voltage modulation amplitude, the corre-

sponding current modulation amplitude in the limit of small modulation frequencies, and

the bias current are 0.8Vpp, 6 mApp, and 3.5mA for the VCSEL with an active diameter

of 3µm, 1 Vpp, 10 mApp, and 5 mA for the VCSEL with an active diameter of 4µm, as well

as 1.5Vpp, 22 mApp, and 8 mA for the VCSEL with an active diameter of 7µm. The data

rate applied to the VCSELs when taking the spectral measurements is 5 Gbit/s, while the

OPSR in the upper–left graph is determined for data rates varied between 0 and 10 Gbit/s.

In previous studies [23, 78, 111, 126, 127], the suppression of the orthogonal polarization

decreased during the relaxation oscillations following an abrupt turn-on of the laser. To

test the polarization control of grating VCSELs under such conditions, time traces are

recorded with an optical sampling oscilloscope3 having a specified time resolution of 20 ps.

These measurements are shown in Fig. 6.13 for the grating VCSELs from Fig. 6.11 with

active diameters of 4 µm (left graph) and 7µm (right graph). The voltage modulation am-

plitude, the corresponding current modulation amplitude in the limit of small modulation

frequencies, and the bias currents are the same as in Fig. 6.12, namely 1 Vpp, 10 mApp, and

5 mA as well as 1.5Vpp, 22 mApp, and 8 mA for the grating VCSELs with active diameters

of 4 µm and 7µm, respectively. The data rates of the applied alternating 1-0 pattern are

2 Gbit/s (left graph) and 1 Gbit/s (right graph). The power in the suppressed polarization

3Hamamatsu Photonics Corp., model: OOS-01
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Figure 6.13: Polarization-resolved time traces of the VCSELs from Fig. 6.11 with active

diameters of 4 µm (left) and 7µm (right) measured with an optical sampling oscilloscope.

The voltage modulation amplitudes, the corresponding current modulation amplitudes in

the limit of small modulation frequencies, and the bias currents are the same as in Fig. 6.12,

namely 1 Vpp, 10 mApp, and 5 mA (left) as well as 1.5Vpp, 22 mApp, and 8 mA (right). The

data rate of the applied alternating 1-0 pattern is 2 Gbit/s (left) and 1 Gbit/s (right).

is enlarged by a factor of 100 for better visibility. In contrast to VCSELs grown on sub-

strates with higher indices, no decay of the OPSR of the grating VCSELs during turn-on

can be seen in Fig. 6.13. During the complete on-state, the OPSR exceeds 25 dB for both

VCSELs. This OPSR of 25 dB seems to be higher than the OPSR of about 20 dB stated

in the upper–left graph of Fig. 6.12 for the same lasers. This difference has two reasons. In

the first place, the OPSR in Fig. 6.13 is given only during the on-state, while the OPSR in

Fig. 6.12 is an average over on- and off-state. In the second place, the OPSR in Fig. 6.13 is

determined in contrast to Fig. 6.12 from the optical power inside an optical fiber, since the

optical sampling oscilloscope is fiber-coupled. Coupling the emission of a VCSEL, after it

has passed a polarizer, into an optical fiber increases the OPSR, since the lasing modes are

coupled with a higher efficiency into the fiber than the spontaneous emission. Additionally,

the power in the lasing modes and therefore the OPSR is increased during the on-state

in modulations with higher frequency compared to an assimilable bias current under CW

operation or small frequency modulations due the absence of thermal effects.

The measurements presented above have proven that full polarization control even under

high-frequency modulation and during the relaxation oscillations can be realized with a

monolithically integrated surface grating for single- and multimode VCSELs. In the follow-

ing, data communication using the grating VCSEL from Fig. 6.11 with an active diameter

of 7µm is studied without and with a polarizer inserted into the optical link. The mea-

surements are performed using a sweep oscillator4 or a pattern generator, a fiber-coupled

amplified photodetector5 behind an optical attenuator6 to prevent a saturation of the

4Hewlett-Packard Company, model: 8350B
5Picometrix, LLC, model: AD-50xr, 8GHz bandwidth
6Anritsu Corp., model: MN 938A

120



6.4. POLARIZATION CONTROL UNDER HIGH-FREQUENCY MODULATION

0

70

140

210

280

-70

-140

-210

-280

V
o

lt
a

g
e

 (
m

V
)

0 40 80 120 160 200

Time (ps)

grating VCSEL without polarizer

0

70

140

210

280

-70

-140

-210

-280

V
o

lt
a

g
e

 (
m

V
)

0 40 80 120 160 200

Time (ps)

grating VCSEL with polarizer in [-110]

Figure 6.14: Polarization-resolved small-signal frequency response with bias currents in

steps of 2 mA (top–left), bit error rate (top–right), and optical eye diagrams without

(bottom–left) and with a polarizer (bottom–right) inserted into the optical link. The inves-

tigated VCSEL is the one with an active diameter of 7µm from Fig. 6.11. The modulation

conditions for the measurements of the optical eye diagrams and the bit error rates are

a bias current of 10.5mA, a PRBS with a word length of 231 − 1, a voltage modulation

amplitude of 0.7Vpp, and a data rate of 8 Gbit/s.

photodetector, a wideband amplifier7, and a scalar network analyzer8 with a RF detector9

or a sampling oscilloscope10. The upper–left graph in Fig. 6.14 displays the polarization-

resolved small-signal frequency response of the said grating VCSEL from Fig. 6.11 for bias

currents between 4 and 12 mA in steps of 2 mA. Only the dominant polarization of the

grating VCSEL along the [1̄10] crystal axis is modulated, while the signal in the orthog-

onal polarization coincides with the noise level of the measurement setup. The smaller

magnitude of the signal in the dominant polarization compared to the signal without a

polarizer in the optical link are just due to the losses induced by the polarizer.

Optical eye diagrams measured without and with a polarizer oriented parallel to the dom-

inant polarization of the VCSEL are displayed in the lower graphs of Fig. 6.14. The mod-

7Anritsu Corp., model: A3HB3102, 10GHz bandwidth
8Hewlett-Packard Company, model: 8757C
9Hewlett-Packard Company, model: 85025D, 50GHz bandwidth

10Agilent Technologies Inc., model: infiniium DCA 86100 B
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Figure 6.15: PR-LIV characteristics (left) and polarization-resolved spectra at a drive

current of 8 mA (right) of the standard VCSEL with an active diameter of 7 µm used for

the measurements presented in Fig. 6.16.

ulation conditions are a bias current of 10.5mA, a PRBS with a word length of 231 − 1, a

modulation amplitude of 0.7Vpp, and a data rate of 8 Gbit/s. The losses induced by the

polarizer are compensated in these measurements by reducing the attenuation in front of

the photodetector. The quality of the eye diagram remains the same without and with the

polarizer inserted into the optical link. This is confirmed by bit error rate (BER) measure-

ments displayed in the upper–right graph of Fig. 6.14 for the same modulation conditions

and the same optical link. The measurements are performed with a bit error detector11

and do not shown any difference in the BER, if a polarizer is inserted into the optical link

or not. These measurements emphasize once more the full polarization control achieved

with a monolithically integrated surface grating.

To be able to estimate the polarization control induced by a surface grating, the influence

of a polarizer inserted into an optical link with a standard VCSEL is shown in the following.

The PR-LIV characteristics and the polarization-resolved spectra of the standard VCSEL

used for these measurements are shown in Fig. 6.15. The VCSEL has an active diameter

of 7µm and is apart from the missing surface grating nominally identical to the grating

VCSEL with the same active diameter discussed above.

The small-signal frequency response of the standard VCSEL are measured in the same way

as the small-signal frequency response of the grating VCSEL. Only the measurement for

a bias current of 6 mA is shown in the upper–left graph of Fig. 6.16. For high frequencies,

the response in the polarization along the [1̄10] crystal axis seems to be larger than the

total response. However, as discussed in Sect. 2.2, the two dominant polarizations of a

VCSEL are anticorrelated and therefore the noise level increases strongly, when only one

polarization is selected. Since a broadband RF detector is employed in these measurements,

the noise level over the complete investigated frequency range is increased as can be seen

in the upper–left graph of Fig. 6.16 from the measured small-signal frequency response

with the modulation switched off. Consequently, the optical eye diagram, which is wide

11Anritsu Corp., model: MP1764A
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Figure 6.16: Polarization-resolved small-signal frequency response of a standard VCSEL

(top–left) and optical eye diagrams without (top–right) and with a polarizer (bottom)

inserted into the optical link. The modulation conditions for the measurements of the

optical eye diagrams are a bias current of 10 mA, a PRBS with a word length of 231 − 1, a

modulation amplitude of 1 Vpp, and a data rate of 10 Gbit/s. The PR-LIV characteristics

and polarization-resolved spectra of the investigated VCSEL are shown in Fig. 6.15.

open without a polarizer inside the optical link (upper–right graph of the same figure),

closes as soon as a polarizer is inserted into the optical link independent of the orientation

of the polarizer along the [1̄10] (lower–left graph) or the [110] crystal axis (lower–right

graph). The incident power on the photodetector is the same for all three optical eye

diagrams in Fig. 6.16. The losses induced by the polarizer are again compensated in these

measurements by reducing the attenuation in front of the photodetector.

6.5 Polarization Division Multiplexing

The full polarization control under high-frequency modulation achieved with surface grat-

ings opens up the possibility of polarization division multiplexing. The general idea is to

use two VCSELs with orthogonal polarizations as sources for an optical data link over a

common, polarization-maintaining media, which can be air in the easiest case of free-space

data communication. On the side of the receiver, the two signals can be discriminated with
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Figure 6.17: Schematic drawing of the measurement setup used to demonstrate

polarization-division multiplexing.

a polarizer. The complete setup could exist out of two monolithically integrated VCSELs

with orthogonal polarizations on one single chip whose emissions are collimated by two

microlenses. At the other end of the optical link, the light has to be focused on a detec-

tor consisting of two photodiodes. Two polarizers in front of the photodiodes select the

corresponding polarization channel of the optical link.

The principal functionality of such a system is demonstrated with the setup shown in

Fig. 6.17. Two grating VCSELs with orthogonal polarizations are modulated with the da-

ta signal and the inverted data signal of a pattern generator. The inverted data signal is

delayed with respect to the not-inverted data signal by an integer number of bits plus half

a bit. The emitted light of the two VCSELs is combined with a polarization-independent
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Figure 6.18: Upper–left graph: optical eye diagram of a VCSEL with an emission wave-

length of 860 nm, an active diameter of 7µm, a grating depth of 76 nm, and a grating

period of 0.75µm. The bias current is 9 mA, the data rate 8 Gbit/s, the pattern a PRBS

with a word length of 231 − 1, and the modulation amplitude 0.7Vpp. Lower–left graph:

optical eye diagram of the same laser under the same modulation conditions, but with

a polarizer inserted into the optical path which is oriented for maximum transmission.

Lower–right graph: same measurement as in the lower–left graph, but with an additional,

orthogonally polarized VCSEL transmitting a signal over the same optical path till the

signal is blocked at the polarizer. Upper–right graph: BER measured for the conditions of

the lower–left and lower–right graph.

beamsplitter, transmitted through a polarizer, and then coupled to a fiber-coupled pho-

todetector. The eye diagrams are then measured with a sampling oscilloscope. The VCSELs

used in this experiment are again from wafer C and have an active diameter of 7µm, a

grating period of 0.75µm, and a grating depth of 76 nm. The upper–left graph in Fig. 6.18

shows the optical eye diagram of one of these grating VCSELs without the polarizer in the

optical link and with the second laser switched off. The data rate is 8 Gbit/s, the modu-

lation amplitude 0.7Vpp, the pattern a PRBS with a word length of 231 − 1, and the bias

current 9 mA. The eye is wide open. The quality of the optical eye does not degrade, when

a polarizer is inserted into the optical path (lower–left graph in Fig. 6.18) as has already

been observed previously in Fig. 6.14. Even when the second VCSEL with an orthogonal

polarization is switched on and is modulated, the optical eye is not distorted (lower–right
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Figure 6.19: Optical eye diagrams recorded for a common optical link with two grating

VCSELs, which are simultaneously modulated, but orthogonally polarized, for different

orientations of the polarizer (top-left: 0 degrees, center-left: 20 degrees, bottom-left: 40

degrees, bottom-right: 50 degrees, center-right: 70 degrees, top-right: 90 degrees) which is

inserted into the optical link. The VCSELs and the modulation conditions are the same

as in Fig. 6.18.

graph in Fig. 6.18), since the signal of the second VCSEL is fully blocked at the polarizer

in front of the detector. The fact that the second VCSEL does not influence the data trans-

mission in the channel using the orthogonal polarization can also be seen from the BER

measurements without and with the second VCSEL in the upper–right graph of Fig. 6.18.
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One detector and one polarizer are used in the setup described here. One of the two

polarization channels is selected by rotating the polarizer as can be seen in Fig. 6.19. The

orientation of the polarizer is given in Fig. 6.19 with respect to the [110] crystal axis starting

with 0 degrees in the upper–left graph and ending with 90 degrees in the upper–right graph.

Comparing the two optical eye diagrams for 0 and 90 degrees, one can see that the two

polarization channels are displaced against each other in time by the length of half a bit

to test the system under maximum disturbance. Nevertheless, the eye diagrams in both

polarization channels are clearly open. This experiment proves that polarization division

multiplexing is easily possible using two VCSELs whose polarizations are orthogonal with

respect to each other due to integrated surface gratings with orthogonal orientation of

their grating grooves.
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Chapter 7

Direct Measurement of the

Dichroism

Throughout this thesis, there has been so far a missing link between simulations and

experiments. Up to now, the OPSR of the grating VCSELs has been determined in the ex-

periments. However, only the upper limit of the OPSR can be estimated in the simulations,

since the simulated OPSR does not take into account the suppressed polarization mode,

other transverse modes, the spontaneous emission, misalignment of the axes of dichroism

and birefringence, and any effects associated with a pumped (hot) cavity.

Instead of the OPSR, the dichroism can be directly determined in the simulations. It

quantifies the strength of the induced polarization control. Thus, the dichroism gives more

information about the stability of the polarization than the OPSR. Since there is only

a direct correspondence in the sign of the OPSR and of the dichroism, but not in their

magnitudes, a determination of the dichroism is not possible from the measured OPSR.

Instead, statistics over a large quantity of nominally identical lasers have been used up to

now in this thesis to estimate the dichroism in an indirect way. However, while an assem-

bly of nominally identical VCSELs with a high dichroism will show a common and stable

polarization, the reverse is not valid, since already a quite small amount of dichroism can

lead on specific wafers to a stable polarization [124]. Thus, the experimental determina-

tion of the dichroism is not only necessary for a direct comparison between simulations

and experiments, but it is also needed for knowing the strength of the experimentally

achieved polarization control. A further specific optimization of the grating parameters is

not possible without the knowledge of the induced dichroism.

Therefore, a new measurement method is required, which allows to quantify the dichroism

in VCSELs. The dichroism of a transverse mode is given by the difference in the threshold

gains needed to overcome the cold-cavity losses of the two polarization modes of the

respective transverse mode. On the other hand, the linewidth of a polarization mode in

the emission spectrum of a laser is defined below or close to the laser threshold by its

cavity losses. Consequently, the dichroism can be determined by measuring the linewidths

of the polarization modes.
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7.1 Underlying Theory

The electric field which is transmitted through a Fabry-Perot resonator is given by [48]

Et = t1t2e
(gmod/2−iβ)L

∞
∑

m=0

(

r1e
iψ1r2e

iψ2

)m
e2m(gmod/2−iβ)LE0 (7.1)

with t1 and t2 as the amplitude transmission coefficients of the two mirrors, gmod as the

modal power gain inside the resonator, β as the propagation constant of the considered

mode, L as the effective cavity length, r1e
iψ1 and r2e

iψ2 as the complex amplitude re-

flection coefficients of the two mirrors, and E0 as the incident electric field. Evaluating

the geometric series on the right hand side of Eqn. 7.1, the ratio of the incident and the

transmitted electric field of a Fabry-Perot resonator is given by

Et

E0
=

t1t2e
(gmod/2−iβ)L

1 − r1r2ei(ψ1+ψ2)e(gmod−i2β)L
. (7.2)

Rewriting Eqn. 7.2, the intensity transmission T is given by [194]

T =
|Et|2

|E0|2
=

T0

1 + fFP sin2(Ψ/2)
(7.3)

with

T0 =
T1T2e

gmodL

(1 − r1r2egmodL)2
, fFP =

4r1r2e
gmodL

(1 − r1r2egmodL)2
, and Ψ = 2βL − ψ1 − ψ2 . (7.4)

T0 is the maximum transmission of the Fabry-Perot resonator, T1 = |t1t∗1|, and T2 = |t2t∗2|.
In the case of a vanishing modal gain gmod, the square root of fFP equals the finesse of

the Fabry-Perot resonator times π over 2.

In the following, it is assumed that the modal gain gmod is comparable to the modal cold-

cavity threshold gain G, which corresponds to the modal cold-cavity losses. The difference

between the modal cold-cavity threshold gain and the modal gain is then given by

δg = G − gmod with δg L << 1. (7.5)

With GL = − ln(r1r2), it follows that

egmodL ≈ 1

r1r2
(1 − δg L) ≈ 1

r1r2
and 1 − r1r2e

gmodL ≈ δg L (7.6)

and therefore

fFP ≈ 4

(δg L)2
. (7.7)

Expanding sin(Ψ/2) = sin(βL−ψ1/2−ψ2/2) around the central angular frequency of the

emission line ω0 in a Taylor series up to first order and considering that ψ1 = ψ2 ≈ 0 in

the middle of the stop band of Bragg reflectors [28] results in

sin(βL − ψ1/2 − ψ2/2) ≈ sin(β0L) + cos(β0L)(ω − ω0)L
∂β

∂ω

∣

∣

∣

∣

ω=ω0

. (7.8)
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Since ∂β/∂ω|ω=ω0
= 1/vgr and β0L = mπ with m ∈ N from which follows sin(β0L) = 0

and cos(β0L) = ±1, one finally ends up with

sin2(βL − ψ1/2 − ψ2/2) = (ω − ω0)
2 L2/v2

gr . (7.9)

Inserting the above approximations in Eqn. 7.3, the lineshape of a mode of a Fabry-Perot

resonator in the approximation G ≈ gmod is given by a Lorentzian function

T ∼ 1

(ω − ω0)
2 + HWHM2

with HWHM = 0.5 vgr (G − gmod) . (7.10)

Consequently, one obtains the difference in the modal threshold gains of the two polariza-

tion modes, if one measures the half width at half maximum (HWHM) of the laser lines

of the two polarization modes with the same transverse mode order in units of frequency

and takes the difference between both linewidths:

HWHMorthogonal − HWHMparallel = 0.5 vgr (Gorthogonal − Gparallel) . (7.11)

The indices ’orthogonal’ and ’parallel’ in above formula indicate the orientation of the

polarization with respect to the grating grooves. When the difference between the HWHMs

in Eqn. 7.11 is taken, the modal gain gmod cancels out, since it can be assumed to be similar

for both polarization modes as discussed in Chap. 2. It is very helpful that the modal gain

cancels out, since it is an unknown and difficult to determine quantity. To ensure that

the difference between the modal gain and the modal cold-cavity losses remains small as

assumed in the derivation above, the spectra of the lasers under investigation have to be

measured below or close to their threshold current. In this case, the photon density inside

the resonator is still comparable for both polarizations and therefore also the influence of

the stochastic emission process of the photons on the linewidths of the two polarization

modes is assimilable.

From the difference in the linewidths1, one finally obtains the modal dichroism2 within

one transverse mode of a VCSEL:

modal dichroism [1/cm] = 10−11 4πc0

λ2
0vgr

∆HWHM [nm] ≈ 573 ∆HWHM [nm] (7.12)

with the vacuum speed of light c0 ≈ 3 · 108 m/s, the vacuum emission wavelength λ0 ≈
860 nm, the group velocity vgr ≈ 0.89 · 108 m/s, and the difference in the linewidths of the

emission lines of the two polarization modes ∆HWHM = HWHMorthogonal−HWHMparallel.

With this definition, the modal dichroism has the same sign as the OPSR and the relative

dichroism calculated in previous chapters.

1While the unit of the HWHM has been frequency in the derivation up to now, the difference in linewidth

(∆HWHM) and the modal dichroism in Eqn. 7.12 are given in units of length and 1 over length, since these

are the units commonly used for these variables in this thesis.
2Since the transverse, the longitudinal, and the relative confinement factor are known in the simulations,

but not in the experiments, the modal dichroism is computed in this chapter and compared with the

measured modal dichroism determined in the experiments.
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7.2 Spectral Measurements at Laser Threshold

A scanning Fabry-Perot spectrometer having a finesse of 300 is used for the measurements

of the polarization-resolved spectra just below or close to the threshold current3. The

aim of the investigation performed here is to study the dichroism of the individual trans-

verse modes of highly multimode VCSELs. Consequently, the free spectral range of the

Fabry-Perot spectrometer is chosen as large as 770 GHz (1.925 nm) yielding a resolution

of 2.6GHz (6 pm). Despite this rather large free spectral range, there are peaks in some

of the measured spectra, which do not belong to the spectral range intended to study, but

appear in the measurements due to the repetition of the spectrum with a period equal to

the free spectral range of the Fabry-Perot spectrometer.

When analyzing the measurements, it has turned out that the piezoelectric actuators

driving the mirrors of the scanning Fabry-Perot spectrometer are not strictly linear and

consequently also the frequency axis of the measured spectra. An additional problem in the

analysis of the spectra arises from the fact that the fundamental mode cannot always be

identified unambiguously due to the absence of an absolute frequency or wavelength scale

in the Fabry-Perot spectrometer. To solve these two problems, the spectra of the VCSELs

are also measured with a spectrum analyzer4 with a specified resolution of 0.05 nm and a

specified wavelength linearity of ±0.01 nm. When analyzing the spectra, the frequency axis

of a spectrum measured with the scanning Fabry-Perot spectrometer is converted into a

wavelength axis and fitted to the wavelength axis of the equivalent spectrum measured with

the spectrum analyzer such that the overlap of the two measured spectra is maximized.

Subsequently, the individual peaks of both spectra are fitted5 using a Lorentzian lineshape.

In Fig. 7.1, the polarization-resolved spectra measured with the spectrum analyzer (left

graph) and with the scanning Fabry-Perot spectrometer (right graph) as well as the fits of

the spectra are shown for a VCSEL with a grating depth of 35 nm. The active diameter of

this VCSEL is about 7.5µm and its grating period 1µm as for all VCSELs investigated in

this chapter. All VCSELs in this chapter are from wafer B. The wavelength stated on the

abscissa in Fig. 7.1 is given relative to the fundamental mode of the dominant polarization.

For a standard VCSEL structure, the expected sequence of the transverse modes with

decreasing wavelength is first the LP01 mode, then the two LP11 modes followed by the

two LP21 modes. Subsequent higher order modes are the LP02 and the two LP31 modes. To

exclude that one peak in a spectrum represents two spectrally overlapping modes and to

ensure that every peak in a spectrum is assigned to the correct transverse mode, near-field

measurements, as shown exemplarily in Fig. 7.2, are taken at a current as close as possible

to the current at which the corresponding spectrum is measured. These currents are close to

or even below threshold. This makes great demands on the near-field measurement setup

due to the low output powers of the VCSELs at these currents. Nevertheless, the first

3These measurements were conducted together with Markus Sondermann at the Institute of Applied

Physics, University of Münster, Münster, Germany.
4ANDO Electric Corp., model: AQ 6317
5This fitting was done by Pierluigi Debernardi.
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Figure 7.1: Polarization-resolved spectra measured with a spectrum analyzer (left) and

with a scanning Fabry-Perot spectrometer (right) together with the Lorentzian lineshapes

fitted to the individual peaks of the spectra. The grating depth of the measured VCSEL is

35 nm, its grating period 1µm, and its active diameter about 7.5µm. For easier compari-

son, the wavelength axis of both measurements is given relative to the wavelength of the

fundamental mode of the dominant polarization. The peak of every laser line is marked

with a circle.
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Figure 7.2: Near-field profiles of the VCSEL from Fig. 7.1. The drive current at which

the near-field measurement is taken is 4.5mA. The scan area is 12 µm times 12 µm. ∆λ

denotes the wavelength difference with respect to the fundamental mode.

five modes of all VCSELs can be clearly identified from the near-field measurements and

therefore the peaks in the spectra can be assigned correctly to these modes. For subsequent

higher order modes, there is an uncertainty to which mode a peak in the spectra belongs.

Consequently, the comparison of different VCSELs will be limited to the first five modes

in the following.

7.3 Determination of the Modal Dichroism

In the left graph of Fig. 7.3, the HWHMs of the individual peaks of the polarization-

resolved spectra shown in Fig. 7.1 are given as determined from the fits of the spectra based

on Lorentzian functions. While the lineshape of an emssion line from a laser with a Fabry-

Perot resonator is a Lorentzian one, the measured lineshape is only appropriately described

by a Lorentzian function if the measurement is performed with a spectrometer with a

Lorentzian-like transmission as, for example, a Fabry-Perot spectrometer. The measured
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lineshape is consequently the convolution of the Lorentzian lineshape of the laser line

with the Lorentzian lineshape of the spectrometer. The HWHM of the measured lineshape

is therefore just the sum of the HWHMs of the two Lorentzians. When the difference

in the HWHMs of the two polarization modes is taken for the calculation of the modal

dichroism according to Eqn. 7.12, the spectral broadening caused by the spectrometer

cancels out. The situation is more complicated for the measurements recorded with the

spectrum analyzer which measures the spectrum by using a grating. Its transmission is

given by a sinc function and the lineshape of a laser emission line measured with the

spectrum analyzer is consequently the convolution of a sinc function with a Lorentzian

one. Therefore, the determination of the HWHMs from the measurements performed with

the spectrum analyzer by fitting a Lorentzian function to the laser lines is not strictly

exact.

The HWHMs which are determined from the measurements with the spectrum analyzer are

larger than the HWHMs obtained in the measurements with the Fabry-Perot spectrometer

as can be seen in the left graph of Fig. 7.3. This is due to the minor resolution of the

spectrum analyzer, which is, as discussed above, with 50 pm smaller than the resolution

of the used Fabry-Perot spectrometer of 6 pm. The analysis of the spectral measurements

becomes difficult, if two spectral peaks are close together as, for example, the two modes

with a relative wavelength of about -0.28 nm in Fig. 7.1. This explains the overestimated

HWHM obtained in the fitting of the peak with the third largest emission wavelength in the

spectra in Fig. 7.1. The Fabry-Perot spectrometer indeed offers the higher resolution, but

the analysis of the spectra measured with the Fabry-Perot spectrometer is complicated

by two problems. The intensity of the suppressed polarization is close to the detection

limit of the photodetector employed in the Fabry-Perot spectrometer. The noise appearing

consequently hampers the fitting of the spectra of the suppressed polarization. Further,

as can be seen in Fig. 7.1, not all peaks in the spectra measured with the Fabry-Perot

spectrometer are marked with a circle to label them as peaks of the interesting laser

modes. These unmarked peaks have a wavelength out of the wavelength range of interest,

but appear due to the periodicity of a spectrum recorded with a scanning Fabry-Perot

spectrometer. Such peaks, which are folded into the wavelength range of interest, can also

modify the shape of a peak or cause a double peak as observed at a relative wavelength

of −0.85 nm in the right graph of Fig. 7.1. These peaks coming from different parts of the

spectrum can be identified by the measurements recorded with the spectrum analyzer.

Despite the above discussed sources of measurement and evaluation errors, the values of the

modal dichroism obtained from the measurements performed with the Fabry-Perot spec-

trometer and the ones deduced from the measurements with the spectrum analyzer agree

quite well as can be seen in the right graph of Fig. 7.3. The modal dichroism determined

for the transverse mode with the third largest wavelength is the only major exception. For

this mode, the width of the suppressed polarization mode is overestimated in the spectra

recorded with the scanning Fabry-Perot spectrometer as discussed above. The absolute

values of the modal dichroism are between −13 and 0 cm−1. This has to be compared
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Figure 7.3: HWHMs of the different polarization modes deduced from the fits of the spectra

in Fig. 7.1 measured with a spectrum analyzer (SA) and a Fabry-Perot spectrometer (FP)

(left) and modal dichroism calculated subsequently according to Eqn. 7.12 (right).

to the modal threshold gain of the fundamental mode which is according to simulations

in this grating VCSEL about 26 cm−1. Thus the threshold gains of the two polarization

modes of the fundamental mode differ by a factor of 1.5 corresponding to an absolute

relative dichroism of 40 %. Consequently, a very strong polarization control is achieved for

the fundamental mode. However, the modal dichroism vanishes for higher order modes

as can be seen in the right graph of Fig. 7.3. This reduction of the modal dichroism for

higher order modes is not a general phenomenon, but specific for the here investigated

grating parameters. As a consequence of the decreasing modal dichroism, a reduced po-

larization control is expected for these higher order modes of the VCSEL investigated

here. This expectation is confirmed in Fig. 7.4, which shows the PR-LIV characteristics

of this VCSEL and its polarization-resolved spectra at a current of 14 mA. A high OPSR

is achieved for small currents. However, when the current is increased, the power in the

suppressed polarization increases disproportionately high. This is due to the higher order

modes which set in at higher currents. While the dominant polarization of the first six

modes is clearly oriented along the [110] crystal axis and thus orthogonal to the grating

Figure 7.4: PR-LIV characteristics (left) and polarization-resolved spectra (right) of the

VCSEL from Fig. 7.1.
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grooves, the eleventh mode is polarized parallel to the grating grooves as can be seen in

the right graph of Fig. 7.4. This agrees very well with the above discussed vanishing modal

dichroism for higher order modes of that VCSEL.

In the following, the dependence of the modal dichroism on the grating depth is studied

on the basis of the measurements performed with the scanning Fabry-Perot spectrometer,

since their results are more reliable due to the better resolution of the Fabry-Perot spec-

trometer. In total 21 VCSELs are investigated. All of them are from wafer B and have a

grating period of 1µm. The shape of their oxide aperture is a mixture of a rhombus and

an ellipse. This is due to the different oxidation speeds along the different crystal axes.

The diameter of the oxide apertures is on average 7µm along the [1̄10] crystal axis and

8 µm along the [110] crystal axis. The grating depths are 22, 35, 46, 60, and 78 nm. The

orientation of the grating grooves is for 14 out of the 21 VCSELs along the [110] crystal

axis and for the remaining seven along the [1̄10] crystal axis. The number of investigated

VCSELs depending on the grating depth and grating orientation is given in Tab. 7.1.

Table 7.1: Number of investigated VCSELs depending on the grating depth and orientation

of the grating grooves.

grating depth (nm) 22 35 46 60 78

VCSELs with grating grooves along [110] 3 2 2 4 3

VCSELs with grating grooves along [1̄10] 1 2 1 2 1

To study the dependence of the modal dichroism on the grating depth, the modal dichroism

of the first five transverse modes as an average value of all VCSELs with the same grating

depth is given in the left graph of Fig. 7.5. In good consistency with simulations and

experiments presented in Chap. 5, the modal dichroism of all transverse modes is negative

for small grating depths, but positive for larger grating depths. However, the different

transverse modes of a VCSEL can hold different values of modal dichroism as has already

been observed in the right graph of Fig. 7.3. In the left graph of Fig. 7.5, one can see

that the curves of the modal dichroism of the different transverse modes are shifted with

increasing transverse mode order to smaller grating depths. Thus, the crossing from a

negative modal dichroism to a positive modal dichroism, which means from an orthogonal

to a parallel polarization, occurs first for higher order modes. This explains the vanishing

dichroism for the higher order modes in the right graph of Fig. 7.3.

For studying the spread of the determined values of the modal dichroism and their de-

pendence on the orientation of the grating grooves, the average values together with the

maximum and minimum values of the modal dichroism of the fundamental mode are dis-

played in the right graph of Fig. 7.5. The two different orientations of the grating grooves

are distinguished. The general tendency of the modal dichroism appears to be indepen-

dent from the orientation of the grating grooves, but not the absolute value of the modal

dichroism, which is lower for grating grooves along the [1̄10] crystal axis than for grating

grooves along the [110] crystal axis. This finding cannot be explained by a systematic
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Figure 7.5: Average modal dichroism of the first five transverse modes (left) as well as

average, maximum, and minimum value of the modal dichroism of the fundamental mode

for the two different orientations of the grating grooves (right). The averaging is done

over all investigated VCSELs with the same grating depth in the left graph and over all

investigated VCSELs with the same grating depth and the same orientation of the grating

grooves in the right graph.

asymmetry of the VCSEL cavity, for example due to the asymmetric oxide aperture, since

not a specific orientation of the polarization with respect to the main crystal axes is put at

a disadvantage, but a certain orientation of the grating grooves. Different material gains

for the two polarizations can be excluded as well as a reason for the different absolute

values of the modal dichroism. The cavity resonance of the VCSELs on wafer B is located

at room temperature on the long-wavelength side of their gain spectrum (see Sect. 6.1). In

combination with the net wavelength splitting of the polarization modes resulting from the

birefringence introduced by the electro-optic effect, the elasto-optic effect, and the grat-

ing itself (see Fig. 7.7), this favors indeed for small grating depths the VCSELs with the

grating grooves along the [110] crystal axis, but not for larger grating depths. Most likely,

the difference in the modal dichroism induced by the grating grooves along the different

crystal axes is due to an asymmetry in the fabrication process of the surface gratings.

Apart from this not yet understood difference in the found modal dichroism, the values

of the modal dichroism determined for different VCSELs with the same grating depth are

very comparable. A larger spread occurs only for grating depths with a high absolute modal

dichroism. Probably, this is mainly caused by the uncertainty in the determination of the

widths of the peaks of the suppressed polarization. This uncertainty is due to the above

discussed limited sensitivity of the photodetector integrated into the employed scanning

Fabry-Perot spectrometer as well as due to the fact that the suppressed polarization is

more disturbed than the dominant polarization by the contributions of peaks folded into

the investigated wavelength range due to the periodicity of the spectrum measured with

a scanning Fabry-Perot spectrometer. These two problems can be eliminated in future

measurements by using a Fabry-Perot spectrometer with an even better photodetector

and an even larger free spectral range.
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7.4 Comparison of Measurements and Simulations

The measurements of the modal dichroism allow for the first time a direct comparison

between the simulations and the experiments as it is done in the following. In the left

graph of Fig. 7.6, the simulated and measured modal dichroism of the fundamental mode

averaged over all investigated VCSELs are given. Two types of simulations are performed:

one with the nominal (unthinned) VCSEL structure and one with the same structure,

but with a cap layer which is thinned by 12 nm. A circular shape of the oxide aperture

with a diameter of 7 µm is used in the simulations. The magnitude and the principal

dependence of the modal dichroism on the grating depth simulated with the unthinned

structure agree fairly well with the measured modal dichroism. However, there is this

already previously discussed difference between the simulations and the measurements in

the grating depth at which the dichroism (or the OPSR) switches from negative to positive

values. This difference can also be seen between the modal threshold gain simulated using

the unthinned structure and the measured threshold current in the right graph of Fig. 7.6.

Though modal gain and threshold current cannot be compared directly, their dependence

on the reflectivity of the upper mirror and therefore on the grating depth is somewhat

similar. A better consistency between simulations and measurements can be achieved using

the structure with the thinned cap layer in the simulations. The reason therefore can be a

difference in the nominal and the actually grown VCSEL structure or in an inaccuracy of

the simulations not yet understood.

Figure 7.6: Simulated and measured average modal dichroism of the fundamental mode

(left) and simulated modal threshold gain and measured average threshold current (right).

The terms ’thinned’ and ’unthinned’ refer to the VCSEL structure used in the simulations:

’unthinned’ denotes the nominal one and ’thinned’ a VCSEL structure whose cap layer

thickness is reduced by 12 nm.

Besides the modal dichroism, also the wavelength splitting of the two polarization modes

with the same transverse mode order due to birefringence can be extracted from the

measurements and compared with the simulations. The built-in birefringence is mainly

caused by the electro-optic effect, but also by the elasto-optic effect. In addition to this

built-in birefringence, there is also a contribution from the surface grating which depends,
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Figure 7.7: Measured and simulated wavelength splitting of the two polarization modes of

the fundamental mode. The wavelength splitting is calculated as the difference between

the wavelength of the polarization mode polarized parallel to the grating grooves and

the wavelength of the polarization mode polarized orthogonal to the grating grooves. The

terms ’thinned’ and ’unthinned’ refer to the VCSEL structure used in the simulations:

’unthinned’ denotes the nominal one and ’thinned’ a VCSEL structure whose cap layer

thickness is reduced by 12 nm.

as discussed in Chap. 3, on the grating parameters. In Fig. 7.7, the average values of the

measured wavelength splitting between the two polarization modes of the fundamental

mode are shown separately for the VCSELs with the grating grooves along the [110] and

along the [1̄10] crystal axis. The wavelength splitting is calculated as the difference between

the wavelength of the polarization mode polarized parallel to the grating grooves and the

wavelength of the polarization mode polarized orthogonal to the grating grooves. The

difference of about 0.05 nm in the measured wavelength splitting for the two orientations

of the grating grooves is due to the built-in birefringence. The different values of this built-

in birefringence for different grating depths is likely caused by the fact that different grating

depths are fabricated on different parts of the wafer in which the built-in birefringence can

differ. In addition to the measured wavelength splitting, also the wavelength splitting in

the nominal (unthinned) VCSEL structure and in the thinned VCSEL structure obtained

in the simulations is displayed for comparison in Fig. 7.7. In the simulations, the built-in

birefringence due to the electro-optic and elasto-optic effect is neglected and consequently

the results do not differ for different orientations of the grating grooves. The magnitude

and the principal dependence of the measured wavelength splitting agree reasonably with

the simulations. As already observed in the comparison of the measured modal dichroism

with the simulated one, the simulation based on the thinned layer structure agrees better

with the experimentally obtained results.
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7.5 Modal Dichroism and OPSR

In this section, the correlation between the modal dichroism and the OPSR is discussed.

As has previously been stated in this thesis, the sign of the dichroism and of the OPSR is

the same, if the absolute value of the dichroism is adequately large to guarantee a stable

polarization. However, there is no direct correspondence between the magnitude of the

dichroism and the OPSR as is shown in the following.

In Fig. 7.8, the PR-LIV characteristics and the polarization-resolved spectra are shown for

two of the grating VCSELs investigated in the previous sections. These VCSELs have the

same active diameter of about 7.5µm and the same grating period of 1µm, but different

grating depths of 22 nm (left graphs) and 60 nm (right graphs). The VCSEL with the

smaller grating depth exhibits a stable polarization orthogonal to the grating grooves and

the VCSEL with the larger grating depth a stable polarization parallel to the grating

grooves. The absolute value of the OPSR determined from the PR-LIV characteristics

as well as the peak-to-peak difference in the polarization-resolved spectra is significantly

larger for the VCSEL with the smaller grating depth. The difference is about 9 dB in the

OPSR and even 17 dB in the spectral peak-to-peak suppression. However, the absolute

value of the measured modal dichroism of the VCSEL with the larger grating depth is

Figure 7.8: PR-LIV characteristics (top) and polarization-resolved spectra (bottom) of

two surface grating VCSELs with the same grating period of 1µm and a grating depth of

22 nm (left) and 60 nm (right).
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Figure 7.9: Modal dichroism determined from the polarization-resolved spectra measured

close to the threshold current of the VCSELs from Fig. 7.8 with grating depths of 22 nm

(left) and 60 nm (right).

with about 15 – 30 cm−1 more than twice as high as the absolute value of the modal

dichroism of about 5 – 15 cm−1 of the VCSEL with the smaller grating depth as shown

in Fig. 7.9. The observation that the VCSEL with the higher modal dichroism exhibits

the smaller absolute OPSR can be explained with the influence of the surface grating on

the modes. As has already been pointed out in Chap. 3, a surface grating increases the

contribution of the suppressed polarization with increasing grating depth.

This last example in this chapter demonstrates clearly the great benefit of the here in-

troduced measurement method for the modal dichroism, which determines the stability

of the polarization. With this technique, one does no longer depend on other, not direct

to the modal dichroism related and sometimes misleading information like the OPSR.

Thus, a design optimization of grating VCSELs based on reliable information has become

possible6.

6The direct measurement of the modal dichroism has been one of the last results obtained during

the research performed for this thesis. Therefore, this technique was not available at the time, when the

investigations presented in the following two chapters were done.
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Chapter 8

Inverted Grating VCSELs

The investigations in the previous chapters have proven that surface gratings provide

a unique polarization control for single- as well as multimode VCSELs. However, two

problems still remain. The first is the strong dependence of the polarization control on

the grating parameters. Especially the change of the orientation of the polarization from

orthogonal to parallel to the grating grooves with increasing grating depth requires a

precise knowledge of the optimum grating depth and an adequate control of the etching

process. The other problem is the strong diffraction induced by a surface grating, since it

causes a strong reduction of the differential quantum efficiency and of the output power

of the grating VCSELs.

However, one parameter of the grating design has been neglected until now. This is the

longitudinal position of the grating in the optical standing wave of the VCSEL resonator.

The influence of this position on the polarization control and on the overall performance

of grating VCSELs is the topic of this chapter.

8.1 Concept of Inverted Gratings

The concept of an inverted VCSEL structure and of an inverted grating is closely linked

to the properties of Bragg mirrors. A Bragg mirror consists of alternating layers with

different refractive indices with a thickness corresponding to an optical path length of λ/4.

All reflections which occur at the interfaces of a Bragg mirror sum up in-phase and thus

cause the high reflectivity of such a mirror. The phase difference between electromagnetic

fields reflected at two consecutive interfaces is only π, if one exclusively considers the

different lengths of the optical path of two times the layer thickness λ/4. However, there

is another phase change of π at every second interface, since the reflection occurs at every

second interface to an optically denser medium. Thus, the rays ’a’, ’b’, and ’c’ in the left

diagram of Fig. 8.1 are in-phase for a normal structure. Ray ’b’ travels an extra distance

λ/2 compared to ray ’a’ and experiences an additional phase change of π when reflected

at the interface ’2’ to the layer with the higher refractive index n1. This additional phase
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change does not occur in the path of ray ’c’. However, it travels an additional distance

λ/2 compared to ray ’b’ and is consequently in-phase with ray ’b’ and ray ’a’ as well.

The situation changes, if the last layer of the Bragg mirror is increased by an additional

thickness of λ/4. A VCSEL structure with such an increased cap layer thickness of the

upper Bragg mirror is called an inverted structure. In that case depicted on the right side of

the left diagram of Fig. 8.1, ray ’c’ is no longer in phase with ray ’b’ and ’a’, but anti-phase

to them. This reduces the reflectivity of the Bragg mirror through destructive interference.

Since the upper Bragg mirror of a VCSEL structure consists of 20 or more layer pairs

corresponding to 40 or more interfaces, the intensity of the optical field at the last interface

is decreased below 0.5% of its peak intensity inside the VCSEL cavity. Therefore one could

assume that the reflection at the last interface does not have a significant influence on the

overall reflectivity of the complete Bragg mirror. However, the refractive index step at the

last interface from semiconductor to air is higher than at any other interface of the Bragg

mirror. Therefore, estimated for a plane wave, the intensity reflectivity at the last interface

is about a factor of 60 larger than at the interfaces inside a Bragg mirror consisting out of

Al0.9Ga0.1As/Al0.1Ga0.9As-layer pairs and designed for an emission wavelength of 850 nm.

n

n

n

1

2

1

0

1

2

3

l /4 l /4

l /4

l /2

l /4 l /4

2 2

1

1

1 1

standard/
normal

structure

inverted
structure

a b c a b c

n
0

n
0

n
1

n
2

n
0

> >

cap layer

Figure 8.1: Illustration of the upper Bragg mirror of a normal and an inverted VCSEL

structure with different optical rays (a,b,c) reflected at different interfaces (1,2,3) (left)

and dependence of the threshold gain on the etch depth of the cap layer starting from a

normal and an inverted structure (right).

The impact of the thickness of the cap layer of the upper Bragg mirror on the reflectivity of

this mirror and thus on the cavity losses of a VCSEL is studied in the right graph of Fig. 8.1

by calculating the threshold gain of a VCSEL required to compensate these cavity losses.

The layer structure is the one stated in App.A, but with a cap layer thickness increased

by λ/2 and 3λ/4 for a normal and an inverted structure, respectively, to facilitate the

simulation of larger etch depths. The thickness of the cap layer is then reduced in the

simulations by the etch depth stated in the right graph of Fig. 8.1. For an etch depth of

0 nm, the threshold gain of the inverted structure is found to be a factor of five larger than
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the threshold gain of the normal structure. This clearly proves the strong influence of the

thickness of the cap layer on the overall reflectivity of the Bragg mirror. For an etch depth

of 58.5 nm, which corresponds to a thickness of λ/4 in GaAs for an emission wavelength of

850 nm, the threshold gains of the two structures are interchanged. The threshold gain of

the etched normal structure, which has the properties of an inverted structure for this etch

depth, is increased by a factor of five compared to the etched inverted structure, which

can now be considered as a normal structure.

The idea of an inverted grating is to etch the grating into an inverted structure, that means

into a structure whose cap layer thickness is optimized for the lowest reflectivity of the

upper Bragg mirror, instead of a normal structure, whose cap layer thickness is optimized

for the highest reflectivity of the upper Bragg mirror, as done previously. If the cap layer

thickness of the VCSEL structure is D for a normal grating, it consequently equals D+λ/4

for an inverted grating as depicted in Fig. 8.2.

Figure 8.2: Sketch of the upper Bragg mirror of a VCSEL structure in which a normal

grating (left) and an inverted grating (right) are monolithically integrated.

The principal dependence of the threshold gains of the normal and the inverted structure

on the etch depth of the cap layer displayed in the right graph of Fig. 8.1 is also found for

the normal and inverted grating structures. This can be seen in the left graph of Fig. 8.3.

The layer structure stated in App.A with adapted cap layer thickness and an emission

wavelength of 850 nm is again used in the simulations with an active diameter of 5 µm, a

grating period of 1µm, and a DC of 50 %. While the normal grating leads to a maximum

threshold gain for grating depths a little bit shallower than λ/4, the minimum threshold

gain is reached for grating depths somewhat larger than λ/4 in the case of an inverted

grating. This dependence of the threshold gain on the grating depth has consequences for

the relative dichroism. As will be discussed in more detail in Sect. 8.5, the dichroism tends

to change its sign around grating depths at which the threshold gain has a maximum.

The first peak of the threshold gain of the inverted grating is at a grating depth of 0 nm

and the next peak not before a grating depth of about 117 nm, which corresponds to an

optical path length of λ/2. Consequently, there is a wide range of grating depths with

the same sign of the dichroism and thus with the same orientation of the polarization

in between these two peaks. The dichroism induced by an inverted grating is plotted in

the right graph of Fig. 8.3 together with the dichroism induced by a normal grating. The

dependence of the relative dichroism on grating depth variations around the practically

relevant and interesting grating depth of about λ/4 is significantly reduced in the case of

an inverted grating compared to a normal grating.
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Figure 8.3: Threshold gains of the two polarizations in the case of an inverted and a normal

grating (left) and the resulting relative dichroism (right). The layer structure stated in

App.A having an emission wavelength of 850 nm is used in the simulations with an adapted

cap layer thickness, 5-µm active diameter, 1-µm grating period, and 50 % DC.

8.2 Polarization Control Induced by an Inverted Grating

To evaluate the inverted grating concept experimentally, a wafer grown with metalorganic

vapor phase epitaxy for commercial applications different from polarization control is

processed. The epitaxial structure is just a standard one comparable to the layer structure

stated in App.A apart from the thickness of the cap layer which is increased by λ/4. The

grating periods tested are 0.5, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1, and 1.2µm

and the grating depths are 35, 52, 70, 90, and 105 nm. The DC is 50 % and the grating

grooves are oriented in equal portions along the [110] and the [1̄10] crystal axis.

Furthermore, the wafer contains reference VCSELs without a grating for comparison.

These reference VCSELs are spread all over the wafer such that a reference VCSEL is

located adjacent to every inverted grating VCSEL to account for possible variations in the

epitaxial growth or the processing. However, defining a reference VCSEL on an inverted

structure is not an easy to solve straightforward problem. On a normal structure, the

omission of any surface modification leads to standard VCSELs with a cap layer thickness

optimized for highest reflectivity. If the reference VCSELs on an inverted structure were

fabricated in the same way, their cap layer thickness would be optimized for lowest reflec-

tivity. Such VCSELs are not suitable as reference. Consequently, the cap layer of every

reference VCSEL on the inverted wafer is etched to the same depth as the grating grooves

of its adjacent inverted grating VCSEL. The reference VCSELs with etch depths of 52

and 70 nm can be considered as standard VCSELs. Strictly speaking, a standard VCSEL

corresponds to an inverted VCSEL with an etch depth of λ/4 = 58.5 nm in the case of a

cap layer made of GaAs and an emission wavelength of 850 nm. However, the reflectivity

of the upper Bragg mirror and therefore the threshold gain changes only slightly for small

variations of the etch depth around this nominal value of 58.5 nm as can be seen in the

right graph of Fig. 8.1.

To illustrate the polarization control achieved with an inverted grating, the PR-LIV charac-
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teristics and the polarization-resolved spectra of an inverted grating VCSEL (right graphs)

and of the adjacent reference VCSEL (left graphs) are shown in Fig. 8.4. The inverted

grating VCSEL has a grating period of 0.65µm and a grating depth of 35 nm. The active

diameters of both VCSELs are about 7µm and thus the same as of all VCSELs investigated

in the following. As expected and observed previously, the different modes of the reference

VCSEL exhibit different dominant polarizations. Consequently, the power of the reference

VCSEL is on average almost equally distributed among both polarizations as usually ob-

served in multimode VCSELs without a specific polarization control. In contrast to that,

the magnitude of the OPSR of the inverted grating VCSEL exceeds 19 dB for currents

between 2.5mA and thermal rollover. The inverted grating thereby controls all transverse

modes with a spectral peak-to-peak difference of 23 dB between the strongest peak of the

dominant and the strongest peak of the suppressed polarization. This is very comparable

to what has been found previously for normal grating VCSELs with a comparable number

of transverse modes.

Besides the high OPSR of the inverted grating VCSEL, its overall properties are striking.

Its threshold current of 0.83mA is quite low and only slightly increased compared to

the one of the reference VCSEL with 0.34mA. The differential quantum efficiency of the

inverted grating VCSEL of 0.50 is even larger than the one of the reference VCSEL, which

is 0.39. Hence, the inverted grating VCSEL has a maximum output power of 6.7mW,

Figure 8.4: PR-LIV characteristics (top) and polarization-resolved spectra (bottom) of a

reference VCSEL (left) and an inverted grating VCSEL (right). The active diameter of

both lasers is 7 µm. The grating period is 0.65µm and the grating depth 35 nm.
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while only 4.6mW are achieved with the reference VCSEL. The overall properties of the

inverted grating VCSEL are very promising and are investigated in more detail in the next

section. Before that, the dependence of the OPSR on grating period and grating depth in

the case of an inverted grating is discussed.

The distributions of the OPSR of all 110 reference VCSELs and all 120 inverted grating

VCSELs on the wafer investigated here are shown in Fig. 8.5. The stated OPSR is again

the average of the OPSR measured at equidistant currents between the current at which

the laser emits 10 % of its maximum output power and its current at thermal rollover.

Without a surface grating, the polarization is not controlled and thus the OPSR of the

reference VCSELs varies between -6 and +4dB. In contrast to that, the OPSR of all

inverted grating VCSELs is negative corresponding to a polarization orthogonal to the

grating grooves. The magnitude of the OPSR is for 117 out of the 120 inverted grating

VCSELs larger than 12 dB and for 99 even larger than 15 dB.

Figure 8.5: Distribution of the OPSR of the 110 reference VCSELs (left) and of the 120

inverted grating VCSELs (right).

The OPSR of the inverted grating VCSELs is plotted for different grating depths and

grating periods in the left chart of Fig. 8.6. If more than one inverted grating VCSEL with

the same grating period and grating depth exists on the wafer, the displayed OPSR is the

mean of all identical inverted grating VCSELs. The different orientations of the grating

grooves along the two main crystal axes are not distinguished here, since no influence of

the orientation of the grating grooves on the OPSR is noticeable. The OPSR is found to

be almost independent from the grating parameters. This is quite different from what has

been observed with a normal grating in the previous chapters and a very great advan-

tage of the inverted grating, since it offers high fabrication tolerances. However, even for

the inverted grating one notices some variations of the OPSR which can be a hint for the

achieved polarization control. Medium to large grating depths combined with grating peri-

ods smaller than the emission wavelength seem to offer a higher polarization control than

large grating depths in combination with large grating periods. The latter is especially

pronounced for a grating period of 0.95µm and grating depths of 90 and 105 nm.

The simulations of the relative dichroism of the fundamental mode displayed in the right
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chart of Fig. 8.6 are again performed using the layer structure stated in App.A with

an adapted cap layer thickness. A trend similar to the one in the measurements can be

observed in the simulations. The absolute value of the relative dichroism strongly increases

with increasing grating depth and decreasing grating period, while the dichroism of large

grating periods remains moderate and even changes its sign for large grating depths.

For small grating periods and large grating depths, the simulated relative dichroism even

exceeds the maximum relative dichroism found in the simulations of a normal grating.
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Figure 8.6: Measured OPSR (left) and simulated relative dichroism (right) for different

grating depths and grating periods. The individual bars within one group of constant

grating depth correspond to the different grating periods. These grating periods are 0.5,

0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1, and 1.2µm in the experiments (left) and

0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, and 1.2µm in the simulations (right).

8.3 Performance of Inverted Grating VCSELs

The polarization of VCSELs can be controlled very well by an inverted grating as demon-

strated in the previous section. However, a good polarization control is worthless without

a high overall performance of the VCSELs. Therefore, this section is dedicated to the ques-

tion, how the inverted grating influences the other laser properties besides the OPSR and

how this influence depends on the grating parameters. For this purpose, the threshold cur-

rent, the differential quantum efficiency, and the maximum output power of the inverted

grating VCSELs are displayed for the different grating depths and grating periods on the

right side of Fig. 8.7. If more than one VCSEL exists for a set of grating parameters, the

average value of all VCSELs with these grating parameters is displayed as done previously.

The orientation of the grating grooves along the two main crystal axes is again not distin-

guished here, since for none of the displayed quantities a dependence on the orientation of

the grating grooves can be observed.

For comparison and to demonstrate the strong influence of the cap layer thickness, the

threshold current, the differential quantum efficiency, and the maximum output power of

the reference VCSELs are given for the different etch depths in the left charts of Fig. 8.7. In
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the case of reference VCSELs, the bars in the charts, which indicate the grating period in

the case of grating VCSELs, represent the grating period of the adjacent grating VCSEL.

The reference VCSELs with an etch depth of 52 and 70 nm can be considered as standard

VCSELs as discussed above. The increased threshold current and the increased maximum

output power of the reference VCSELs represented by the bars at the right edge of the

group with an etch depth of 90 nm are caused by slightly increased oxide apertures in that

area of the wafer and further by a somewhat increased etch depth, since these lasers are

located at the boarder to the region with the proximate larger etch depth.

The dependence of the threshold current, the differential quantum efficiency, and the max-

imum output power of the reference VCSELs on the etch depth plotted in the left charts

of Fig. 8.7 is as expected from the simulations. Their threshold current is minimized for

etch depths of 52 and 70 nm, since the reflectivity of the upper Bragg mirror is maximized

for these etch depths close to λ/4 = 58.5 nm. Correspondingly, the differential quantum

efficiency and the maximum output power are minimized for these etch depths. Decreas-

ing or increasing the etch depth increases the threshold current, the differential quantum

efficiency, and the maximum output power.

A similar trend with the grating depth can be observed for the inverted grating VCSELs.

The threshold current is minimized for grating depths of about 70 to 90 nm. This corre-

sponds very well to what is found in the simulations in Fig. 8.3. These grating depths of

70 to 90 nm are larger than λ/4, but this is due to the fact that only a grating is etched

into the cap layer of the inverted grating VCSELs and that not the complete cap layer is

removed as in the case of the reference VCSELs. Besides its dependence on the grating

depth, a strong dependence of the threshold current on the grating period is observed.

While the minimum threshold current is reached for a grating period slightly smaller than

the emission wavelength, it increases for smaller and especially for larger grating peri-

ods. The differential quantum efficiency and the maximum output power decrease with

increasing grating depth as known from normal gratings. But the decrease measured here

is much more moderate than the one observed for normal gratings and neither the differ-

ential quantum efficiency nor the maximum output power drops significantly below the

values of the reference VCSELs with an etch depth of 52 and 70 nm which can be consid-

ered as standard VCSELs. In contrast to VCSELs with a normal grating, the differential

quantum efficiency and the maximum output power of inverted grating VCSELs increase

with increasing grating period.

To summarize the above findings, one can say that the threshold current tends to increase

even with an inverted grating. However, this increase can be kept quite small. At the same

time, the differential quantum efficiency and the maximum output power of the inverted

grating VCSELs are comparable to or larger than the corresponding values of the reference

VCSELs with etch depths of 52 and 70 nm which can be considered as standard VCSELs.

Thus, for a large range of grating depths and grating periods, inverted grating VCSELs

combine a well-defined and stable polarization with a performance similar to standard

VCSELs.
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Figure 8.7: Threshold current (top), differential quantum efficiency (center), and maximum

output power (bottom) of the reference VCSELs (left) and of the inverted grating VCSELs

(right). The active diameter of all VCSELs is about 7µm.

8.4 Diffraction Induced by an Inverted Grating

The overall performance of inverted grating VCSELs is very well comparable to standard

VCSELs even for large grating periods. The reason for this is found in a reduced diffraction

induced by the inverted grating compared to a normal grating as will be pointed out in this

section. The following discussion of diffraction from an inverted grating and the resulting

far-field properties is restricted to the fundamental mode to make things more comparable
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to the discussion of the diffraction arising from a normal grating in Sect. 5.7. Therefore,

the far-fields of single-mode VCSELs with an active diameter of about 3µm are shown

in Fig. 8.8. The results obtained with the multimode VCSELs with an active diameter of

7 µm presented in the last two sections are not fundamentally different.

The far-field of a reference VCSEL measured along the two main crystal axes is displayed

in the left graph of Fig. 8.8, while the right graph depicts the far-field of an inverted grating

VCSEL parallel and orthogonal to the grating grooves. The far-field of the grating VCSEL

is almost identical with that of the reference VCSEL except for a marginally reduced width

of the main lobe and some side lobes in the direction orthogonal to the grating grooves.

However, the side lobes are much smaller than the ones observed in Fig. 5.25 for a normal

grating with comparable grating parameters.

Figure 8.8: Measured far-field of a reference VCSEL (left) and of an inverted grating

VCSEL (right). The lasers have an active diameter of about 3µm and are consequently

single-mode. The grating period is 1.0µm and the grating depth 70 nm.

The side lobes in the far-field of inverted grating VCSELs vanish for grating periods smaller

than the emission wavelength as in the case of a normal grating, but even for larger grating

periods the side lobes in the far-field of inverted grating VCSELs increase only weakly as is

shown in the left graph of Fig. 8.9. Significant side lobes are only found for grating depths

exceeding 90 nm as can be seen in the right graph of Fig. 8.9.

The different diffraction caused by an inverted and a normal grating can be understood

when studying the electric field at the interface between grating and air as done in Fig. 8.10.

The normalized magnitude (top) and the phase (bottom) of the simulated dominant trans-

verse electric field component of the dominant fundamental polarization mode are dis-

played for a normal grating (left) and for an inverted grating (right) in a cross-section

orthogonal to the grating grooves. The layer structure stated in App.A is again used in

the simulations, but with a cap layer thickness increased by λ/4 in the case of the inverted

grating. The grating depth is 60 nm and the grating period 1.2µm. The grating grooves

and ridges are depicted with a dashed line in the graphs of Fig. 8.10.

The magnitude as well as the phase of the electric field are much more modulated in the

case of the normal grating than in the case of the inverted grating. In the case of the
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Figure 8.9: Far-field of inverted grating VCSELs measured orthogonally to the grating

grooves for different grating periods at a fixed grating depth of 70 nm (left) and for different

grating depths at a fixed grating period of 1.0µm (right).

inverted grating, the phase is in a first approximation like the phase of a Gaussian beam.

Thus, the magnitude of the field at the grating–air interface of the inverted structure can

be decomposed in a Gaussian part as indicated by the dotted line in the top half of the

right graph and in a remaining part which is an array of in-phase emitters in a distance

equal to the grating period Λ from each other. The Gaussian part exclusively adds to the

main lobe in the far-field. According to Tab. 5.2 in Sect. 5.7, the array of in-phase emitters

contributes not only to the main lobe, but also to the first order side lobes at an angle

sin−1(λ0/Λ) with λ0 as the emission wavelength of the laser. However, the side lobes are

rather small, since the part of the Gaussian-like beam comprises most of the magnitude

of the field and the remaining array of in-phase emitters contributes only partially to the

side lobes.

The field of the normal grating on the left side of Fig. 8.10 is characterized by the strong

phase difference between the grooves and the ridges of the grating, which is almost π.

Consequently, one has to decompose the field into the smaller intensity at the grating

ridges combined with some parts of the higher intensity in the grating grooves to an array

of anti-phase emitters with a distance of half the grating period Λ/2 from each other. The

remaining part of the field in the grating grooves is then an array of in-phase emitters with

a distance of the grating period Λ from each other. According to Tab. 5.2 in Sect. 5.7, the

array of in-phase emitters with a distance Λ contributes to the main lobe and to the first

order side lobes, while the array of anti-phase emitters with a distance Λ/2 from each other

exclusively adds to the first order side lobes. This explains the much stronger diffraction

which can be observed for the normal grating compared to an inverted grating.

However, the investigation above does not explain, why the phase and the magnitude of

the electric field are so different for an inverted and a normal grating at the interface

between grating and air. As one can already see from the magnitude of the electric field

in Fig. 8.10, the grating grooves and the grating ridges exchange their properties, if an

inverted instead of a normal grating is used. While the field intensity is low at the grating

153



CHAPTER 8. INVERTED GRATING VCSELS

0

0.5

1

N
or

m
. M

ag
ni

tu
de

Axis Orthogonal To Grating Grooves ( µm)
−6 −4 −2 0 2 4 6

−2

0

2

P
ha

se
 (

ra
d)

−6 −4 −2 0 2 4 6

−2

0

2

P
ha

se
 (

ra
d)

0

0.5

1

N
or

m
. M

ag
ni

tu
de

Axis Orthogonal To Grating Grooves ( µm)

Figure 8.10: Normalized magnitude and phase of the simulated dominant transverse elec-

tric field component of the dominant fundamental polarization mode at the interface

between grating and air for a normal grating (left) and for an inverted grating (right)

displayed in a cross-section orthogonal to the grating grooves. In both cases, the grating

period is 1.2µm and the grating depth 60 nm. The grating is indicated by the dashed line.

The dotted line in the right graph illustrates the part of the emission with a Gaussian-like

intensity distribution.

ridges of the normal grating and high at its grooves, it is exactly the opposite (or one can

also say ’inverted’, which explains the name of this grating type) for the inverted grating.

This can be understood, if one keeps the etch depths in mind at which the two structures

exhibit their maximum reflectivity which corresponds to their minimum threshold gain. In

GaAs, these etch depths are 0 nm and λ/4 = 58.5 nm for an emission wavelength of 850 nm

in the case of a normal and in the case of an inverted structure, respectively, as shown in

Fig. 8.1. This explains the field minima at the ridges of the normal grating structure and

at the grooves of the inverted grating structure in Fig. 8.10.

To understand the difference between a normal and an inverted grating better, the normal-

ized magnitude and phase of the simulated dominant transverse electric field component

of the dominant fundamental polarization mode along the longitudinal axis of four VC-

SELs are plotted in Fig. 8.11. These are a normal VCSEL without a grating (upper–left

graph), an inverted VCSEL without a grating (upper–right graph), a normal grating VC-

SEL (lower–left graph), and an inverted grating VCSEL (lower–right graph). The grating

period is 1.2µm and the grating depth 60 nm corresponding to an optical path length of

roughly λ/4. The interface between the topmost layer of the VCSEL structures and air

is located at zero on the longitudinal axis. For positive values on the longitudinal axis

above this interface, there is air. Below this interface, that is for negative values on the

longitudinal axis, there is the Bragg mirror. Since the fields differ not only at the grating

ridges and at the grating grooves, but also below and above the grating ridges and grating

grooves, the fields in a cross-section through a grating ridge and through a grating groove

are plotted in the lower graphs.
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Figure 8.11: Normalized magnitude and phase of the simulated dominant transverse elec-

tric field component of the dominant fundamental polarization mode inside and above the

upper Bragg mirror of a normal VCSEL (top–left), of an inverted VCSEL (top–right), of a

normal grating VCSEL (bottom–left), and of an inverted grating VCSEL (bottom–right)

displayed in a cross-section along the longitudinal axis of the VCSELs. The GaAs–air

interface is located at 0 µm on the longitudinal axis.

The strong influence of the cap layer thickness of the VCSEL structure on the magnitude

and phase of the standing wave inside the upper Bragg mirror is already evident in the case

of the normal and inverted structures without a grating in the upper graphs of Fig. 8.11.

The field inside the VCSEL structure with a normal grating in the bottom-left graph

is composed of both contributions. Below a grating ridge, the magnitude and the phase

of the electric field are similar to the normal structure in the upper graphs, while they

are closely related to the inverted structure below a groove. Therefore, already inside the

Bragg mirror there is a phase difference between the fields below the ridges and below the

grooves. The phase below the ridges is by almost π/2 ahead. Since the light in the grooves

is coupled out earlier than at the ridges, it already propagates in air with a wavelength

larger than that one of the light still propagating inside the GaAs ridges. This results in

an additional phase difference between the fields associated with the ridges and with the

grooves of about π/2 and thus the field contributions from the ridges and the grooves are

no longer in-phase at the interface between grating and air, but rather almost anti-phase.
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Also in the case of the inverted grating, the phase of the field below the highly reflecting

parts of the upper Bragg mirror, which for an inverted grating are the grooves and not,

like for a normal grating, the ridges, is by almost π/2 ahead. However, in the case of an

inverted grating, this phase difference is compensated, since the fields with the delayed

phase propagate longer inside the ridges, while the light in the grooves is already coupled

out into air. Thus, the contributions of the field from the grooves and from the ridges are

almost in-phase at the interface between grating and air in the case of an inverted grating

structure.

8.5 Layer Structures Other Than Normal and Inverted

In the previous sections, normal and inverted gratings have been discussed in detail. How-

ever, there are much more possible longitudinal positions of the grating. Increasing the

cap layer thickness starting from a normal structure, a normal structure is reached again

after an increase of λ/2, which in GaAs corresponds to 117 nm for an emission wavelength

of 850 nm. Some intermediate longitudinal positions of the grating are studied in Fig. 8.12.

For different increases of the cap layer thickness ∆D starting from a normal structure,

every graph displays the threshold gains of the two fundamental polarization modes, the

resulting relative dichroism, and the percentage of the overall output power in the main

lobe of the far-field as a measure of the induced diffraction. The layer structure stated in

App.A is used again in the simulations with cap layer thicknesses modified accordingly.

The grating period is 1µm and the DC 50 %.

If the cap layer thickness is increased by ∆D = 0 nm, ∆D = 19.5 nm, and ∆D = 39 nm

as displayed in the left graphs of Fig. 8.12, the peaks of the threshold gains are moved by

approximately ∆D to larger grating depths. The onset of strong diffraction is linked with

these peaks in the threshold gains and thus shifts to larger grating depths as well. The

relative dichroism is also connected with the peaks of the threshold gain. It is negative for

grating depths within the range of these peaks and positive elsewhere.

For the inverted grating structure, characterized by an increase of the cap layer thickness

of ∆D = 58.5 nm, the threshold gains show the dependence on the grating depth discussed

previously with the two peaks at 0 and around 117 nm, which for this VCSEL structure

corresponds to λ/2. Since the two threshold gain peaks are located at the beginning and

the end of the investigated grating depth interval, the polarization is oriented orthogonal

to the grating grooves for almost the complete intermediate grating depth range and nearly

all output power is emitted into the main lobe.

A kind of transition behavior is observed for an increase of the cap layer thickness by

∆D = 78 nm, before for ∆D = 97.5 nm the well-known behavior of the threshold gain

peaks associated with an orthogonal polarization and an onset of the strong diffraction

occurs again. This last longitudinal position of the grating is very interesting from the

point of view of polarization control, since it offers a high and almost constant relative

156



8.5. LAYER STRUCTURES OTHER THAN NORMAL AND INVERTED

Figure 8.12: Simulated threshold gains of the two polarizations parallel and orthogonal to

the grating grooves, the resulting relative dichroism, and the percentage of the power in

the main lobe of the far-field for different increases of the cap layer thickness ∆D starting

from a normal structure. The grating period is 1µm.

dichroism over a large range of grating depths between 40 and 120 nm. However, the

diffraction at these grating depths is also quite high for this longitudinal position of the

grating. Therefore, the inverted grating serves the demands for very small diffraction and

for one orientation of the polarization for a wide range of grating depths best.

In the discussion above, only the grating depth and not the grating period is investigated

as a grating parameter. This is on one hand done to limit the number of the investigated

grating parameters. On the other hand, the concept of the optimized longitudinal position
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is more connected with the grating depth than with the grating period. The maximum

value of the investigated grating depth of 120 nm is given by practical considerations. The

aspect ratio of the grating grooves increases with increasing grating depth. This results

in an additional challenge for the fabrication of the gratings combined with a very thick

cap layer, which is furthermore not favorable due to absorption and scattering. Since the

grating parameters investigated here already provide very satisfactory results, there is no

reason for increasing the grating depths further.

Out of all longitudinal positions presented here, the normal and inverted structures have

the most practical advantages. The normal one is advantageous, since it is just the way

standard VCSELs are grown. Consequently, polarization-stable VCSELs can be fabricated

on an already existing wafer without the need of a new epitaxial run. However, these normal

grating VCSELs suffer from diffraction losses. These losses can be strongly reduced with an

inverted grating which simultaneously increases the processing tolerances. Additionally, the

inverted structure offers the possibility to fabricate an inverted grating relief for combined

mode and polarization control as will be discussed in the next chapter.
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Chapter 9

Grating Relief VCSELs

Due to their short cavity, VCSELs are inherently longitudinal single-mode. Consequently,

the term ’mode’ denotes a transverse mode in the context of VCSELs. Single-mode VC-

SELs are thus VCSELs emitting in one transverse mode. Usually, the definition ’single-

mode’ is understood in such a way that this transverse mode is the fundamental one.

However, two polarization modes exist even for the fundamental mode. Both can lase in

single-mode VCSELs. In some cases, they even lase simultaneously. Consequently, polar-

ization control is needed besides mode control to realize VCSELs emitting in a single,

well-defined polarization mode. A technique suitable for this combined mode and polar-

ization control is presented in this chapter. A short survey about single-mode VCSELs

is given before. There are several definitions of single-mode VCSELs. The most common

one, which is also employed in this thesis, requests a side-mode suppression ratio (SMSR)

of 30 dB, defined as the peak-to-peak difference in the spectrum.

9.1 Single-Mode VCSELs

The inner cavity of a VCSEL is typically in the order of a few hundred nanometers.

Consequently, the wavelength of only one longitudinal mode is within the spectral stop-

band of the Bragg mirrors. Thus, a standard VCSEL is longitudinal single-mode. However,

its resonator supports several transverse modes, if the active diameter of an oxide-confined

VCSEL exceeds 3 to 4 µm. If the active diameter of a VCSEL is decreased, its output power

is reduced. A VCSEL with an active diameter of 2µm or smaller does often not lase any

more. Therefore, the processing tolerance of the oxidation process for oxide-confined single-

mode VCSELs is quite small. Besides the reduced output power, a VCSEL with a small

active diameter additionally suffers from increased series and thermal resistance [35]. The

higher series resistance leads to an increased impedance mismatch in the case of high-

frequency modulation, since driver circuits are usually designed for an impedance of 50 Ω.

The higher thermal resistance causes an increased junction temperature compared to a

VCSEL with a larger active diameter for the same dissipated power. A higher junction
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temperature in turn reduces the lifetime of a VCSEL. Besides that, a VCSEL with a small

active diameter is much more likely to be damaged by electrostatic discharge.

However, single-mode VCSELs offer great advantages compared to multimode VCSELs.

They exhibit improved noise characteristics and higher modulation bandwidths in high-

speed data communication [195]. The beam divergence of single-mode VCSELs is reduced

and their coupling efficiency to optical fibers is increased. The small spectral linewidth of

single-mode VCSELs is required in spectroscopic applications. The resolution in printing

systems is enhanced, if transverse single-mode instead of multimode VCSELs are used.

Single-mode VCSELs are also needed for position sensing like in optical computer mice.

A lot of research has been done in the last years to increase the active diameter up to

which VCSELs are single-mode and consequently their single-mode output power. The

tendency of oxide-confined VCSELs to lase in several transverse modes arises from the

guiding induced by the refractive index step in the oxide aperture. The refractive index

of the aluminum arsenide in the center of the VCSEL is about 3 at a wavelength of

850 nm [39] and therefore almost twice the refractive index of the surrounding aluminum

oxide of approximately 1.6 at the same wavelength [40]. The guiding induced by the oxide

aperture can be reduced, if the oxide aperture layer is placed in a node of the optical

standing field inside the VCSEL cavity [40,196]. This technique enabled single-mode output

powers up to 4.8mW. The guiding can be further reduced by the use a long monolithic

cavity realized with a spacer inserted between the active region and the lower Bragg

mirror. Besides the reduced guiding, the scattering of higher order modes at the oxide

aperture is simultaneously increased. Single-mode output powers of up to 5 mW at an

emission wavelength of about 980 nm could be obtained with this technique [197]. Using

epitaxial regrowth, special antiguiding VCSEL structures were designed consisting of a

common VCSEL layer structure surrounded by a material with larger refractive index [198].

This design was later refined to the antiresonant reflecting optical waveguide VCSELs

(ARROW-VCSELs) by including a few pairs of lateral reflectors resulting in 7.1mW of

optical output power at a side-mode suppression ratio of 20 dB [199]. The concept of

ARROW-VCSELs is already quite close to the idea of photonic crystal VCSELs [150]

with single-mode output powers of meanwhile up to 3.1mW [152]. Recently, so-called

holey VCSELs were presented with single-mode output powers exceeding 6 mW at an

emission wavelength of 850 nm [200]. While at first glance this concept is highly similar

to photonic crystal VCSELs, its actual mechanism is not yet understood. Single-mode

output powers exceeding 6 mW were realized using the surface relief technique [15, 16] as

well. This technique and its combination with a surface grating to a surface grating relief

are the topics of the following section.

9.2 Concept of Surface Reliefs and Surface Grating Reliefs

The different transverse modes of a VCSEL differ from each other by their propagation

constant and their spatial field distribution. The latter can be seen in Fig. 9.1, where the
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magnitude of the electric field at the outcouple aperture of a VCSEL is shown, from left to

right, for the fundamental mode (LP01) and the first two1 higher order modes (LP11 and

LP21). The simulations are performed for an active diameter of 5µm. The oxide aperture

is indicated in the diagrams of Fig. 9.1 by the circle with the solid line. A circle with a

dashed line with a diameter of only half of that of the oxide aperture is as well shown

in the diagrams of Fig. 9.1 as an eye guide. While the majority of the field distribution

of the LP01 mode is inside the dashed circle, the peaks of the higher order modes (LP11

and LP21) are located outside of the dashed circle. If one decreases the reflectivity of the

upper Bragg mirror outside of the dashed ring compared to the reflectivity inside, the

fundamental LP01 mode will be clearly preferred compared to the higher order modes.
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Figure 9.1: Magnitude of the simulated transverse electric field of the fundamental mode

(left) and of the two first higher order modes (center and right) at the surface of a VCSEL.

The white circle with the solid line indicates the oxide aperture with a diameter of 5µm,

while the white circle with the dashed line and a diameter of 2.5µm serves as an eye guide

for the discussion in the text.

The reflectivity of a Bragg mirror can be reduced, if the field reflected at the semiconductor–

air interface of the Bragg mirror is anti-phase to the fields reflected at all other interfaces

of the mirror as discussed in Chap. 8. Such an anti-phase reflection can be realized, for

example, by thinning the cap layer of the upper Bragg mirror of a VCSEL by λ/4 as

illustrated in the left diagram of Fig. 9.2. While in the unetched area, the rays ’a’, ’b’, and

’c’ are in-phase at interface ’0’ as explained in Sect. 8.1, the rays ’a’ and ’b’ have a phase

difference of π at interface ’0’ in the etched area, since ray ’b’ does not experience the

additional phase shift of π anymore, when reflected at interface ’2’. If the unetched area

on top of the upper Bragg mirror of a VCSEL has the shape of a relief as sketched in the

right diagram of Fig. 9.2, the reflectivity of the upper Bragg mirror is strongly reduced for

higher order modes compared to the fundamental one.

Up to 5.7mW of single-mode output power [201] were demonstrated at an emission wave-

length of 930 nm with this surface relief technique [176, 202, 203]. However, the problem

1There are two LP11 as well as two LP21 modes which differ in their angular orientation which is given

for the LP11 mode by cos(φ) or sin(φ) and for the LP21 mode by cos(2φ) or sin(2φ). Only the cosine

dependence is shown in Fig. 9.1.
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Figure 9.2: Illustration of the reflections at the different interfaces of the last layers of an

upper Bragg mirror in the unetched and the etched area (left) and a schematic sketch of

an upper Bragg mirror with a surface relief (right).

with this technique is the very precise depth of λ/4 to which the area outside the relief

has to be etched. To overcome this disadvantage, the idea of an inverted relief was devel-

oped [123]. Instead of etching the area outside the relief, the thickness of the cap layer of

the VCSEL structure is epitaxially increased by λ/4 to achieve an inverted structure as

discussed in Chap. 8 and then the relief itself is etched. Consequently, the rays ’a’,’b’, and

’c’ are in-phase at the relief, while the ray ’c’ is anti-phase to the rays ’a’ and ’b’ in the

unetched area as illustrated in the left diagram of Fig. 9.3.

With this inverted surface relief technique, more than 6 mW of single-mode output power

were realized at an emission wavelength of 850 nm [15, 16]. The advantage of the relaxed

dependence of the inverted surface relief on the etch depth compared to a normal surface

relief can be seen in Fig. 9.4. There, the dependence of the threshold gain of a VCSEL on

the etch depth of its topmost layer made of GaAs is shown for a normal and an inverted

inverted relief

Figure 9.3: The same diagrams as in Fig. 9.2, but for an inverted surface relief.

162



9.2. CONCEPT OF SURFACE RELIEFS AND SURFACE GRATING RELIEFS

Figure 9.4: Dependence of the threshold gain on the etch depth of the topmost VCSEL layer

for a normal and an inverted VCSEL structure with an emission wavelength of 850 nm.

This graph was already shown in Fig. 8.1.

structure with an emission wavelength of 850 nm like in Sect. 8.1. A higher threshold gain

corresponds to a smaller reflectivity of the upper Bragg mirror and vice versa. Clearly, it

is easier to start from an inverted structure and etch the cap layer just in the area of the

relief by about 58.5 nm to reach the valley between the peaks of the threshold gains than

to start from a normal structure and try to hit the peak of the highest threshold gain

outside of the relief by etching.

The idea to combine a standard surface relief with a surface grating for combined mode

and polarization control was first proposed and theoretically evaluated in [164]. A sketch

of the proposed normal grating relief is shown in the left diagram of Fig. 9.5. Like a normal

surface relief, such a normal grating relief requires a very exact etch depth of λ/4 outside of

the relief to obtain high threshold gains for the higher order modes and therefore a strong

mode control. However, also the grating depth is then fixed to λ/4 and cannot be optimized

independently to achieve a stable polarization control. Besides that, the reflectivity of the

upper Bragg mirror with a surface grating is rather small for a grating depth of λ/4 as

shown in Chap. 5. Consequently, the threshold gain even of the fundamental mode is quite

high. Thus, the difference between the threshold gains of the higher order modes and of

the fundamental mode remains small and the achieved mode control rather weak.

Figure 9.5: Sketch of a Bragg mirror with a normal grating relief (left) and with an inverted

grating relief (right).
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These problems can be avoided with an inverted surface grating as sketched in the right

diagram of Fig. 9.5. In the case of an inverted grating relief, the threshold gain of the higher

order modes is defined and fixed by the epitaxial surface. Therefore, the grating depth can

be independently optimized to achieve a good polarization control and a high reflectivity.

The second advantage of the inverted grating relief is its much easier fabrication, since

only some grooves have to be etched into a plane surface instead of etching almost the

complete outcouple aperture except for some grating ridges as in the case of a normal

grating relief.

9.3 Processing of Grating Relief VCSELs

For the best performance of a grating relief, it has to be aligned as well as possible with the

oxide aperture and therefore with the VCSEL mesa to maximize the overlap between the

grating relief and the area of highest intensity of the fundamental mode. Such a precise

alignment can be realized either by the evaporation of alignment marks for consequent

exposures of the grating relief and the mesa with an electron beam lithography system

or, much easier and cost-effective, with a self-aligned process in which the grating relief

and the mesa are exposed in one step as discussed in Sect. 4.1. This self-aligned technique

also requires electron beam lithography due to the small grating periods, but only for one

exposure. The much easier processing of an inverted grating relief compared to a normal

grating relief is based on the easier lithography of the inverted grating. While for the ex-

posure of a normal grating relief, four different doses2 (electrons per area) are needed to

avoid overexposure through backscattering, only two different doses are required for the

lithography of the inverted grating relief. This is illustrated in Fig. 9.6.

no exposure
(resist)

very high dose

small dose

Figure 9.6: Diagrams of the required relative doses (electrons per area) needed for the

exposure of a normal grating relief (left) and of an inverted grating relief (right) with an

electron beam lithography system.

2The absolute doses required depend on the resist thickness, the resist, the acceleration voltage, and

the semiconductor material. The relative expressions ’medium’, ’high’, etc. stated in Fig. 9.6 are given with

respect to the dose stated in App.C.
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The further process, including the etching, proceeds as for a full aperture grating. No

special measures have to be taken. A completely processed inverted grating relief VCSEL

is depicted in Fig. 9.7. The image taken with an optical microscope on the left side of

Fig. 9.7 displays the VCSEL mesa from the top with the contact ring and the grating relief

in the center. The atomic force micrograph on the right side shows in more detail the

inverted grating relief with a diameter of 3µm, a period of 0.7µm, and a grating depth of

64 nm. In the following, only inverted grating reliefs are discussed and therefore the word

’inverted’ is neglected in the phrase ’inverted grating relief’ for simplicity.

Figure 9.7: An optical micrograph of an inverted grating relief VCSEL (left) and an atomic

force micrograph of the grating relief in more detail (right).

9.4 Polarization Control Induced by a Grating Relief

Before the increase of the single-mode output power caused by a grating relief is discussed

in the next section, the full polarization control which is provided by a grating relief is

demonstrated in this section. Of course, a grating relief controls only the polarization of the

fundamental mode, since its spatial overlap with higher order modes, if they start to lase at

all, is rather small. Since the overlap between the grating relief and the fundamental mode

is reduced compared to a full aperture grating, a reduced dichroism is expected for the

fundamental mode as well. However, full polarization control is observed in the experiments

as can be seen in Fig. 9.8. There, the orientation of the polarization of the grating relief

VCSELs with respect to the grating grooves and the orientation of the polarization of the

reference VCSELs with respect to the crystal axes are shown. While 35 of the 87 reference

VCSELs exhibit a polarization switch and almost the same amount of the remaining

reference VCSELs are polarized along the [110] and along the [1̄10] crystal axis, all 90

grating relief VCSELs are polarized orthogonal to the grating grooves and no polarization

switch occurs. As in the case of the full-aperture inverted gratings studied in Chap. 8,

the orientation of the polarization with respect to the grating grooves is independent of

the investigated grating periods, which are 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0,

1.1, and 1.2µm, independent of the investigated grating depths, which are 35, 52, 70,
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Figure 9.8: Number of reference and grating relief VCSELs exhibiting a polarization switch,

a stable polarization parallel or a stable polarization orthogonal to the grating grooves

(along the [110] or the [1̄10] crystal axis in the case of the reference VCSELs).

90, and 105 nm, and independent of the orientation of the grating grooves along the two

main crystal axes. The DC is again 50 %. The grating relief has a diameter of 3µm. The

active diameter of the grating relief VCSELs and of the reference VCSELs is about 4.5µm.

The grating relief and reference VCSELs are realized on wafer E like the VCSELs with

the full-aperture inverted grating presented in Chap. 8. Since the omission of any surface

modification does not result in a standard VCSEL on an inverted VCSEL structure as

discussed in Chap. 8, the topmost layer of the reference VCSELs is again etched to the

same depth as the grooves of the adjacent grating relief VCSELs.

Due to the unstable polarization of the reference VCSELs, their OPSR varies between -23

and 25 dB as displayed in the left chart of Fig. 9.9. In contrast to that, the full polarization

control achieved by the grating relief results independently of the grating period and the

grating depth in an OPSR between −15 and −24 dB as shown in the right chart of Fig. 9.9.

The displayed OPSR is the average over the current range in which the laser is single-mode

with a SMSR of at least 30 dB and delivers more than 0.1mW of output power.

Figure 9.9: Distribution of the OPSR of the reference VCSELs (left) and the grating relief

VCSELs (right).
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While all grating relief VCSELs are polarization-stable, their OPSR varies between -15

and -24 dB. To investigate this difference in the OPSR of the grating relief VCSELs, the

absolute value of the OPSR of all grating relief VCSELs is plotted versus their threshold

current in the left graph and versus their maximum single-mode output power in the right

graph of Fig. 9.10. A logarithmic fit of the OPSR is shown in both graphs as an eye guide.

There is a general tendency that grating relief VCSELs with a small threshold current and

a high maximum single-mode output power exhibit a higher absolute OPSR than grating

relief VCSELs with a large threshold current and a small maximum single-mode output

power. This can be understood from the definition of the absolute OPSR:

|OPSR| = 10 log

(

Pdominant

Psuppressed

)

dB . (9.1)

In the case of single-mode VCSELs, as discussed in Sect. 5.2, the power of the suppressed

polarization Psuppressed is dominated by the contribution from the spontaneous emission,

which is proportional to the threshold current and increases only slightly for higher cur-

rents. In contrast to that, the power in the dominant polarization Pdominant increases with

increasing current. Therefore, single-mode VCSELs with a small threshold current and

a high output power tend to exhibit a larger absolute OPSR than VCSELs with a high

threshold current and a small output power.

Figure 9.10: Absolute value of the OPSR of the grating relief VCSELs plotted versus their

threshold current (left) and versus their maximum single-mode output power (right).

9.5 Performance of Grating Relief VCSELs

The purpose of a grating relief is not only to control the polarization of the fundamental

mode of a VCSEL, but also to increase its single-mode output power. This increase of the

single-mode output power of the grating relief VCSELs compared to standard VCSELs

can be seen in Fig. 9.11. There, the threshold current (top-left), the differential quantum

efficiency (top-right), the maximum current at which the VCSELs are still single-mode with

a SMSR of 30 dB (bottom-left), and the maximum single-mode output power (bottom-

right) of the grating relief VCSELs known from the previous section are depicted for
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the different grating depths and grating periods in the same manner as in Chap. 8. For

comparison, a dotted line is shown in every chart, which marks the corresponding average

value of the reference VCSELs with etch depths of 52 and 70 nm and with the same active

diameter of about 4.5µm on the same wafer. The reference VCSELs with these etch depths

are chosen for comparison, since they are very similar to standard VCSELs as discussed

in Chap. 8.

Already VCSELs with a pure surface relief have a larger threshold current than standard

VCSELs [195]. This is owed to the fact that even some parts of the fundamental mode

experience the reduced reflectivity outside of the relief. Using a grating relief, this effect

is combined with the general tendency of grating VCSELs to possess higher threshold

currents. Consequently, at least a doubling of the threshold current of grating relief VC-

SELs compared to the reference VCSELs is found in the experiments as can be seen in

the top–left chart of Fig. 9.11. This increase of the threshold current is consistent with the

increase observed for pure surface relief VCSELs previously [195] and with the increase

stated in Chap. 8 for the full-aperture inverted grating VCSELs. As for the latter, the

smallest threshold current is obtained for grating relief VCSELs with grating depths of 70

and 90 nm and grating periods smaller than the emission wavelength.

The increase of the differential quantum efficiency is much more pronounced in the case of

the grating relief VCSELs than in the case of the full-aperture inverted grating VCSELs

discussed in Chap. 8. This additional increase is once more due to the fact that even the

fundamental mode has a spatial overlap with the area of the Bragg mirror outside of

the relief, which has a minimum reflectivity. Thus, the overall reflectivity of the upper

Bragg mirror of the grating relief VCSELs is also reduced for the fundamental mode.

Consequently, the differential quantum efficiency of the grating relief VCSELs exceeds the

differential quantum efficiency of the reference VCSELs by on average more than 75 % as

can be seen in the top–right chart of Fig. 9.11.

As intended and expected, the grating relief delays the onset of higher order modes to

higher currents compared to the reference VCSELs as shown in the bottom–left chart of

Fig. 9.11. Although the average threshold current of the grating relief VCSELs of 0.78mA is

higher than the average threshold current of the reference VCSELs of 0.2mA, the difference

between the threshold current and the current at the end of the single-mode range of the

laser is much larger for the grating relief VCSELs than for the reference VCSELs. While

the reference VCSELs start to become multimode on average at a current of 1.8mA,

the grating relief VCSELs stay single-mode up to a current of 4.5mA on average. The

single-mode current range of the grating relief VCSELs of 3.7mA is therefore more than

twice the single-mode range of the reference VCSELs of 1.6mA. Combined with the higher

differential quantum efficiency of the grating relief VCSELs, this gives rise to an average

single-mode output power of the grating relief VCSELs of 2.1mW, which is almost a

factor of four larger than the averaged single-mode output power of the reference VCSELs

of 0.58mW. This difference is even more pronounced, if one considers only grating relief

VCSELs with grating depths of 70 and 90 nm.
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Figure 9.11: Threshold current (top–left), differential quantum efficiency (top–right),

maximum current up to which the lasers are single-mode with a SMSR of 30 dB (bottom–

left), and maximum single-mode output power (bottom–right) of the grating relief VCSELs

known from the previous section. The dotted line represents the corresponding average val-

ue of the reference VCSELs with etch depths of 52 and 70 nm on the same wafer.

The absolute single-mode output power of the grating relief and reference VCSELs pre-

sented here is rather low. This is due to the not optimized single-mode properties of the

epitaxial layer structure on the wafer available for this investigation. However, record high

single-mode output powers of 760-nm VCSELs using the inverted grating relief technique

are presented in Sect. 9.7.

9.6 Diffraction Induced by a Grating Relief

Due to diffraction, surface gratings with grating periods larger than the emission wave-

length cause side lobes in the far-field of the VCSELs orthogonal to the grating grooves as

discussed in Sect. 5.7. This diffraction is strongly reduced in the case of inverted grating

VCSELs as discussed in Sect. 8.4. However, not only a surface grating, but also a pure

surface relief gives rise to diffraction in the far-field of the laser [195]. Considering this, the

diffraction experimentally found in the far-field of the grating relief VCSELs is rather small

as can be seen in Fig. 9.12. While the far-field of a reference VCSEL in the top–left graph
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does not differ for the two main crystal axes, side lobes are observed in the far-field of a

grating relief VCSEL orthogonal to the grating grooves in the top–right graph of Fig. 9.12.

This side lobes do not increase significantly with increasing grating depth (bottom–left

graph) and only marginally with increasing grating period (bottom–right graph). The

very small disturbance of the far-field of grating relief VCSELs caused by diffraction can

be explained by the fact that the main emission even of the fundamental mode takes place

outside of the grating relief in these grating relief VCSELs, since there the reflectivity of

the Bragg mirror is much smaller. Thus, only a minor part of the transmitted field un-

dergoes diffraction from the grating and therefore the far-field of grating relief VCSELs is

rather undisturbed.

Figure 9.12: Far-field of a reference VCSEL measured parallel to the two main crystal axes

(top–left) and far-field of a grating relief VCSEL measured parallel and orthogonal to the

grating grooves (top–right). The two lower graphs display the far-fields of grating relief

VCSELs measured orthogonal to the grating grooves with increasing grating depth for a

fixed grating period of 1.1µm (bottom–left) and with increasing grating period for a fixed

grating depth of 105 nm (bottom–right).

9.7 Grating Relief VCSELs for Oxygen Sensing

Polarization-stable, single-mode VCSELs are required for spectroscopic measurements of

gases like oxygen. Oxygen has absorption peaks in the so-called A-band around a wave-
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Figure 9.13: Simulated wavelength dependence of the relative transmission through 1 m of

oxygen gas at a temperature of 296 K and a pressure of 1 atm.

length of 763 nm. The simulated3 absorption spectra of oxygen in that wavelength range is

shown in Fig. 9.13. These absorption lines are caused by a magnetic dipole transition [21].

The idea to measure the oxygen concentration in a mixture of gases by tunable diode laser

absorption spectroscopy (TDLAS) using a VCSEL came up already some years ago [21,

204–206]. The main idea of this technique is to tune the emission wavelength of the laser

with the substrate temperature to a wavelength slightly smaller than that of the absorption

line of interest. Afterwards, the absorption line is scanned by varying the injection current.

This method uses the property of VCSELs that their emission wavelength increases with

increasing laser temperature either caused by an increase of the substrate temperature or

by an increased injection current. The measured data are then fitted with a theoretically

predicted lineshape to determine the oxygen concentration.

For TDLAS measurements, the VCSEL has to be single-mode, since otherwise different

modes could measure several absorption peaks simultaneously. This would prohibit or

at least complicate the analysis of the measured data. Additionally, the VCSEL has to

be polarization-stable, since a polarization switch leads to a wavelength shift due to the

different emission wavelengths of the two polarizations caused by the birefringence inside

a VCSEL as discussed in Chap. 2. Consequently, in the case of a polarization switch, the

wavelength of the VCSEL and of the investigated absorption line would no longer overlap

or some parts of the absorption line would be scanned twice (if the polarization switch

occurs from the longer to the shorter wavelength with increasing laser current) or would be

omitted (if the polarization switch increases the emission wavelength for increasing laser

current).

The requirements of a stable polarization and of a high single-mode output power for an

easier design of the oxygen detector call for the application of a grating relief. The PR-LIV

characteristics and the polarization-resolved spectra of such a grating relief VCSEL with

an emission wavelength of 763 nm from wafer F are shown in Fig. 9.14. The VCSEL has

3The simulation was performed by the Fraunhofer Institut für Physikalische Messtechnik

(http://www.ipm.fraunhofer.de) using the database Hitran (http://www.hitran.com).
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an active diameter of about 4.5µm, a grating relief diameter of 3µm, a grating period of

0.8µm, and a grating depth of 44 nm. It stays single-mode with a SMSR of at least 30 dB

up to a current of 5 mA as can be seen in the right graph of Fig. 9.14 for a substrate tem-

perature of 20◦C. The polarization is well-controlled and orthogonal to the grating grooves.

Since the emission wavelength of the VCSEL has to be fine-tuned with the temperature,

the polarization control is tested under varying substrate temperature. For none of the

investigated temperatures between 10 and 60◦C, the power in the suppressed polarization

exceeds 6 µW in the single-mode regime of the VCSEL up to a current of 5 mA. This gives

rise to an OPSR with a magnitude larger than 26 dB for currents between 2.5 and 5 mA.

The spectral peak-to-peak difference between the two polarizations is as high as 33 dB

at a current of 5 mA and at a substrate temperature of 20◦C. In addition, the maximum

single-mode output power at a substrate temperature of 20◦C is as high as 2.6mW. This

is a factor of 2.5 higher than the largest single-mode output power reported previously in

this wavelength range [205].

Figure 9.14: PR-LIV characteristics at substrate temperatures varied in steps of 10◦C

between 10 and 60◦C (left) and polarization-resolved spectra at a substrate temperature

of 20◦C and a drive current of 5 mA (right) of a grating relief VCSEL with an active

diameter of 4.5µm, a grating relief diameter of 3µm, a grating period of 0.8µm, and a

grating depth of 44 nm.

From a spectroscopic point of view, the absorption peaks between 763 and 764 nm are

suited best for spectral measurements. Therefore, this is the required emission wavelength

range of VCSELs intended for oxygen sensing. As can be seen in Fig. 9.15, this requirement

is fully accomplished by the VCSEL presented in Fig. 9.14. Its emission wavelength can be

fine-tuned with the substrate temperature as well as with the injection current over the

complete wavelength range of interest. The tuning coefficient of the wavelength with the

substrate temperature is 0.06 nm/K and with the current 0.6 nm/mA. Over the complete

tuning range, the VCSEL clearly stays single-mode with a SMSR of at least 30 dB.

The VCSEL presented in Fig. 9.14 is taken from wafer F, which is completely based on the

AlGaAs material system. The quantum wells of the VCSEL contain 14 % of aluminum.

Its upper Bragg mirror consists of 26 layer pairs and its lower Bragg mirror of 40.5 layer

pairs. These layer pairs are composed of Al0.3Ga0.7As/Al0.93Ga0.07As, except for the first
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Figure 9.15: Emission spectrum of the VCSEL from Fig. 9.14 for different substrate tem-

peratures varied between 10 and 60◦C in steps of 10◦C at a current of 5 mA (left) and for

different currents between 1 and 5 mA in steps of 0.5mA at a substrate temperature of

35◦C (right).

32 layer pairs above the substrate in the lower Bragg mirror which contain pure AlAs

layers to increase the refractive index contrast further. More information on the epitaxial

layer structure of wafer F can be found in [207]. The wafer contains grating relief VCSELs

with grating periods of 0.7 and 0.8µm, grating depths of 34, 44, 53, 64, and 74 nm, and

DCs of 50 and 30 %. Reference VCSELs with their cap layer etched to the same depth

as the adjacent grating relief VCSEL and pure relief VCSELs with their relief also etched

to the same depth as the adjacent grating relief VCSEL are processed on wafer F for

comparison, too. The active diameters of the grating relief VCSELs on wafer F considered

in the following are 3.5 and 4.5µm. The grating grooves of the grating relief VCSELs

with an active diameter of 3.5 and 4.5µm are oriented along the [110] and along the [1̄10]

crystal axis, respectively. The diameter of the reliefs as well as of the grating reliefs is

always 3 µm on wafer F.

The results of the influence of the grating relief obtained on wafer F are presented in the

following to confirm the results found for wafer E in Sects. 9.4 and 9.5. The statistical

analysis is somewhat difficult for wafer F due to the epitaxial material. The excellent

performance of the above discussed VCSEL would not be possible without an excellent

epitaxial layer structure. However, the thickness of the epitaxial layers is not homogeneous

over wafer F. This is due to the MBE system employed which is constructed for research

and does not provide the homogeneity of the layer thickness over the wafer known from

production MBE systems. Consequently, the emission wavelengths of the VCSELs on wafer

F vary between 800 nm in the middle of the wafer and less than 720 nm at the edge of the

wafer. In the following, only VCSELs with an emission wavelength between 750 and 790 nm

are considered. A second problem in the analysis arises from large crystal defects on wafer

F, which originate from the interface between the substrate and the lower Bragg mirror

and penetrate through the complete VCSEL structure. Along these defects, one epitaxial

layer can be displaced by more than one layer pair in the Bragg mirrors on opposite sides

of such a defect. These defects are clearly a source of strong strain. Therefore, VCSELs for
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which at least one defect is found in the optical microscope within a circumference of twice

the VCSEL diameter are not considered in the following analysis, if they exhibit strange

LIV characteristics. Consequently, 41 out of 294 VCSELs are excluded from the analysis.

However, quite probably not all defects can be identified in the optical microscope, since

they might be covered by the passivation layer or by the metal of the contact ring or of the

bondpad. The polarization switches observed for three out of 161 grating relief VCSELs

are very likely due to such hidden crystal defects. Without these huge crystal defects, most

likely all grating relief VCSELs would be polarization-stable. As observed in Sect. 9.4 for

wafer E, also on wafer F all 158 polarization-stable grating relief VCSELs are polarized

orthogonal to their grating grooves independent of the investigated grating depth, which is

varied between 34 and 74 nm. Therefore, the grating depth is not distinguished in the left

chart of Fig. 9.16, where the numbers of VCSELs with a polarization switch, with a stable

polarization parallel or orthogonal to the grating grooves are given for the grating relief

VCSELs with grating periods of 0.7 and 0.8µm and DCs of 30 and 50 % as well as for pure

relief VCSELs and reference VCSELs. Out of the 92 pure relief and reference VCSELs, 68

possess a polarization along the [110] crystal axis (labeled as ’parallel’ in the left chart of

Fig. 9.16), nine a polarization along the [1̄10] crystal axis (labeled as ’orthogonal’ in the

left chart of Fig. 9.16), and 15 exhibit a polarization switch. Thus, the polarization of the

grating relief VCSELs is much more stable than that of the pure relief and the reference

VCSELs despite the large crystal defects on wafer F and despite the orientation of the

grating grooves along both main crystal axes.

Since the VCSELs with an active diameter of 3.5µm are almost single-mode just due to

their small active diameter, only VCSELs with an active diameter of 4.5µm are included

in the analysis of the achieved maximum single-mode output power in the right chart of

Fig. 9.16. The observed increase of the maximum single-mode output power induced by the

grating relief is somewhat smaller but still comparable to the increase observed in Sect. 9.5

for the 850-nm grating relief VCSELs. However, the wafer with the 760-nm VCSEL has a

layer structure better suited for single-mode emission than the commercially grown wafer

utilized for the 850-nm grating relief VCSELs in Sect. 9.5. Thus, even the average single-

mode output power of the reference VCSELs is 1.1mW on wafer F and therefore higher

than the maximum single-mode output power of a VCSEL with an emission wavelength

around 760 nm reported previously [205]. With a grating relief, the averaged maximum

single-mode output power is boosted above 2 mW independent of the grating parameters.

For a grating period of 0.8µm and a DC of 50 %, the averaged maximum single-mode

output power is even as high as 2.6mW and thus higher than that of the pure relief

VCSELs. This is due to a smaller reflectivity of the grating relief compared to the pure relief

and therefore due to an on average higher differential quantum efficiency (0.39 compared

to 0.31) combined with an on average only slightly increased threshold current (0.55mA

compared to 0.45mA) and an on average somewhat larger single-mode current range

(5.1mA compared to 4.6mA).

The VCSELs with a grating relief on wafer F with an emission wavelength of about 760 nm
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Figure 9.16: Distribution of the orientation of the polarization (left) and the average as

well as the highest and the smallest maximum single-mode output power (right) found for

the different surface modifications. All VCSELs possess an emission wavelength between

750 and 790 nm. The active diameters of the VCSELs in the left chart are 3.5 and 4.5µm,

while only VCSELs with an active diameter of 4.5µm are considered in the right graph.

The grating relief as well as the pure relief diameter is 3µm. The grating periods are 0.7

and 0.8µm and the DCs 30 and 50 %. According to the definition of the DC in Sect. 3.4,

a grating with a DC of 30 % has smaller grating ridges than grating grooves.

show a performance comparable to the VCSELs with a grating relief on wafer E with an

emission wavelength of 850 nm. Thus, the results obtained for the grating relief VCSELs on

wafer E are confirmed and grating reliefs have proven to be perfectly suitable for combined

mode and polarization control of VCSELs.
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Chapter 10

Summary and Conclusion

Vertical-cavity surface-emitting lasers (VCSELs) with a fully polarization-stable electro-

magnetic emission combined with a high overall performance are presented in this thesis.

By monolithically integrating a semiconductor surface grating into the topmost layer of

the upper Bragg mirror of a VCSEL, a polarization-dependent reflectivity of this mirror

is achieved which defines a specific polarization in a very reliable manner. This concept of

surface gratings for polarization control of VCSELs has been highly successful as pointed

out in the following summary.

A variety of different physical effects influences the polarization of conventional VCSELs.

The strength and the relevance of these physical effects differ from laser to laser, but none

of these effects overrules all others in standard VCSELs, since the gain and the cavity

of VCSELs grown on standard (001) substrates are virtually isotropic with respect to

the properties influencing the polarization. While the polarization of a VCSEL mode is

linear in a first approximation, the orientation of the polarization is a priori unknown

and differs from mode to mode and from laser to laser. In most cases, it is oriented along

the [110] or along the [1̄10] crystal axis due to the electro-optic effect present in common

VCSELs. However, the orientation of the polarization of a VCSEL mode can abruptly

change from one of these two main crystal axes to the other. Such a change is called a

polarization switch, which can occur due to a variety of different reasons as discussed in

Chap. 2. Some polarization switches are caused by a thermally induced wavelength shift

of the gain spectra with respect to the cavity resonance; other polarization switches can

only be explained by taking the spin sub-levels of the conduction and valence band of the

active quantum wells into account.

Due to the large number of physical effects influencing the selection of the dominant polar-

ization in VCSELs, it is not possible to address them individually to achieve a well-defined

and stable polarization. Instead, a polarization-selecting mechanism strong enough to over-

rule all other effects is needed. Such a polarization-selecting mechanism is realized in this

thesis by monolithically integrating a surface grating into the topmost layer of the up-

per Bragg mirror of a VCSEL. The thereby introduced polarization-dependent reflectivity
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of the upper Bragg mirror of a grating VCSEL gives rise to a polarization-anisotropic

resonator. This concept is presented in Sect. 3.1.

The major difficulty in designing a surface grating for polarization-control of VCSELs

arises from the fact that the incident modes on the grating are not plane waves, but

a complicated superposition of TE and TM modes. Additionally, the grating is part of

a Bragg mirror and of a resonator. Thus, its reflectivity, which differs for the different

parts of the incident light, in turn determines the composition and the distribution of

the light which impinges on the grating. Consequently, the grating can only be designed

with a theoretical model, which can simulate a complete VCSEL structure in a fully

vectorial, three-dimensional manner. The only model worldwide which is currently capable

of performing such simulations was developed by Pierluigi Debernardi and Gian Paolo Bava

in 2001 and is presented in Sect. 3.2. This VCSEL ELectroMagnetics (VELM) model is

used for all simulations presented in this thesis. In its present form, the model is a pure

electromagnetic one, describing only the cold cavity. From the simulations, one obtains

the field distributions of the different polarization modes supported by the structure, their

emission wavelengths, and their cavity losses. The latter ones are directly proportional to

the threshold gains of the polarization modes. The difference between the threshold gains

of the two polarization modes with identical transverse mode order is called dichroism and

quantifies the strength of the polarization control.

At the beginning of the research on grating VCSELs, the simulations performed with

the VELM model predicted a vanishing dichroism for grating periods smaller than the

emission wavelength of the VCSELs. After refuting this experimentally, the VELM model

was updated. While there is still a minor quantitative deviation between the predictions

of the simulations and the experimental results concerning the grating depth, all general

trends and the main physical effects of the grating VCSELs are now well predicted and

described by the VELM model. The updated version of the model is used in Sects. 3.3 and

3.4 to study the basic parameters of the grating design. One of the most important results

in these sections, which is supported by experiments as well, is the fact that all important

grating parameters are proportional to the emission wavelength of the VCSEL. Thus, if a

surface grating design shall be transferred to a VCSEL structure with a different emission

wavelength, all parameters of the surface grating design like grating depth and grating

period need just to be scaled according to the change in the emission wavelength.

Grating periods of about 1µm can still be fabricated with standard optical contact litho-

graphy as demonstrated in App.B. However, diffraction is observed in the far-field of

grating VCSELs with grating periods larger than the emission wavelength of the VCSEL,

but not with grating periods smaller than the emission wavelength. Thus, grating periods

smaller than the emission wavelength of the VCSEL are more favorable. Since VCSELs

with emission wavelengths down to 750 nm are investigated in this thesis, these grating pe-

riods can no longer be manufactured by standard optical contact lithography and therefore

electron beam lithography is used. The specific challenges of electron beam lithography in

the fabrication of surface gratings as well as of the wet-chemical and dry etching processes
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utilized to manufacture the surface gratings with a highly precise grating depth are dis-

cussed in Chap. 4 together with the integration of the grating process into the complete

VCSEL fabrication sequence. A peculiarity of the applied etching processes arises from

the requirement to fabricate several grating depths in one process step on a single wafer

to make the comparison of different grating parameters as reliable as possible.

The extremely successful polarization control of single-mode and multimode VCSELs with

a monolithically integrated surface grating is demonstrated in Chap. 5. These grating VC-

SELs offer a high orthogonal polarization suppression ratio (OPSR), which can exceed

20 dB, and a large peak-to-peak difference between the two polarizations in the spectra,

which can surpass 30 dB. The output power of fully polarization-stable multimode VC-

SELs is larger than 10 mW as needed for polarization-division multiplexing in free space

data communication. A detailed study of the polarization control and of the overall per-

formance of grating VCSELs on the grating period and on the grating depth is presented

in Chap. 5. While the threshold current of this first generation grating VCSELs peaks at

grating depths around λ/4, the differential quantum efficiency and the maximum output

power decrease with increasing grating depth and increasing grating period. This is related

to the diffraction observed in the far-field of grating VCSELs with grating periods larger

than the emission wavelength. However, even VCSELs with grating periods smaller than

the emission wavelength and with a therefore diffraction-free far-field exhibit a reduced

performance. This is due to the diffraction from a sub-wavelength grating backwards to

the substrate as shown in simulations in Sect. 5.7.

As a possibility to overcome these diffraction losses, very shallow surface gratings with an

increased duty cycle are proposed and demonstrated in Sect. 5.8. However, direct measure-

ments of the dichroism performed later and presented in Chap. 7 reveal that these shallow

surface gratings provide a too small dichroism for a reliable polarization control under

challenging conditions. Additionally, the extinction of the suppressed polarization modes

with very high transverse mode order can decrease in such very shallow surface gratings

with increased duty cycle. Both problems do not occur in grating VCSELs with larger

grating depths. All 1374 grating VCSELs with a grating depth of 76 nm on the wafer

presented in Sect. 5.5 possess a stable polarization parallel to the grating grooves. The

OPSR of these VCSELs is found to be virtually constant for all active diameters, which

are varied between 3 and 23µm on that wafer. Therefore, the OPSR is to a certain extent

the same for single-mode as well as for highly multimode grating VCSELs. The achieved

yield clearly demonstrates the capability of surface gratings to be used in an industrial

production process.

Besides a change of the drive current, the main macroscopic reasons for polarization switch-

es and fluctuations are a modified substrate temperature, optical feedback, and strain.

Grating VCSELs are tested under these challenging conditions in Sects. 6.1, 6.2, and 6.3.

Neither a strong variation of the substrate temperature nor strain nor optical feedback with

a strength as it can be expected in typical applications is found to destabilize the polar-

ization of grating VCSELs. In all previous approaches for polarization control of VCSELs,

179



CHAPTER 10. SUMMARY AND CONCLUSION

the extinction of the suppressed polarization decreased under high-frequency modulation

or during the relaxation oscillation after an abrupt turn-on of the laser. In contrast to that,

grating VCSELs remain fully polarization-stable during all kinds of dynamic measurements

conducted in Sect. 6.4. In data communication, these polarization-stable VCSELs enable

the use of the polarization as an additional degree of freedom for polarization-division

multiplexing over polarization-maintaining media like air as demonstrated in Sect. 6.5.

Since also standard single-mode VCSELs without any special method for polarization

control can exhibit a stable polarization under certain conditions, it is difficult to prove

that a single-mode VCSEL is polarization-stable due to a specific applied method for

polarization control. This fact has been neglected in most publications on polarization-

stable VCSELs up to now. The probability that at least one VCSEL out of 100 standard

single-mode VCSELs on one wafer shows a stable polarization under fixed test conditions is

virtually one. Consequently, the report of a single polarization-stable VCSEL tells nothing

about the effectiveness of a specific method for polarization control. Therefore, statistics of

all VCSELs manufactured on the different wafers are presented in this thesis to give a more

reliable evidence of the polarization control induced by a surface grating. However, even

such statistics provide no information about the dichroism, which quantifies the strength

of the achieved polarization control. As discussed in Chap. 7, the modal linear dichroism is

proportional to the difference between the linewidths of the two polarization modes with

identical transverse mode order measured below or close to the threshold of the respective

VCSEL. The linear modal dichroism in polarization-stable VCSELs is determined in this

thesis for the first time by measuring these linewidths with a Fabry-Perot spectrometer as

discussed in Chap. 7. While a VCSEL is expected to be polarization-stable with a modal

linear dichroism of 5 cm−1, the dichroism found in grating VCSELs exceeds 20 cm−1. This

underlines the unrivaled strength of the polarization control induced in VCSELs by a

properly designed surface grating.

The tendency of surface gratings to introduce losses due to diffraction is a potential draw-

back of surface grating VCSELs. Fortunately, an optimized longitudinal position of the

surface grating in the optical standing wave of the VCSEL resonator reduces the diffrac-

tion losses induced by the grating significantly, even for grating periods larger than the

emission wavelength of the VCSEL. Since the optimized longitudinal position is reached

with an increase of the cap layer thickness by λ/4, this type of surface grating is called

’inverted grating’ as explained in detail in Chap. 8.

The demand for polarization-stable single-mode VCSELs exceeds the one for polarization-

stable multimode VCSELs. Consequently, a technique for combined mode and polarization

control is highly desirable. With the inverted grating relief presented in Chap. 9, a highly

efficient, reliable, and easily manufacturable technique is developed and demonstrated,

which satisfies the demand for combined mode and polarization control. Using this grating

relief technique, VCSELs with record-high single-mode output powers exceeding 2.5mW

at an emission wavelength of 760 nm are presented in Chap. 9. This corresponds to an

increase of the single-mode output power by a factor of 2.5 compared to VCSELs reported
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previously in this wavelength range. The emission wavelength of these inverted grating

relief VCSELs can be tuned by temperature and current over several nanometers without

any polarization fluctuations.

Concluding, surface gratings have proven to be the method of choice for polarization

control of single- as well as multimode VCSELs. This is emphasized by the experimental

highlights of this thesis which are summarized in the following list:

• first polarization-stable surface grating VCSELs,

• highest ever reported OPSR: 26 dB (Sect. 9.7),

• highest ever reported spectral peak-to-peak suppression of the orthogonal polariza-

tion: 37 dB (Sect. 6.4),

• highest ever reported output power of a polarization-stable VCSEL: more than 10 mW

(Sect. 5.8),

• highest ever reported single-mode output power of a polarization-stable VCSEL:

4.2mW (Sect. 6.3 - this record is meanwhile equaled [188]),

• highest ever reported single-mode output power of a VCSEL with an emission wave-

length around 760 nm: 2.6mW (Sect. 9.7),

• highest ever reported linear dichroism in VCSELs: larger than 20 cm−1 (Sect. 7.4),

• first polarization-stable VCSELs whose OPSR does not decay under high-frequency

modulation, not even during the relaxation oscillations (Sect. 6.4),

• first proof of polarization control under optical feedback and strain (Sect. 6.2 and 6.3),

• highest ever reported quantity and yield of polarization-stable VCSELs on one wafer:

1374 out of 1374 VCSELs have a common and stable polarization (Sect. 5.5).

The research performed for this thesis has initiated various activities on surface grating

VCSELs at academic as well as commercial institutions. Surface gratings are about to

be integrated into commercial VCSELs. Only some minor design optimizations as well

as final tests and qualifications have to be done for that. Thus, this thesis provides the

hopefully comprehensive and conclusive basis for the successful and prompt development

of an industrial product out of an academic idea.
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Appendix A

Layer Structure and Expansion

Modes Used in the Simulations

The following VCSEL layer structure is used in the simulations presented in this thesis, if

not otherwise stated.

repetition layer thickness (nm) material Al-concentration comments

1 120 GaAs 0 cap layer

1 49 AlGaAs 0.2

upper Bragg mirror

21 20 AlGaAs 0.2 to 0.9

21 50 AlGaAs 0.9

21 20 AlGaAs 0.9 to 0.2

21 41 AlGaAs 0.2

1 20 AlGaAs 0.2 to 0.9

1 50 AlGaAs 0.9

1 20 AlGaAs 0.9 to 0.2

1 22 AlGaAs 0.2

1 6 AlGaAs 0.2 to 0.5

1 10 AlGaAs 0.5

1 30 AlAs/Al2O3 oxide aperture

1 89 AlGaAs 0.5

inner cavity

1 25 AlGaAs 0.5 to 0.2

1 43 AlGaAs 0.2

2 7 GaAs 0

2 8 AlGaAs 0.2

1 7 GaAs 0

1 43 AlGaAs 0.2

1 25 AlGaAs 0.2 to 0.5

1 39 AlGaAs 0.5
...

...
...

...
...
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repetition layer thickness (nm) material Al-concentration comments

1 10 AlGaAs 0.5 to 0.9

lower Bragg mirror

1 41 AlGaAs 0.9

1 20 AlGaAs 0.9 to 0.2

37 50 AlGaAs 0.2

37 20 AlGaAs 0.2 to 0.9

37 41 AlGaAs 0.9

37 20 AlGaAs 0.9 to 0.2

1 100 GaAs 0.0 buffer

The expansion modes used in the VELM model are based on [171] and stated in the

following table.

TE mode TM mode

Ex Jm+2(ktρ) fm+2(φ) + Jm(ktρ) fm(φ) Jm+2(ktρ) fm+2(φ) − Jm(ktρ) fm(φ)

Ey −Jm+2(ktρ) gm+2(φ) + Jm(ktρ) gm(φ) −Jm+2(ktρ) gm+2(φ) − Jm(ktρ) gm(φ)

Ez 0 2ikt

β Jm+1(ktρ)fm+1(φ)

Jm indicates a Bessel function of the first kind of order m. fm(φ) and gm(φ) are either

cos(mφ) and − sin(mφ), respectively, or sin(mφ) and cos(mφ), respectively, to account for

the different angular dependencies of the laser modes. kt is the magnitude of the transverse

wavevector and β the propagation constant of the respective expansion mode. ρ and φ are

the radial and angular coordinate, respectively.
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Appendix B

Optical Contact Lithography of

Gratings

Among the various methods for optical lithography, contact printing is the one most fre-

quently used in VCSEL fabrication. Contact printing offers a sufficient resolution for the

processing of standard VCSELs at reasonable prices for aligner and masks. The minimum

period of a grating Λmin with equal widths of ridges and grooves manufacturable with

contact lithography can be estimated by [179]

Λmin = 3
√

λ0(dmr + 0.5dr) . (B.1)

λ0 is the illumination wavelength of the utilized aligner, dmr the gap between the mask

and the photoresist surface, and dr the thickness of the photoresist. Consequently, one

needs a short illumination wavelength, a thin resist, and a minimum distance between

resist and mask for small grating periods. The illumination wavelength is given and fixed

by the available mask aligner. For the research performed for the present thesis, this is

a mask aligner1 using the i-line of a mercury-vapor lamp at 365 nm. Assuming a typical

resist thickness of 1 µm, one can expect a minimum grating period of 2.2µm, if the gap

between the photoresist surface and the mask is also 1 µm, and 1.3µm, if the mask is in

direct contact with the resist.

For process development, a mask with a test pattern is used. This pattern consists of

four fields, each filled with 10 grating grooves. Two orientations of the grating grooves are

included. Between the fields, the pattern contains a large cross with the same width as

the grating grooves. Every test pattern has a different groove width. The DC is always

50 %. A high resolution photoresist2 is spin-coated on the wafer as recommended by the

manufacturer with 4000 rev/min. This leads to a resist thickness of approximately 1µm.

The first results are shown in Fig. B.1 for a grating period of 2µm (left) and a grating

period of 1.6µm (right). In the case of the larger grating period, all ten grooves of the

mask pattern are transferred well into the resist, while for the smaller grating period, only

nine instead of ten grooves are present.

1SUSS MicroTec AG, model: MJB3
2AZ Electronic Materials, product: AZ MiR 701
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20 µm

Figure B.1: Optical micrographs of photoresist exposed and developed using a test pattern

with a grating period of 2µm (left) and 1.6µm (right).

Simulations of the field distribution in various distances from the mask [175] show that

the different numbers of grooves on the mask and in the resist result from a gap between

the photoresist surface and the mask. The reason for this gap is the superelevation of the

photoresist at the edge of the wafer as evident from the resist profile measured with a

surface profiler3 shown in the left graph of Fig. B.2. This superelevation can be removed

as shown in the right graph of Fig. B.2, if the resist close to the wafer edge is exposed and

developed before the grating pattern is exposed.

Figure B.2: Height measurements with a surface profiler close to the edge of the wafer

after just spin-coating the resist (left) and after an additional exposure and development

of the resist close to the wafer edge (right).

Besides removing the superelevation of the photoresist, its thickness has to be reduced for

further improvements of the resolution to make grating periods close to the emission wave-

length of 850-nm VCSELs feasible. This can be achieved by increasing the rotation speed

when spin-coating the resist on top of the wafer or by adding some additional solvent to the

resist for a lower viscosity. Unfortunately, the latter approach results in an inhomogeneous

wetting of the wafer with the resist. However, increasing the rotation speed from 4000

to 9000 rev/min yields a thinner resist thickness of approximately 0.8µm. Avoiding the

gap between photoresist surface and mask and using the smaller resist thickness, grating

3KLA-Tencor Corp., model: alpha-step
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10 µm

Figure B.3: Optical micrographs of photoresist with reduced thickness and removed su-

perelevation exposed and developed using a test pattern with a grating period of 1µm

(left) and 0.8µm (right).

periods of 1µm and even 0.8µm are realized as shown in Fig. B.3.

The realized grating period of 0.8µm is smaller than the estimated minimum grating period

of 1.1µm for a resist thickness of 0.8µm according to Eqn.B.1. However, the estimation

in Eqn.B.1 does not include the significant improvement of the resist quality achieved

recently. The difference in illumination energy between an insufficiently and fully exposed

resist has been decreased strongly. This results in a much steeper resist characteristic and

enables a higher resolution. In Fig. B.4, a cross-section of a resist with a grating structure

with a grating period of 0.8µm can be seen in a scanning electron micrograph. The grating

ridges and grating grooves are fully exposed and developed with a satisfactory steepness,

but the grating DC in the resist is smaller than on the mask. This reduction of the DC

in the process has to be accounted for in the mask design. The final process for optical

contact printing lithography of gratings is stated in detail in App.C.

430 nm

370 nm

Figure B.4: Scanning electron micrograph of a developed resist with a grating period of

0.8µm exposed by optical contact lithography.

Results Achieved With Optical Contact Lithography

As mentioned previously, it turned out during the research performed for this thesis that

grating periods smaller than the emission wavelength of the VCSELs are more favorable

than grating periods larger than the emission wavelength. Therefore, the surface grating
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of all VCSELs presented in this thesis up to now are fabricated with electron beam litho-

graphy. However, also larger grating periods fabricated by optical contact lithography

can successfully control the polarization of VCSELs as shall be demonstrated here by an

example. The PR-LIV characteristics of a surface grating VCSEL from wafer G with an

active diameter of 6 µm, a grating period of 1µm, a grating depth of 32 nm, and a DC

of 50% is shown on the left side of Fig. B.5. The grating grooves are oriented along the

[1̄10] crystal axis and the emission wavelength of the laser is 932 nm. The somewhat limited

performance of this VCSEL is due to epitaxial problems, but the polarization control works

very well as can be seen especially in comparison to the VCSEL without a grating on the

right side of Fig. B.5. This standard VCSEL is located on the same wafer adjacent to the

grating VCSEL presented on the left side of Fig. B.5 and is nominally identical, except

for the missing grating. Both VCSELs are highly multimode with nine modes lasing at

thermal rollover. Nevertheless, the surface grating defines and stabilizes the polarization

of all modes orthogonal to the grating grooves.

Figure B.5: PR-LIV characteristics of a surface grating VCSEL with an active diameter

of 6µm (left) as well as a nominally identical and adjacent VCSEL without a grating

(right). The emission wavelength of both lasers is 932 nm with nine modes lasing at thermal

rollover. The grating period is 1µm, the grating depth 32 nm, and the DC 50 %. These

VCSELs are located on wafer G.
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Details of Technological Processes

The fabrication process of surface grating VCSELs is similar to the process of surface relief

VCSELs, which is documented in [195]. Therefore, also most of the lithographic masks of

one of the two masks sets employed for the processing of the wafers presented in this thesis

are the same as the ones used for the process of the surface relief VCSELs. The second

lithographic mask set is quite similar, but the mesa diameter on the second mask set is

varied in steps of only 1µm for a better tuning of the ratio between the diameters of the

oxide aperture and the grating relief. Details on the latter mask set can be found in [208].

The novel processes developed during the research performed for this thesis for the optical

contact lithography, the electron beam lithography, and the wet-chemical etching of the

grating are specified in the following in detail. Additional information can be found in [175].

The process used for the reactive ion etching of the grating cannot be described here at

length, since it is intellectual property of U-L-M photonics GmbH.

Optical Contact Printing Lithography of Grating Structures

(a) Spin coat the resist (AZ r©MiR701) on the wafer starting with 500 rev/min for 4 s,

then accelerate with 600000 rev/min2 up to 2000 rev/min and rotate at this speed

for 2 s, then accelerate again up to 9000 rev/min and rotate at this speed for 70 s.

(b) Softbake the wafer at 90◦C for 1 min.

(c) Cover the central part of the wafer, which shows no superelevation of the resist, with

an aluminum folie and expose the wafer for 3 min with 12 mW/cm2.

(d) Dip the wafer for 5 s in developer (AZ r©726MiF) and dry the wafer for 10 min at air.

(e) Expose the resist for 15 s with 12 mW/cm2 using the mask with the grating pattern.

(f) Postbake the wafer at 110◦C for 1 min.

(g) Dip the wafer for 18 s in developer (AZ r©726MiF).
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Electron Beam Lithography of Grating Structures

(a) Draw the grating grooves on the mask 40 nm smaller than their nominally intended

width.

(b) Spin coat the electron beam resist (AR-P 679.04 manufactured by ALLRESIST

GmbH) on the wafer for 60 s at 4500 rev/min. This results in a resist thickness of

approximately 300 nm. The resist AR-P 679.04 consists of polymethyl methacrylate

(PMMA) with a molecular weight of 950k solved in ethyl lactate. The solid contents

are 4 %.

(c) Softbake the wafer at 180◦C for 5 min.

(d) Expose the resist with a dose of 440µC/cm2 using an acceleration voltage of 50 kV.

The dose stated here is only an average value which has to be modified taking into

account the respective grating pattern.

(e) Develop the resist for 115 s in a solution of methyl isobutyl ketone and isopropanol

with a ratio of 1:3.

(f) Postbake the wafer at 110◦C for 2.5min.

The above stated lithographic process is intended for dry etching of the grating. If the

grating shall be wet-chemically etched, the resist thickness can be decreased by 100 nm

using a resist with only 3.2% instead of 4 % solid contents. Consequently, also the dose

has to be reduced by 40µC/cm2.

Etching of Grating Structures With Citric Acid

(a) Dissolve monohydrated citric acid (C6H8O7 ·H2O) in deionized water at a ratio of

1 g citric acid to 1 ml water. Stir the solution for several hours to ensure a complete

dissolution.

(b) Mix 30 portion in volume of the citric acid solution with 1 portion in volume of a

solution of 33% hydrogen peroxide in water. The etch rate of the final solution of

citric acid and hydrogen peroxide depends on the time which has passed since they

were mixed. Therefore, this mixture has to be prepared for every wafer at a well

defined time before etching.

(c) Apply an oxygen plasma for 2 min (10 % O2, 0.1Torr, 100 W RF power) to ensure a

complete wetting also of smaller grating structures.

(d) Dip the wafer for 15 s in a solution of 16 % hydrochloric acid to remove all oxides

on the surface. In this way, well-defined starting conditions for the etching can be

guaranteed.

(e) Dip the wafer into the etching solution. Stir slowly during etching.

(f) After etching, rinse wafer in deionized water for 60 s and blow dry with nitrogen.
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Investigated Wafers

The main information concerning epitaxy and processing of the wafers investigated in this

thesis are summarized in this appendix. Several more wafers with surface gratings were

processed during the research on which this thesis is based. Full polarization control has

been achieved on all wafers. However, not all wafers are presented in this thesis for lack of

space and to avoid redundant information.

The effect and the performance of a surface grating do not depend on the VCSEL layer

structure in so far that the only design criteria for surface gratings are their longitudinal

position in the standing wave of the VCSEL resonator, their grating parameters like period

and depth which scale with the emission wavelength of the laser, and the material of the

grating ridges which is always GaAs in the case of the wafers presented here. The actual

layer structures of the wafers are not given at length in the following, since, first, they are

of minor or no importance in this thesis and, second, the wafers of four of the seven wafers

presented here were grown by U-L-M photonics GmbH and Infineon Technologies AG and

therefore these layer structures are the intellectual property of the respective company.

If possible, a reference is given in the following for the individual wafers, in which more

information on the epitaxial structure can be found.

The wafers are listed in the following according to the sequence they are discussed in this

thesis. The epitaxy of the wafers grown at Ulm University was done by Fernando Rinaldi

and Matthias Golling. All wafers, except the one with an emission wavelength of about

760 nm, were grown before the start of the research on grating VCSELs or were taken out

of a commercial production line for standard VCSELs. All of the wafers are therefore based

on common oxide-confined VCSEL structures. This emphasizes again that no special layer

structure is needed to achieve a full polarization control by using a surface grating. The

electron beam lithography of all wafers was done by Yakiv Men at Ulm University. Besides

the author of this thesis himself, Christof Jalics at Ulm University and U-L-M photonics

GmbH contributed to the processing of the wafers.
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Wafer A - presented in Chap. 5, 6

Epitaxy and Layer Structure

grown at Ulm University (wafer ID H143/00)

grown with solid-source molecular beam epitaxy (Riber MBE32 system)

emission wavelength 900 – 980 nm due to layer thickness variations

mirrors 32 Bragg pairs in bottom mirror and 20 in top mirror

active medium three InGaAs quantum wells

extra λ/4-layer no

the detailed layer structure can be found in [195]

Processing / Grating Parameters

processed at Ulm University

active diameters 2 – 5 µm

lithography of grating electron beam lithography

etching of grating wet-chemical etching with diluted citric acid

grating periods 0.7, 0.8, 0.9, 0.95, 1.0, 1.05, 1.1, 1.2, 1.3µm

grating depths 16, 30, 42, 57, 69, 86 nm

grating diameter between 3.1 µm and inner diameter of ring contact

grating DC 50 %

contacts bondpads for p-contacts on top, n-contact on backside

Wafer B - presented in Chap. 5, 6, 7

Epitaxy and Layer Structure

grown at U-L-M photonics GmbH (wafer ID 00000-234AS3)

grown with solid-source molecular beam epitaxy (Riber MBE49 system)

emission wavelength 860 nm

mirrors 37 Bragg pairs in bottom mirror and 21 in top mirror

active medium three GaAs quantum wells

extra λ/4-layer no

Processing / Grating Parameters

processed at Ulm University

active diameters 7 – 18 µm

lithography of grating electron beam lithography

etching of grating wet-chemical etching with diluted citric acid

grating periods 1.0µm

grating depths 22, 35, 46, 60, 78 nm

grating diameter inner diameter of ring contact

grating DC 50 – 65 %

contacts bondpads for p-contacts on top, n-contact on backside
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Wafer C - presented in Chap. 5, 6

Epitaxy and Layer Structure

grown at U-L-M photonics GmbH (wafer ID 00000-234AS4)

grown with solid-source molecular beam epitaxy (Riber MBE49 system)

emission wavelength 860 nm

mirrors 37 Bragg pairs in bottom mirror and 21 in top mirror

active medium three GaAs quantum wells

extra λ/4-layer no

Processing / Grating Parameters

processed at Ulm University / U-L-M photonics GmbH

active diameters 3 – 7 µm

lithography of grating electron beam lithography

etching of grating wet-chemical etching with diluted citric acid

grating periods 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.05, 1.1, 1.15, 1.2µm

grating depths 17, 25, 30, 36, 41, 48, 51, 58, 65, 70, 76, 84 nm

grating diameter inner diameter of ring contact

grating DC 50 %

contacts ground-signal-ground on the top side

Wafer D - presented in Chap. 5

Epitaxy and Layer Structure

grown at U-L-M photonics GmbH (wafer ID 00000-236DS4)

grown with solid-source molecular beam epitaxy (Riber MBE49 system)

emission wavelength 850 nm

mirrors 37 Bragg pairs in bottom mirror and 21 in top mirror

active medium three GaAs quantum wells

extra λ/4-layer no

Processing / Grating Parameters

processed at Ulm University / U-L-M photonics GmbH

active diameters 3 – 23 µm

lithography of grating electron beam lithography

etching of grating reactive ion etching

grating periods 0.7, 0.8, 0.9, 1.0µm

grating depths 27, 52, 76 nm

grating diameter inner diameter of ring contact

grating DC 50 %

contacts ground-signal-ground on the top side

193



APPENDIX D. INVESTIGATED WAFERS

Wafer E - presented in Chap. 8, 9

Epitaxy and Layer Structure

grown at Infineon Technologies AG (wafer ID E2874)

grown with metal-organic chemical vapor phase epitaxy

emission wavelength 850 nm

mirrors 34 Bragg pairs in bottom mirror and 27 in top mirror

active medium three GaAs quantum wells

extra λ/4-layer yes

Processing / Grating Parameters

processed at Ulm University

active diameters 2 – 14 µm

lithography of grating electron beam lithography

etching of grating wet-chemical etching with diluted citric acid

grating periods 0.5, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1.0, 1.1, 1.2µm

grating depths 35, 52, 70, 90, 105 nm

grating diameter between 3 µm and inner diameter of ring contact

grating DC 50 %

contacts bondpads for p-contacts on top, n-contact on backside

Wafer F - presented in Chap. 9

Epitaxy and Layer Structure

grown at Ulm University (wafer ID M04027)

grown with solid-source molecular beam epitaxy (Riber MBE32 system)

emission wavelength 715 – 800 nm due to layer thickness variations

mirrors 41 Bragg pairs in bottom mirror and 28 in top mirror

active medium three AlGaAs quantum wells

extra λ/4-layer yes

more information on the epitaxial structure can be found in [207]

Processing / Grating Parameters

processed at Ulm University

active diameters 1 – 9 µm

lithography of grating optical contact lithography

etching of grating wet-chemical etching with diluted citric acid

grating periods 0.7, 0.8µm

grating depths 34, 44, 53, 64, 74 nm

grating diameter 3 µm and inner diameter of p-contact ring

grating DC 50, 30 %

contacts bondpads for p-contacts on top, n-contact on backside
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Wafer G - presented in App.B

Epitaxy and Layer Structure

grown at Ulm University (wafer ID H131/00)

grown with solid-source molecular beam epitaxy (Riber MBE32 system)

emission wavelength 900 – 980 nm due to layer thickness variations

mirrors 32 Bragg pairs in bottom mirror and 20 in top mirror

active medium three InGaAs quantum wells

extra λ/4-layer no

the layer structure of this wafer is very similar to wafer H135/00 presented in [195]

Processing / Grating Parameters

processed at Ulm University

active diameters 2 – 13 µm

lithography of grating optical contact lithography

etching of grating wet-chemical etching with diluted citric acid

grating periods 0.8, 0.9, 1.0, 1.1, 1.2, 1.3µm

grating depths 16, 25, 35 nm

grating diameter inner diameter of p-contact ring

grating DC 50 %

contacts bondpads for p-contacts on top, n-contact on backside
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Appendix E

Index of Mathematical Symbols

In this thesis a vector is denoted by −→a , a unit vector by â, a matrix by ←→a , a complex

conjugated quantity by a∗, the real part of a complex quantity by <{a}, the imaginary

part of a complex quantity by ={a}, and the magnitude of the vector −→a by a. Whether

a symbol is stated in the following list as a scalar, a vector, or a matrix is defined by the

usage of the symbol in this thesis.

−→
A vector of expansion coefficients aµ

a± complex perturbation of the field amplitude

aN real perturbation of the population difference between conduction

and valence band

an real perturbation of the population difference between the two

optical transition channels in the spin-flip model

aµ expansion coefficient of mode µ

Cµ normalization constant of mode µ

c speed of light

c0 speed of light in vacuum

D thickness of the cap layer (topmost layer) of a VCSEL

Dnorm normalized electron beam diameter

d depth or thickness, for example of a grating

da thickness of one quantum film used as gain medium

dg sum of the thicknesses of all quantum films in a laser structure

used as gain medium

dmr distance between mask and resist when using optical contact

lithography

dr resist thickness
−→
E electric field

E+ / E− right- / left-circularly polarized electric field
−→
E static electric field
−→E electric field of the modes of a reference structure used for expan-

sion
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E0 incident electric field

Et transmitted electric field

Ekin kinetic energy

êx, êy, êz unit vectors along the [100], [010], and [001] crystal axes

êx′ , êy′ , êz′ unit vectors along the [110], [1̄10], and [001] crystal axes

F finesse of a Fabry-Perot resonator

fr relaxation oscillation frequency

G cold-cavity threshold modal power gain

gmat material power gain

gmod modal power gain
−→
H magnetic field
−→H magnetic field of the modes of a reference structure used for ex-

pansion

h Planck’s constant

i imaginary unit

J total angular momentum

Jz projection of the total angular momentum

j drive current normalized to threshold
−→
k wavevector

kr magnitude of the wavevector in the reference medium
−→
kt transverse wavevector

Kµ,ν coupling coefficient of modes µ and ν

L eigenvalue

L effective cavity length

l length or distance

MT transition matrix element

m integer

me electron rest mass

N integer number giving a quantity

Nc normalized population difference between conduction and valence

band

n̄ complex refractive index (n̄ = n − iκ)

n real part of the complex refractive index

nc normalized difference in the population inversion in the left- and

right-circularly polarized optical transitions in the spin-flip model

P[110] power in the polarization parallel to the [110] crystal axis

P[1̄10] power in the polarization parallel to the [1̄10] crystal axis

P|| power in the polarization parallel to the grating grooves

P⊥ power in the polarization orthogonal to the grating grooves

p̂e unit vector of the electron momentum

pijkl component i,j,k,l of the strain-optic tensor
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R intensity reflection coefficient

r amplitude reflection coefficient

rijk component i,j,k of the electro-optic tensor

T power transmission coefficient

T0 normalized maximum transmission of a Fabry-Perot resonator
←→
Tl propagation matrix of layer l

t amplitude transmission coefficient

Va acceleration voltage

vgr group velocity

w width of the grating ridges and the grating grooves in the case of

a grating with a duty cycle of 50 %

wridge width of grating ridge

wgroove width of grating groove

x, y, z coordinate system along the [100], [010], and [001] crystal axes

x′, y′, z′ coordinate system along the [110], [1̄10], and [001] crystal axes

α absorption coefficient (α = 4π
λ0

κ)

αL linewidth enhancement factor, also called Henry- or α-factor

β propagation constant

Γ reflection coefficient

γa amplitude anisotropy in the spin-flip model

γc decay rate of the total carrier number in the spin-flip model

γo decay rate of the (optical) electric field in the spin-flip model

γp phase anisotropy in the spin-flip model

γs spin-flip rate in the spin-flip model

∆ phase difference

∆D increase of the cap layer thickness starting from a normal structure

∆x deflection

ε dielectric constant (ε = εrε0)

ε0 dielectric constant of vacuum

ε strain

ηij component i,j of the optical impermeability tensor

θ angle of diffraction lobes

κ extinction coefficient (imaginary part of the complex refractive

index)

Λ grating period

Λmin smallest grating period manufacturable with optical contact

lithography

λ material wavelength

λ0 wavelength in vacuum

λ1 material wavelength in front of an interface

λ2 material wavelength behind an interface
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µ magnetic permeability (µ = µrµ0)

µ0 magnetic permeability of vacuum

ν frequency

ρ radius

σ̂ unit vector of the polarization

τext external cavity roundtrip delay time

φ angular coordinate in the cylindrical coordinate system

χ angle enclosed by the sidewalls of the grating ridges and the surface

of the wafer

ψ phase of an electromagnetic field

ω angular frequency
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Index of Abbreviations

AFM atomic force microscope

Al aluminum

AlGaAs aluminum gallium arsenide

AlInGaAs aluminum indium gallium arsenide

AR antireflection

BER bit error rate

CW continuous wave

DBR distributed Bragg reflector

DC duty cycle

EEL edge-emitting laser

FWHM full width at half maximum

GaAs gallium arsenide

HWHM half width at half maximum

InGaAs indium gallium arsenide

InP indium phosphide

LI light–current

LIV light–current–voltage

LP linearly polarized

MBE molecular beam epitaxy

MOVPE metalorganic vapor phase epitaxy

NA numerical aperture

OPSR orthogonal polarization suppression ratio

PRBS pseudo-random bit sequence

PR-LI polarization-resolved light–current

PR-LIV polarization-resolved light–current–voltage

QW quantum well

rev/min revolutions per minute

SEM scanning electron microscope

SMSR side-mode suppression ratio
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TDLAS tunable diode laser absorption spectroscopy

TE transverse electric

TM transverse magnetic

VCSEL vertical-cavity surface-emitting laser

VELM model VCSEL ELectroMagnetics model (see Sect.3.2)

VI voltage–current
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fundamental-mode output power exceeding 6 mW from VCSELs with a shallow

surface relief,” IEEE Photon. Technol. Lett., vol. 16, no. 2, pp. 368–370, 2004.

[16] A. Kroner, F. Rinaldi, J.M. Ostermann, and R. Michalzik, “High-performance sin-

gle fundamental mode AlGaAs VCSELs with mode-selective mirror reflectivities,”

Optics Communications, vol. 270, no. 2, pp. 332–335, 2007.
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09/82 - 09/86 elementary school in Öschingen, Germany
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