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Chapter 1

Introduction

The first experimental demonstration of a functioning laser by Theodore H. Mai-
man in 1960 [1] was often described as “a solution looking for a problem” [2]. In
the last 50 years, tremendous progress and efforts were made in the continuous
development of laser sources and their applications. In this day and age, semi-
conductor laser diodes are omnipresent and can be found in many applications
of our everyday life. Owing to their relatively simple epitaxial growth process,
the so-called edge-emitting lasers (EELs) were the first semiconductor laser de-
vices in the large-scale production. Here, the laser light propagates along the
grown semiconductor layers, thus the emission occurs at the cleaved edges of the
chip. Another concept of semiconductor laser diodes was proposed in 1977 by
Kenichi Iga from Tokyo Institute of Technology, in which the laser cavity is built
perpendicular to the epitaxial layers leading to the light emission normal to the
semiconductor surface [3] — a vertical-cavity surface-emitting laser (VCSEL) was
born.

VCSELs emitting at 850 nm wavelength have experienced a tremendous growth
in particular over the last decade. With approximately ten million diodes per
month they represent one of the largest volume of lasers produced. Among the
reasons for the massive deployment of VCSELs are attractive optical features
like light emission perpendicular to the wafer surface, allowing fabrication in
densely packed one- and two-dimensional arrays and — compared to common
edge-emitting semiconductor laser devices — offering easier packaging as well
as simplified device preselection during on-wafer testing. In addition to the very
low-cost manufacturability, VCSELs have always been “green photonic” devices
owing to low threshold currents and high efficiencies and thus low power con-
sumption. It is important to mention that a key to the success of 850 nm VCSELs
is the traditional AlGaAs/GaAs material system itself. There is nearly perfect
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2 CHAPTER 1 — INTRODUCTION

lattice-matching between AlGaAs and GaAs layers and their bandgap energies
and refractive indices are very favorable for electrical confinement in quantum
wells, optical confinement with Bragg reflectors and optical gain. These condi-
tions also allow the conception of still more complex devices as presented in this
thesis.

Further advances in VCSEL technology have enabled the integration with both
active and passive semiconductor elements [4]. One such example is the mono-
lithic integration with photodetectors, which can be used for monitoring the laser
output power [5], for an ultra-compact laser self-mixing interference sensor [6],
predominantly applied in computer mice, and for free-space optical intercon-
nects [7]. Such a low-cost device combination is also very suitable for disposable
applications such as biomedical fluorescence sensing [8–10].

1.1 VCSELs for Optical Communication

Favorable electro-optical properties like low threshold currents and operating
voltages, circular beam profiles and high modulation bandwidths are ideal for
VCSEL use in optical communications [4]. There has been a significant progress
in the development of high-speed VCSELs for medium- and short-reach com-
munication in the last decade [11]. For the long-wavelength range at ≈ 1300 nm
emission wavelength, InP-based VCSELs using a buried tunnel junction (BTJ) for
current confinement have reached a modulation bandwidth of 11GHz, which
enabled error-free data transmission over a 10 km long singlemode fiber (SMF)
at 12Gbit/s data rate [12]. At ≈ 1550 nm emission wavelength InP-based BTJ-
VCSELs have even shown a bandwidth of 17GHz and a bit rate of 25Gbit/s over
a 4.2 km long SMF [13]. Short wavelength communication VCSELs with an emis-
sionwavelength at 850 nm based onGaAs and using an oxide aperture for current
confinement are mostly deployed in short-reach communication networks using
multimode fibers (MMFs). Here, a modulation bandwidth of 23GHz and a data
transmission at 40Gbit/s in back-to-back (BTB) mode and 35Gbit/s over 100m
long MMF was demonstrated [14].

In a common optical link, the optical signal usually travels in a single direction
along the fiber. In order to exploit the bandwidth of the optical fiber more effi-
ciently, bidirectional transmission technologies over a single fiber have been con-
tinuously developed and established. Especially cost-sensitive short-haul links
profit from inexpensive components like VCSELs. In [15], the demonstration of a
hybridly integrated transceiver consisting of an 850nmVCSEL and a photodetec-
tor operating at 1.25Gbit/s over a wide temperature range can be attractive for,
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e.g., applications in the automotive sector. And in [16], the wavelength division
multiplexing (WDM) technique is achieved using 1310nm/1550nm Fabry-Pérot
laser diodes and an 850nm VCSEL-based transceiver in an asymmetric bidirec-
tional data transmission of video, audio, and control signals at 3.125Gbit/s over
a single MMF in order to extend the length of a common copper-based high def-
inition multimedia interface (HDMI) cable. Further reducing the cost of an op-
tical link, one can use the VCSEL as a dual-purpose device, namely, an efficient
laser source and a resonant-cavity-enhanced avalanche photodetector for 850 nm
wavelength [17–19]. Since it is switched between two operation modes, only half-
duplex operation at 1.25Gbit/s data rate over a 500m long 50µm core diameter
MMF could be demonstrated [19]. Full-duplex mode data transmission is only
possible for spatially separated single-purpose devices.

Monolithically integrated photodetectors can be realized by using only one epi-
taxial layer structure for VCSEL and resonant-cavity photodetector (RCPD) [20–
28]. However, all approaches based on resonant detection need device selec-
tion and temperature control at each fiber end in order to tune the very nar-
row spectral detection bands of RCPDs of around 1nm [19, 20], 3.5 nm [21], and
5.75 nm [22] at full-width at half-maximum (FWHM) in case of varying ambi-
ent conditions. At the expense of lower quantum efficiency of the RCPD and
more complex processing, the FWHM optical bandwidth could be increased up
to 7 nm [23–25]. The high cost and power consumption for the temperature sta-
bilization of such an optical link would be unacceptable for most applications.
Thus, the use of separate epitaxial layers for non-resonant detection is indispens-
able.

1.2 Previous Work

In the VCSEL group of the Institute of Optoelectronics the first approach to mono-
lithic VCSEL-based transceiver chips for short-haul data communication was the
integration with metal–semiconductor–metal (MSM) photodetectors [29–39], as
shown in Fig. 1.1. Their comparatively easy fabrication in a design for butt-
coupled 100 to 200µm diameter large-core MMFswith large fiber alignment toler-
ancesmakes such transceiver (TRx) chips suitable for inexpensive specialty short-
reach applications. Here, PIN photodiodes with the same size ofMSMPDswould
lead to larger parasitic capacitances and thus lower bandwidths [43]. For this rea-
son, first MSM photodetectors with 210µm diameter were employed for 1Gbit/s
half-duplex and 0.5Gbit/s full-duplex data transmission over a 50m long butt-
coupled 200µm core diameter semi-graded-index polymer-clad silica (semi-GI
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Figure 1.1: Photograph of a transceiver chip consisting of a VCSEL and a 110 µmdiameter
MSM PD. The VCSEL is integrated in the center of the photodetector in order to achieve
better fiber coupling. The dashed line indicates the optimum alignment of a MMF with
100 µm core diameter (from [40, 41]).

PCS) fiber [30]. Since those transceiver chips were capable to transmit 3Gbit/s
in back-to-back (BTB) mode [31, 32], the maximum data rate was predominantly
limited by the low bandwidth–distance product (B × L) of 40GHz×m of the
semi-GI PCS fiber. With an improved chip design, even 4Gbit/s BTB data trans-
mission was possible [33].

In a further miniaturization step, 1Gbit/s half-duplex operation was demon-
strated with 110µm TRx MSM PDs over a 100m long [34, 35] and 2.5Gbit/s full-
duplex over a 50m long [36] graded-index multimode fiber with 100µm core di-
ameter, thus exploiting the most from its B× L of 100GHz×m. Fibers with even
higher bandwidths are required for longer and higher-speed interconnects. Pur-
suing this goal, a 50 µm core diameter MMF of 500m length and a B× L of about
2GHz× km was used with similar 110µm MSM TRx chips as shown in Fig. 1.1
for data transmission of 1Gbit/s in both, half- and full-duplex mode [37], where
the size mismatch required very careful lateral and longitudinal alignment. Also
here, with an improved chip design, even data rates of 5Gbit/s were possible in
BTB mode [33]. The results are summarized in [36].

1.3 Present Work

In order to push the data rate further, the approach followed in this work aims
at a miniaturization of transceiver chips, thus ensuring the compatibility with
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Figure 1.2: Photograph of a transceiver chip consisting of a VCSEL and a 60 µm diameter
PIN PD. The VCSEL is positioned off-center with respect to the photodetector in order to
maximize the effective photodetecting area of the transceiver. The dashed line indicates
the alignment of a MMF with 50 µm core diameter (from [40–42]).

standard MMF with a core diameter of 50 µm offering higher B × L of about
4.7GHz× km for its latest generation (OM4 type). Since MSM photodiodes suf-
fer from relatively low responsivities of around 0.4A/W [36] and a higher optical
crosstalk owing to their interdigitated metal contact fingers that partially shadow
the detector area [44], the further downscaling of VCSEL–MSM TRx chips would
strongly decrease the effectively detected signal power. Therefore, the fraction
of optical crosstalk in bidirectional full-duplex operation would further increase.
Thus, for the next miniaturization step, better performance is expected by mov-
ing to PIN-type photodetectors. Both, their responsivity is sufficiently higher and
the amount of light reflected at metal contacts is minimized, which decreases the
relative optical crosstalk within the system. Additionally, the inherent PIN PD
capacitance is small enough for MMFs with 50 or 62.5 µm core diameters to allow
data rates in the 10Gbit/s range.

The first attempts of suchmonolithically integrated VCSEL–PINphotodiode com-
binations were reported in [45] and [46, 47]. However, in [45] the small-signal
3 dB-bandwidth of the presented PIN PD array is 2.3GHz and only static opera-
tion is reported in [46, 47]. Later experiments pursued the application of mono-
lithic VCSEL–PIN chips also for optical biosensing [8–10].

TheVCSEL–PINdevices presented in this thesis are especially designed and char-
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acterized for bidirectional half- and full-duplex data transmission via a single,
two-side butt-coupled standard MMF, avoiding the use of external optics and
saving space, weight, and module cost. Figure 1.2 shows the first generation of
the TRx chip with a 60 µm diameter PIN PD and a miniaturized laterally offset
VCSEL, maximizing the effective photodetecting area of such a transceiver con-
figuration.

The thesis is organized as follows. Chapter 2 shortly presents the theoretical as-
pects of the VCSEL in the first part and of the PIN photodiode in the second
part. Here, the theoretical description of both devices focuses especially on the
applications for optical data transmission. In Chap. 3, we discuss in detail the
epitaxial layer structures of the transceiver devices as well as the main fabrica-
tion steps. Chapter 4 gives deep insights into the electro-optical properties of the
VCSELs and PIN PDs. Both static as well as dynamic characteristics including
the extraction of modeled parasitics of the single devices are presented. Covering
also the electrical and optical crosstalk between the integrated devices as well as
the fiber alignment tolerances, this chapter includes the main part of the achieved
results, which to some extent were previously published in [48]. The subsequent
Chap. 5 comprises the final results in optical data transmission consisting of var-
ious experiments in half-duplex and full-duplex mode, both free-space and fiber-
coupled. At the end, the main achievements of the present work are summarized
in Chap. 6.



Chapter 2

Basics of VCSELs and PIN PDs for

Optical Data Transmission

This chapter presents major principles of active and passive photonic elements
used in a typical short-reach optical data link. The fundamentals of static as
well as dynamic properties of vertical-cavity surface-emitting lasers (VCSELs)
and p-doped–intrinsic–n-doped (PIN) photodiodes are described. Here, we fo-
cus in particular on the intrinsic and extrinsic small-signal modulation responses
of both optoelectronic devices. Therefore the derivation of the equivalent-circuit
diagrams including the indication of their parasitic components is addressed, fol-
lowed by the subsequent definition of the corresponding extrinsic bandwidths.
Several improvements in the design of VCSELs and PIN PDs are given in order
to maximize their small-signal bandwidths. At the end, a few aspects concern-
ing fiber-based optical data transmission are discussed. Here, we introduce the
evaluation of data communication performance using eye diagrams, bit error ra-
tio (BER) and bathtub curves, and also mention some bandwidth limiting factors
present in multimode fibers (MMFs).

2.1 Vertical-Cavity Surface-Emitting Laser

Several laser applicationswhich have been dominated by the use of edge-emitting
laser diodes so far, are more andmore replaced by VCSELs. One of them is MMF-
based optical data transmission especially for high-speed short-distance low-cost
interconnects. The basic difference between EELs and VCSELs is the propagation
direction of the generated light. Although the driving current is injected for both
perpendicular to the epitaxial layers, i.e., in the growth direction, for EELs, the

7
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Figure 2.1: Simplified cross-sectional schematic of a top-emitting, oxide-confined VCSEL
device with approximate vertical dimensions and its operating principle.

emission direction is within the plane of the wafer and thus parallel to the active
layer, whereas it is normal for VCSELs [49]. Figure 2.1 shows the cross-section
of a typical top-emitting oxide-confined VCSEL with an indicated current flow
path through the active region and the subsequent perpendicular surface emis-
sion. The inner cavity contains the amplifying layers and is surrounded by n-
and p-doped Bragg mirror layer stacks which form the optical resonator. In the
simplest case, the electrical current is injected from both ohmic contacts on the
top epitaxial side and the back of the substrate. In order to achieve the needed
current density in the active region, the injected current is laterally confined by a
selectively oxidized layer with high aluminum content, as indicated in Fig. 2.1.

2.1.1 Principles of Operation

An active region typically comprises three closely spaced quantum wells (QWs)
providing a sufficient gain for the device. Different to EELs, the active layers
of the VCSELs are orthogonally oriented to the laser cavity and the light prop-
agation. The short amplification length in a VCSEL, compared to a gain region
extending over the whole cavity length in a conventional EEL, requires an av-
erage reflectivity of > 97% [4] in order to provide a sufficiently low threshold
gain.
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Bragg Reflectors and Optical Cavity

The mirrors of a Fabry–Pérot-type EEL resonator are simply formed by the se-
miconductor–air interface after cleaving perpendicular to the cavity [49]. This
results in a mirror reflectivity of approximately 31%. In contrast, reflectivities of
up to 99.9% can be achieved with distributed Bragg reflectors (DBRs) consisting
of an alternating sequence of layers with high and low refractive indices n̄ of
a quarter-wavelength (λ/ (4n̄)) thickness. Here, the electromagnetic fields are
partially reflected at the single interfaces and interfere constructively with each
other due to the optical path difference of a multiple of half the wavelength and
an additional phase change of π at the interface to the optically denser medium.
Thus, each additional Bragg mirror pair increases the total DBR reflectivity and
its spectral stop-band width. For a VCSEL, as shown in Fig. 2.1, the upper mirror
usually consists of 20–25 layer pairs and a bottom mirror of typically more than
30 pairs, in order predominantly to enforce a top-side emission of the device.

The resonant layer structure designed for the emission spectral range of the QWs
in combination with the very short inner cavity length of λ/n̄ and an effective
cavity length of around 1.3 µm [4] enables a resonant oscillation of a single longi-
tudinal mode in the VCSEL. Thus, higher or lower order modes with a free spec-
tral range of several tens of nanometers are outside of the DBR stop-band and
cannot be amplified by the active material. For better visualization, the stand-
ing wave pattern in the laser cavity is numerically calculated using the transfer
matrix method [4,50] and shown in Fig. 2.2. The simulation is performed for a de-
vice structure of an 850nm wavelength VCSEL, which will be presented in detail
in Subsect. 3.1.1. Here, the refractive index profile (blue solid line) of the active
region with three GaAs QWs surrounded by the first p-/n-DBR pairs and the
current confinement layer with highest aluminum content (and thus lowest re-
fractive index) is indicated. The normalized electric field amplitude distribution
(red dashed line) of the only longitudinal mode shows an optimal (longitudinal)
overlap of the central antinode with the quantum wells, providing an excellent
coupling between electrons and photons. At first glance, the electric field distri-
bution appears symmetric to the active layers, however its amplitude decreases
stronger towards the bottom n-Bragg mirror. The obvious reason is the higher
reflectivity of the n-DBR which lowers the intensity of the resonant field at the
first mirror pairs, as seen from the inner cavity, whereas typical for a top-emitting
device, a smaller amplitude decay is observed in the top p-DBR.

So far, a simple alternating sequence of layers with a high/low aluminum content
was assumed for the Bragg mirror pairs. However, since VCSELs are electrically
pumped laser diodes, some grading of heterointerfaces should be introduced, in
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Figure 2.2: Refractive index profile (blue solid line) and longitudinal standing wave pat-
tern (red dashed line) in the center region of the VCSEL structure. The calculation of the
normalized electric field amplitude is based on the actual layer structure of a standard
AlGaAs/GaAs-based 850 nm wavelength VCSEL using the transfer matrix method.

order to reduce the potential barriers and thus the electrical resistance of the n-
and p-doped DBRs [4]. In Fig. 2.2, a linear grading was approximated by some
intermediate steps for the numerical calculation. Grading is especially important
for the carrier transition direction from AlGaAs layers with lower to higher alu-
minum content, i.e., from lower to larger bandgap energy. In Fig. 2.2 it exactly
occurs at the nodes of the standing wave pattern [4]. More details on the Bragg
mirror design and the energy band diagram of a particular VCSEL device will be
presented in Fig. 3.2 in Subsect. 3.1.1.

For the laser threshold condition, the rather low modal gain of the VCSEL com-
pared to an EEL necessitates an increase of the average mirror reflectivity. In
contrast, a large number of doped Braggmirror pairs in the top and bottom reflec-
tors leads to higher optical losses due to absorption. The dominating effect is the
so-called free-carrier absorption, which predominantly occurs in highly doped
semiconductor regions. Here, the optical absorption losses are proportional to
the electron and hole densities, respectively [4, 51]. Therefore, modulation dop-
ing and the so-called δ-doping is applied for n- and p-Bragg mirror pairs, i.e.,
the doping level is increased in the proximity of the nodes of the standing wave
pattern and subsequently decreased for regions of antinodes [52–54].

Oxide Aperture

For lasing, the gain in the cavity has to balance the losses present in the device
structure. Current densities in the range of kA/cm2 [4] are required in the active
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region, in order to reach the threshold gain of the device. In Fig. 2.1, the injected
current in the top p-DBR is focused to the center of the VCSEL mesa via an ox-
ide aperture, placed directly above the active layers. It is formed by the partial,
selective, lateral oxidation of the layer with a very high aluminum concentra-
tion [55–57]. More details on fabrication can be found in Sect. 3.2. The electrically
isolating aluminum oxide axis-symmetrically surrounding the VCSEL mesa en-
forces the current flow only through the much smaller aperture in the center of
the device. Placing the current confinement layer in the p-DBR is not without any
reason. Here, it provides a better carrier confinement, since for AlxGa1−xAs ma-
terials, the mobility of holes is much lower than of the electrons [51,58,59] injected
from the bottom n-DBR. In addition, this results in the highest injection unifor-
mity due to the large conductivity difference in the vertical and lateral direction
of the p-doped mirror stack [52, 60]. For multimode VCSELs used for data com-
munication, both the threshold current and themaximumoptical power increases
with aperture diameter. Thus, the size of the VCSEL active area strongly influ-
ences the laser output characteristics. While devices with a small active diameter
typically lead to low threshold currents, low electrical power consumption and
transverse singlemode emission, VCSELs with larger apertures could emit opti-
cal powers of several tens of milliwatts at the expense of significantly diminished
beam quality.

Besides its electrical properties, the oxide aperture layer has an additional influ-
ence on the optical emission characteristics of VCSELs. Themuch lower refractive
index of aluminum oxide of 1.5–1.6 compared to ≈ 3.1 for the residual AlAs [61]
in the center of the VCSEL mesa leads to index-guided optical confinement of the
propagating mode in the cavity [56]. This side-effect could be used to enforce
transverse singlemode emission, e.g., with aperture diameters/ 4µm for 850 nm
wavelength VCSELs [4]. The position of the aperture in the electric field pattern
influences the average index step in the VCSEL and thus has an impact on the
optical guiding. In order to reduce the influence of the oxide aperture on the
propagation properties of the optical field, the p-doped AlAs layer is positioned
in the node of the resonant electric field, as can be noticed in Fig. 2.2.

2.1.2 Static Properties

Differential Quantum Efficiency

For stimulated emission, first, the material gain provided by the excitation with
the pumping current has to overcome the losses and to satisfy the threshold con-
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Figure 2.3: A representa-
tive continuous-wave light–
current–voltage (LIV) and
conversion efficiency charac-
teristics of a standard 850 nm
wavelength multimode VC-
SELwith some indicated spe-
cific values.
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dition of the device. After reaching the threshold carrier density, stimulated re-
combination processes start to dominate the spontaneous emission. Thus, ne-
glecting the low number of spontaneously recombined carriers above the thresh-
old current Ith, all additionally injected charge carriers reaching the active area
ideally contribute to the coherent emission [49]. In theory, the optical output
power [49, 50]

Popt = ηLD, dq
h̄ωopt

q
(I − Ith), (2.1)

as shown in Fig. 2.1, increases linearly with driving current I, where h̄ωopt de-
notes the photon energy (with the reduced Planck’s constant h̄ and the optical
angular frequency ωopt) and q the elementary charge. Here, we also introduce
the differential quantum efficiency ηLD, dq of the laser diode, which specifies the
fraction of injected electrons that appear as stimulated photons outside the laser-
diode. Figure 2.3 shows a typical output characteristics of a standard top-emitting
VCSEL [40] for an emission wavelength of around 850nm and an oxide aperture
diameter of ≈ 8 µm, thus emitting in multiple transverse modes. With a thresh-
old current of 1.3mA, at the beginning, the optical output power increases nearly
linear with driving current, as defined by (2.1). Here, the slope efficiency of the
light–current (LI) curve (red solid line) is ≈ 0.76mW/mA, which corresponds to
a differential quantum efficiency of ≈ 54%. However, for higher injection cur-
rents there is a deviation from the linear trend of (2.1). Low current injection
efficiency and optical losses in the resonator such as free-carrier absorption and
scattering strongly influence the optical output power [4]. Thus, especially for
currents above 10mA in Fig. 2.3, a continuous slope decrease of the LI curve
can be clearly observed. The point at which the maximum output power (here,
10.3mW at 19mA bias current) is reached, is the so-called thermal rollover point.
From now on, a further current increase diminishes the optical power of the de-
vice. For VCSELs, the rollover is mainly caused by Joule or ohmic heating during
continuous-wave (CW) laser operation. However, at high injection currents (es-
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pecially for longer emission wavelength lasers), also the contribution of the non-
radiative Auger recombination becomes more and more important, since its rate
is directly proportional to the third power of the carrier density [4,51]. Generally,
a higher device temperature would lead to current leakage effects originating
from the thermal carrier escape from the QWs and additionally, to a raise of the
Auger-coefficient [4, 51], which would in turn boost the number of non-radiative
recombination processes. Also the continuous decrease of the peak gain with in-
creasing temperature [4] has a large impact on the optical output power of the
VCSEL. Please also refer to the paragraph on “temperature behavior”.

Conversion Efficiency

The p–n-junction in the VCSEL structure shows a well-known current–voltage
(IV) diode characteristic (blue dashed line) with a kink voltage Vk of approxi-
mately 1.45V, which relates to the separation of quasi-Fermi energies, however,
it nearly corresponds to the bandgap energy equivalent voltage Vg ≈ h̄ωopt/q
of GaAs with ≈ 1.42V at room temperature [59, 62, 63]. A differential resistance
Rdiff of 65Ω is extracted from the linear fit of the IV curve, which is caused by
both metal–semiconductor p-/n-contact resistances and series resistances due to
the non-perfect grading of Bragg mirror heterointerfaces [4] as well as the lim-
ited size of the VCSEL active area. Thus, the IV characteristics can be simply
approximated by

V ≈ Vg + Rdiff I. (2.2)

The black dotted curve in Fig. 2.3 shows the so-called wallplug or conversion
efficiency [4, 49]

ηLD, c =
Popt

IV
, (2.3)

giving the fraction of the electric pumping power converted into the coherent
top-emission of the VCSEL in Fig. 2.1. It rapidly reaches a peak value of 30% at a
driving current of only ≈ 6mA. Using (2.1) and (2.2), we can rewrite (2.3) as [4]

ηLD, c = ηLD, dq
h̄ωopt

q

I − Ith
IVg + I2Rdiff

, (2.4)

highlighting that the differential resistance is mainly responsible for a rollover of
wallplug efficiency at driving currents far above threshold. Thus, it is essential to
have a small Ith and to keep Rdiff as low as possible, in order to achieve ηLD, c ≈
ηLD, dq for I ≫ Ith.
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Temperature Behavior

Knowing the electric pumping power and the optical output power of the laser,
the dissipated electrical power [4]

Pdiss = IV − Popt = IV(1− ηLD, c) (2.5)

can be extracted and rewritten using (2.3). Here, for high radiated optical powers
one speaks of “photon cooling”, since less of dissipated power stays in the de-
vice, being responsible for a temperature increase. Apart from the thermal effects
already mentioned above, an increase in temperature leads to a thermal emis-
sion wavelength shift of the device. It can be mainly attributed to the bandgap
shrinkage of QWs leading to a shift of the peak material gain wavelength by
∂λp/∂T ≈ 0.32 nm/K [4]. However, since the emission wavelength of a VCSEL is
determined by the cavity resonance and not by the gain peak as in conventional
Fabry–Pérot-type EELs, only a change of the resonator parameters would shift
the emission wavelength. Thus, the thermal refractive index change of typically
∂λn̄/∂T ≈ 0.07 nm/K is mainly responsible for the wavelength red-shift of the
VCSEL emission spectra and only a minor influence (by approx. 10%) is due to
the thermal expansion of the cavity itself [4]. The different ratios of both dominat-
ing thermal shifts lead to a detuning of the device and the subsequent variation
of its modal (material) gain conditions. The amount of wavelength detuning at
room temperature, i.e., λn̄ − λp > 0 for a positive and λn̄ − λp < 0 for a nega-
tive detuning, can be adjusted during the epitaxial growth of the VCSEL struc-
ture [4]. Especially the positive detuning is often utilized for devices operating at
elevated ambient temperature conditions or high driving currents. Here, owing
to ∂λn̄/∂T < ∂λp/∂T, a performance decay of the VCSEL due to temperature-
dependent loss mechanisms can be compensated to some extent.

2.1.3 Small-Signal Modulation

The intrinsic dynamic (as well as steady) behavior of the coupled carrier–photon
interaction in a semiconductor laser operating above its threshold is commonly
described by the rate equations. The electron rate equation specifies time-de-
pendent changes of electron density comprising the losses due to spontaneous
and stimulated recombination, as well as carrier generation by current injection.
Therefore, the photon rate equation includes the time evolution of photons in
the laser cavity owing to the spontaneous and stimulated generation, as well as
optical outcoupling losses [4, 49, 50, 64].
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Intrinsically Limited Bandwidth

Index-guided multimode VCSELs, such as oxide-confined VCSELs, with highly
overlapping transverse fields exhibit a single resonance frequency, similar to the
singlemode devices [65, 66]. Therefore, mathematical expressions derived from
a simplified singlemode rate equation analysis are used in the following. The
intrinsic modulation speed of any semiconductor laser is limited by the intrinsic
damping of the resonant carrier–photon interaction and by effects of self-heating.
Its small-signal response can be approximated by a two-pole transfer function
[11, 52, 64, 67–69]

HLD, int(ν) ≡ A1 ·
ν2r

ν2r − ν2 + i (ν/(2π)) γ
, (2.6)

in which i =
√
−1 is the imaginary unit, ν the modulation frequency, and A1

is the device-dependent [68, 69] direct current (DC) slope efficiency [64] varying
with bias current [52]. The resonant carrier–photon interaction induced by stim-
ulated emission is characterized by the resonance frequency

νr = D
√

I − Ith (2.7)

and the damping factor γ, which represents the energy loss in the laser cavity,
thus reducing the shift of the resonance peak [64]. In (2.7), the rate at which the
resonance frequency ideally linearly increases with the square root of pumping
current above threshold is quantified by the so-called D-factor [67, 70–72]. It is
mainly proportional to the square root of current injection efficiency, the optical
confinement factor, the photon group velocity, the differential gain, and to the
inverse of the square root of the effective mode volume in the cavity [4, 11, 52].
Another figure of merit commonly used for the efficiency of the intrinsic laser
modulation is the so-called modulation current efficiency factor [68, 69, 73]

MCEF ≡ νMCEF, 3 dB√
I − Ith

. (2.8)

Generally, for the maximum achievable (thermally limited) intrinsic 3 dB-band-
width applies νMCEF, 3 dB ≈

√

1+
√
2 νr = 1.55 νr [72, 74, 75]. Analogous to (2.7),

in theory it linearly increases with the bias current, however, in practice both
νMCEF, 3 dB and νr are limited. Since the damping factor

γ = Kν2r + γ0 (2.9)

is proportional to the square of the resonance frequency [4, 11, 75], the damping
becomes more pronounced for high bias currents and the subsequent resonance
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frequency increase. In (2.9), the damping offset γ0 is approximately equal to the
spontaneous recombination rate [72,75,76] aswell as to the inverse of the differen-
tial carrier lifetime [11, 52], which can usually be neglected at normal high-speed
operating conditions [64] far above threshold [70]. The rate at which the damping
rate increases with ν2r is quantified by the so-called K-factor [69, 75]. It is mainly
proportional to the photon lifetime, and inversely proportional to the differen-
tial gain and photon group velocity [11, 67, 70] — all assumed to be bias current
independent [52, 74].

Thus, the two-pole transfer function in (2.6) comprises two intrinsic mechanisms
responsible for modulation speed limitations in a VCSEL. Although in the ab-
sence of damping, the resonance frequency in (2.7) and the 3 dB-bandwidth in
(2.8) increase with injection current, resistive elements of the VCSEL and free-
carrier absorption at high injection levels induce self-heating. The increase in
temperature leads to a reduction of the differential gain, the current injection
efficiency, and to an increase of the threshold current (for negatively detuned
VCSEL structures). There is no further increase of the resonance frequency and
the modulation bandwidth [60]. Therefore, the thermally limited cut-off fre-
quency νMCEF, 3 dB benefits from a large D-factor or MCEF, enabling to reach the
high frequency limit before saturation occurs [11].

On the other hand, according to (2.9) the intrinsic modulation bandwidth can be
also set by the rate at which damping grows with resonance frequency, i.e., the
K-factor [11, 52]. Initially the modulation frequency increases with bias current
due to an increasing photon density and therefore resonance frequency [60], as
described by (2.7, 2.8). However, the damping factor becomes large and the sys-
tem is critically damped [52]. Since νdamp, 3 dB ∝ K−1 [70,72,74], for the maximum
damping limited 3 dB bandwidth, the K-factor should be small, implying that
better performance is expected with a high differential gain. Also the previously
discussed current-induced self-heating might affect the damping indirectly, since
a longer photon lifetime and a lower differential gain at elevated temperatures
would increase the K-factor [11].

Further intrinsic bandwidth limitations such as carrier transport effects can be
considered by adding a single pole to the transfer function in (2.6). However,
since the transport seems not to be a speed limiting effect for frequencies up to
20GHz [4, 69], it is neglected for the sake of convenience.
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Extrinsically Limited Bandwidth

Also the extrinsic influences attributed to the electrical parasitic elements in the
device design could essentially limit the modulation bandwidth of the VCSEL.
Their frequency response can be described by an extrinsic transfer function of a
single-pole low-pass filter [52, 69, 74]

HLD, ext(ν) = A2 ·
1

1+ i(ν/νp, 3 dB)
, (2.10)

in which A2 is a constant and νp, 3dB is the parasitic 3 dB cut-off frequency [64].
The small-signal behavior corresponding to the electrical parasitics of the device
can be represented by an electrical equivalent-circuit model shown in Fig. 2.4.
It depicts the cross-section of a fully-processed VCSEL together with electrical
parasitics which are attributed to the structure of the chip. Different to Fig. 2.1,
here, the n-contact is positioned on the n-Bragg mirror stack and thus it is also
accessible from the top of the device. Therefore, Cpad represents all the capaci-
tances between the p-contact metal pad on the polyimde passivation layer and n-
contacts outside the VCSEL mesa. The electrical resistances of the metal contacts,
n- and p-type Bragg reflectors as well as the spreading sheet resistance associated
with the n-contact layer are included in the mirror resistance Rm [64]. Lpad repre-
sents the inductance of the metal track and Ra the junction resistance associated
with the active layers and oxide aperture. As indicated by the red dashed oval in
Fig. 2.4, Ca is a combination of the capacitances Ca, j of the diode junction in the
active region, in parallel to Ca, ox of the oxide layer and Ca, depl of the depletion
layer formed under the oxide layer (both in series) [60, 77]. Ca, j is dominated by
the diffusion capacitance, which models the modulation of the minority carriers

Figure 2.4: Schematic cross-section of a fully-processed, top-emitting, oxide-confined
VCSEL superimposed with its equivalent-circuit model indicating the physical origin of
parasitic elements.
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in the active region in case of a forward biased VCSEL [64, 78]. Ca can thus be
expressed as [48, 69]

Ca = Ca, j +

(

1
Ca, ox

+
1

Ca, depl

)−1

. (2.11)

The contributions of all parasitic elements are included in the extrinsic modula-
tion response in (2.10) as an approximate first-order low-pass. Thus, the modula-
tion current is bypassing the active region of the VCSEL for frequencies exceed-
ing the parasitic roll-off frequency [11, 72]. The input impedance of the electrical
equivalent circuit in Fig. 2.4 (black lines) can be written as [48]

ZLD(ω) =

[

iωCpad +

(

iωLpad + Rm +
(

1
Ra

+ iωCa

)−1)−1
]−1

=

Z3(Z1 + Z2)

Z1 + Z2 + Z3
(2.12)

with

Z1 =

(

1
Ra

+ iωCa

)−1
=

Ra

1+ iωRaCa
, (2.13)

Z2 = iωLpad + Rm, (2.14)

and
Z3 =

1
iωCpad

, (2.15)

in which ω = 2πν is the electrical angular frequency. Considering the measure-
ment system impedance Z0 = 50Ω in series to ZLD, as shown in Fig. 2.4 (gray
lines), the parasitic transfer function from (2.10) can be also written as [68]

HLD, ext(ν) =
Va

Vs
=

Z1Z3

Z0(Z1 + Z2 + Z3) + Z3(Z1 + Z2)
, (2.16)

where Vs and Va are the small-signal modulating voltages (in blue) generated
by the source and reaching the active region of the VCSEL, respectively. From
its squared magnitude |HLD, ext|2, a parasitic 3 dB cut-off frequency νp, 3 dB can be
obtained for the given VCSEL device. However, first, the parasitic values of each
particular element of the equivalent circuit have to be determined. Therefore, the
measurement of the so-called scattering (S-)parameter S11 is performed, resulting
in a frequency-dependent microwave reflection coefficient originating from the
total impedance of the electrical device parasitics. It describes the ratio of the
incident and reflected electrical fields of a two-port and is the first element of
the S-parameter matrix of size 2× 2 [79], whereas S21 represents the modulation
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response of a VCSEL. The parasitic parameters of the laser equivalent circuit can
be extracted by fitting to the S11(ν) measurements [48, 68, 70] using the relation

S11(ν) =
ZLD(ν)− Z0

ZLD(ν) + Z0
. (2.17)

The whole procedure is described in detail in Subsect. 4.1.3, including the re-
quired S-parameter measurements and fits.

Thus, the overall small-signal frequency response of a VCSEL can be described
using (2.6), (2.10) by the three-pole transfer function [52, 64]

HLD(ν) = HLD, int.(ν) · HLD, ext.(ν)

= A1A2 ·
ν2r

ν2r − ν2 + i(ν/2π)γ
· 1
1+ i(ν/νp, 3dB)

, (2.18)

accounting for the intrinsic behavior of the resonant second-order system includ-
ing thermal and damping limitations (first fraction) as well as the extrinsic be-
havior due to electrical parasitics of the first-order low-pass (second fraction) as
represented by (2.16) and Fig. 2.4.

High-Speed Design Optimizations

In order to improve the high-speed properties of VCSELs, several laser parame-
ters can be optimized in both the epitaxial layer structure as well as in the device
design. Applying binary materials such as GaAs and AlAs instead of ternary
AlxGa1−xAs alloys, especially in the bottom DBR, would increase the thermal
conductivity of the device by at least one order of magnitude [52, 60] and thus
partially decrease the self-heating [11, 70]. In the second step, graded composi-
tion interfaces of DBRs, as already shown in Fig. 2.2, reduce resistive heating.
Proper modulation doping profiles with low doping levels at antinodes and high
doping at nodes of the optical field intensity, as mentioned in Subsect. 2.1.1, keep
optical losses due to free carrier absorption at a minimum. Both approaches par-
tially eliminate the origin of thermal self-heating in a VCSEL.

Inmost practical cases, an effective way to increase the overall VCSEL bandwidth
is to reduce the influence of electrical parasitics. Therefore, the area of the pad ca-
pacitance is kept at a minimum and thick layers of passivation materials with
low dielectric constants such as benzocyclobutene (BCB) are used with predom-
inantly undoped substrates. However, the main disadvantage of oxide-confined
VCSELs is their parasitic capacitance imposed by a thin, single oxide layer. Using
multiple oxide layers increases the thickness of the oxidized region, thus effec-
tively reducing the overall oxide capacitance without any additional fabrication
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steps [52, 60, 70, 72]. Up to four shallow oxide layers are utilized for capacitance
reduction and two additional deep oxide layers for the current and optical con-
finement [11]. Going even one step further, tapered oxide apertures can be em-
ployed showing lower optical scattering losses [72] for smaller devices with 3µm
aperture diameter [64]. In all cases, the oxide layers are positioned in nodes of the
optical field pattern and in the top p-DBR for reasons of better current injection
uniformity in the active region [52, 60], as already noticed in Subsect. 2.1.1.

As previously mentioned, one of themain intrinsic bandwidth limitations is dam-
ping. A reduction of the photon lifetime and thus of the K-factor would also
minimize the damping factor, as a result from (2.9). In [14, 80], a shallow dry
etching of the topmost DBR mirror layer reduced the reflectivity and thus the
photon lifetime. However, higher mirror losses might have a negative impact on
the threshold current and the differential gain of the VCSEL, leading to a decrease
of the resonance frequency [70]. Therefore, a better solution would be to decrease
the photon lifetime without decreasing the differential gain. One possible way
could be to shorten the VCSEL cavity. A usual cavity length of λ as shown in
Fig. 2.2, can be minimized down to λ/2 [70], thus reducing the mode volume.

A combination of many optimization parameters at the same time requires to
identify proper compromises between different and often competing effects. Ad-
ditionally, while applying new design and manufacturing concepts, it is also im-
portant to keep an eye on the fabrication costs and the device reliability.

2.1.4 Large-Signal Modulation

The small-signal modulation operation discussed in detail in Subsect. 2.1.3 so
far gives a good estimation of the high-speed capabilities of a particular device.
However, in practice an operation under large-signal on–off modulation is used
in communication links. Here, an electrical modulated signal with a certain am-
plitude — a peak-to-peak voltage (Vpp) — is applied to a laser using a bias-tee.
As can be seen in Fig. 2.5, the value of Vpp is chosen to fully exploit the dynamic
range of the LIV characteristics in order to achieve a transmission with a high
signal-to-noise ratio (SNR). Therefore, an appropriate bias/operating point (IOP)
is determined to fit the modulation current range between the VCSEL threshold
and the rollover point — preferably in the linear region. Thus, the minimum
and maximum currents Ion and Ioff result in a modulation of the optical power
between Pon and Poff, as indicated in Fig. 2.5.

Different to small-signal modulation, other measurement indicators including
rise and fall times, extinction ratio, modulation amplitude, and jitter play an im-
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Figure 2.5: Large-signal digital modulation of laser diodes around an operating point
(IOP, POP).

portant role in digital large-signal modulation [11]. While also these measures
mostly depend on the 3 dB small-signal bandwidth, further parameters such as
turn-on delay and turn-on jitter in case of bias-free operation with Ioff < Ith or
pattern effects [4, 81] are of importance in high-speed VCSELs. In addition, the
intensity noise arising from the mode competition between the transverse modes
of different order or polarization [4, 11] needs to be considered, since it would
degrade the SNR at the receiver.

2.2 PIN Photodiode

Among the semiconductor-based photodetectors such as p-doped–n-doped (PN),
MSM, and avalanche photodiode (APD) almost exclusively used in fiber optic
systems, PIN PD is probably the most common one, since it combines most of
their advantages with the relatively simple device design adaptability for partic-
ular applications.
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2.2.1 Principles of Operation

Figure 2.6: Operation of PIN photodiode including (a) the schematic of the device cross-
section, (b) simplified energy band diagram under reverse bias, (c) profile of optical
power decrease due to light absorption and carrier generation in the semiconductor, and
(d) electric field distribution across the device structure [49, 78, 82–84].

The predecessor of a PIN PD is a simple photodetector only consisting of a PN-
junction, suitable for optical radiation detection with photon energies above the
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material bandgap Eg. The fundamental absorption of a photon might occur at
any place inside the semiconductor material, however, the most important is the
electron–hole (e–h) pair generation in the depletion layer, since only here both of
the charge carriers can be separated by the internal electric field and subsequently
transported to the electrodes of the device. In order to enhance the absorption
probability inside the space charge region of the PN detector, it is essential to en-
large its thickness. One possibility is further to increase the reverse bias voltage
Vbias and/or to extend the depletion region by inserting a lightly doped or intrin-
sic layer between both p- and n-contact layers, as shown in Fig. 2.6 (a). Since the
depletion region at such a junction extends into the lightly doped layer by a dis-
tance inversely proportional to the square root of the doping concentration [82],
the depletion layers of the PI- and IN-junction both deeply penetrate into the i-
region. Thus, they build a total depletion length containing the entire intrinsic
layer, as can be seen in (d).

For an optical signal at normal incidence to the device interface between air
(n̄air ≈ 1) and semiconductor material with refractive index n̄sc in the range of
3.2–3.6 [83], a portion of the incident light is reflected at the topmost p-doped
layer with a Fresnel reflectivity

RPD =

(

n̄air − n̄sc
n̄air + n̄sc

)2

. (2.19)

Thus, the losses due to the reflection at the air-to-semiconductor interface are
around one third of the total incident optical power Popt, i. The penetrated pho-
tons can be absorbed in all the three device regions according to the exponential
decay (c) of the Lambert–Beer’s law [84]. However, predominantly only electron–
hole pairs generated in the intrinsic region (e above the conduction band edge Ec

and h below the valence band edge Ev, as seen in (b)) contribute to the photocur-
rent. After the absorption they are subsequently separated by the electric field E ,
shown in (d), which is built by the embedded diffusion voltage of the equivalent
PN-junction and superimposed with the applied reverse bias voltage. Moreover,
generatedminority carriers in the neutral regions, i.e., electrons in the p-layer and
holes in the n-doped region, are about to diffuse into the space charge region, as
indicated in Fig. 2.6 (b). However, if the time it takes to reach the electric field
of the depletion region is longer than the particular carrier lifetime, spontaneous
recombination occurs before the charge carrier can contribute to the device pho-
tocurrent. Once the generated photocarriers arrive at the respective contact layer
as majority carriers — e in the n-region and h in the p-layer — the total charge de-
livered to the external circuit by the drift process across the space charge region
is q [82].
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2.2.2 Static Properties

Quantum Efficiency

Most photodiodes use band-to-band photoexcitation for carrier generation, as
shown in Fig. 2.6 (b). However, not all the photons inside the semiconductor
material produce e–h pairs due to the Lambert–Beer absorption law [84]. More-
over, each photodetector material has a particular spectral window of absorption,
which is described by the wavelength dependent absorption coefficient α(λ). The
bandgap wavelength

λg =
hc

Eg
≈ 1.24 eV

Eg
µm (2.20)

with the vacuum velocity of light c defines the long-wavelength limit of the se-
miconductor material, e.g. ≈ 870 nm for GaAs [63] and ≈ 1150 nm for Si [82].
For longer wavelengths (λ > λg) α decreases strongly, since the photon energy
is insufficient to overcome the material bandgap. The short-wavelength cut-off
of the photoresponse, however, is because the absorption coefficient reaches very
large values of≥ 105 cm−1 leading to very short penetration depths 1/α and thus
an absorption very near to the surface of the device. The recombination lifetime
is quite short near the surface, thus the photocarriers recombine before they reach
the depletion region [78, 82].

Using GaAs-based PIN PDs for applications with 850 nm VCSELs we consider an
absorption coefficient value of αi−GaAs = 9000 cm−1 at λ = 850 nm for intrinsic
GaAs layers [85]. If each absorbed photon in the semiconductor material gener-
ates an e–h pair, the ratio between the absorbed and the incident optical power
defines the quantum efficiency [49]

ηPD = (1−RPD)(1− e−αidPD)e−αp−dopdp−dop (2.21)

within the intrinsic absorption range dPD, as indicated in Fig. 2.6 (c). Here, the
absorption losses in the upper (p-)doped layer with the thickness dp−dop are con-
sidered using the corresponding material absorption coefficients αp−dop and αi,
respectively. Thus, for high quantum efficiency ηPD → 1 an antireflection (AR)
layer on the air-to-semiconductor interface, as will be discussed in Subsect. 3.2.7,
is necessary, so that RPD → 0. Additionally, the topmost doped contact layer
should be as thin as possible in order to decrease the corresponding absorption
to a minimum, such as (αp−dopdp−dop)≪ 1. The absorption in contact layers can
be completely avoided when using heterostructure photodiodes with bandgap
energies higher than the one of the absorption region. Furthermore an increase of
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the photodiode thickness far above the penetration depth 1/αi so that αidPD ≫ 1
should validate the approximation of (2.21) as [49]

ηPD ≈ 1− e−αidPD . (2.22)

Another related figure of merit is the photodetector responsivity [78, 82, 86]

Rph =
〈Iph〉
Popt, i

=
q

h̄ωopt
ηPD ≈ ηPD

λ

1.24 µm
A
W

, (2.23)

which describes the ratio between the mean value of generated photocurrent [49]

〈Iph〉 =
qPopt, i

h̄ωopt
ηPD (2.24)

and the incident optical power Popt, i. Therefore, for a given quantum efficiency,
i.e., a constant α(λ), the responsivity increases linearly with the wavelength.

Photodiode Current

Aphotodiode is not only a photodetector, it is also a diode, which can be operated
in a forward, reverse, or unbiased mode. The well-known IV-relation of the PN-
junction depicted by the dashed curve in Fig. 2.7 also applies to the PIN PDs for
the case of no photon illumination. Therein Idark describes the dark current for a
reverse biased junction. For an illuminated device, the mean photocurrent 〈Iph〉
from (2.24) is simply added onto the diode current. Thus, the total photodiode
current can be written as [49, 82, 83]

IPD = Idark − 〈Iph〉 = Isat

(

eqVbias/(kT) − 1
)

− 〈Iph〉 (2.25)

Here, the photodiode operation mode is enabled for Vbias < 0, k is Boltzmann’s
constant and

Isat = qndAPDdPD/τd (2.26)

the saturation current including the density of the deep impurities nd of donor
type1, the lifetime of the carriers τd, and the photodetector area APD [49, 87]. In
addition to (2.26), the dark current comprises of diffusion current [87], the leak-
age current from the surface recombination and bulk leakage [83, 86]. The sur-
face currents can be minimized by a careful manufacturing process and surface
passivation so that surface states and impurity concentration are reduced [87].

1Acceptors can usually be neglected since their energy differences between the impurity level
and the band edge (here, ∆Ea = 26meV for C in GaAs [49]) are higher compared to donors (here,
∆Ed = 5.8meV for Si in GaAs [49]).
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Figure 2.7: Characteristics of a PIN
photodiode with (solid) and without
(dashed) illumination [49, 82–84].

However, the main reason for dark current at low reverse bias voltages is the
thermal generation and recombination of free charge carriers in the depletion re-
gion [83] and it is proportional to the volume APDdPD of the space charge re-
gion. It can be efficiently minimized by the use of pure intrinsic materials with
a low impurity concentration and thus longer carrier lifetime. The assumption
|Vbias| ≫ kT/q ≈ 25mV at room temperature is valid for most of the cases,
therefore the exponential expression in (2.25) can be neglected and it applies
Idark = −Isat, as indicated in Fig. 2.7. With the temperature dependence of the
density of the excited impurities according to Boltzmann statistics one can deduce

Idark ∝ e−∆Ed/(kT), (2.27)

where ∆Ed denotes the energy difference between the impurity level and the
band [49]. For high reverse bias voltages Vbias ≪ 0, but still before the avalanche
breakdown, strong band bending in the space charge region takes place, as will
be shown by the calculated energy band diagram in Fig. 3.3. This leads to a tun-
neling of electrons between the conduction and valence bands [83], from the n- to
p-doped region resulting in an exponential increase of the dark current

Idark ∝ eVc/Vbias , (2.28)

in which Vc denotes a characteristic voltage [49].

2.2.3 Dynamic Properties

Intrinsically Limited Bandwidth

An excitation of a photodiode with a short light pulse leads to a separation of
the generated electrons and holes by the applied electric field and thus a cur-
rent flow. Since the carriers require a finite time to traverse the depletion layer, a



2.2 PIN PHOTODIODE 27

phase difference between the photon flux and the photocurrent occurs. However,
for homojunction photodiodes a portion of the optical signal is also absorbed in
the topmost doped contact layer, leading to a lower quantum efficiency and most
importantly, an additional contribution to the slower response time. Carriers gen-
erated outside the depletion layer do not benefit from the electric field inside the
space charge region, consequently they start to move at their diffusion veloc-
ity instead of much higher drift velocity [83], as indicated by long black arrows
in Fig. 2.6 (b). Thus, diffusion of carriers is a major limitation to the response
time of the diode. The length of the diffusion zones on both sides of the deple-
tion region is determined by the square root of the e-/h-diffusion coefficient and
the carrier lifetime [49, 78, 79, 86]. As mentioned in the previous subsection, the
PIN PD performance significantly improves by minimizing the absorption in the
doped layers either by employing a thinner top contact layer or a heterojunction
photodiode design using two large-bandgap semiconductor materials around the
intrinsic layer acting as transparent window layers [82]. Thus, not only the re-
sponse time limit due to diffusion can be neglected, a heterostructure photodiode
usually shows higher quantum efficiency, reduced dark current [78], and higher
breakdown voltage [79].

The built-in electric field associated with the PI- and IN-junction is supplemented
by the external field of the reverse bias. An increase of the applied field would
generally increase the drift velocity of the generated electrons in GaAs material
to a maximum value of ≈ 2 · 107 cm/s at 3 kV/cm [59]. For higher field strengths
of > 30 kV/cm (e.g., > 9V applied over a distance of 3 µm), the e drift velocity
saturates at vs ≈ 107 cm/s [59] due to the overshoot effect and inter-valley scat-
tering [49]. In contrast, the drift velocity of holes is generally up to one order of
magnitude lower compared to the electrons [88]. The time period of the accel-
erated motion of carriers is very short compared to the drift motion through the
i-region with a maximum electric field E (Fig. 2.6 (d)) at a maximum saturation
velocity. Thus, the time an e takes to reach vs can be usually neglected. A high
drift velocity in the absorption region is the reason for a generally shorter transit
time of PIN PDs than that obtained for PN PDs, even though the depletion re-
gion is thicker [83]. For the sake of convenience, we neglect the above mentioned
bandwidth limit due to the diffusion effects and assume a complete absorption
of the optical signal in the i-region close to the PI-junction. Hence, also the re-
sponse time limit due to the slower drift motion of holes can be neglected. The
time needed for the e to drift through the whole intrinsic region and to reach the
n-doped region is

τdrift =
dPD
vs

. (2.29)
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For a modulated optical signal one can obtain an intrinsically limited transfer
function of the shape of sinc(x) [49, 78]. Considering (2.29), the drift time corner
frequency corresponding to a decrease of the alternating photocurrent amplitude
by a factor of 1/

√
2 is [49, 83]

fdrift, 3 dB =
0.45
τdrift

= 0.45
vs
dPD

. (2.30)

Thus, an obvious trade-off between the quantum efficiency and the intrinsic band-
width limit occurs, requiring a specific design of the PD i-layer thickness. To
overcome the reduced absorption in thin high-speed photodiodes, one can use
an epitaxial mirror below the PIN structure, in order to enforce a second pass of
the non-absorbed light through the i-region [44, 79], as will be presented later in
Sect. 3.1.

Extrinsically Limited Bandwidth

The photocarrier transit drift time and carrier diffusion from the doped regions
in homojunction photodiodes critically affect the dynamic properties of PIN PDs.
However, they are not the only contributors to their finite bandwidth. The charge
separation by the intrinsic layer and the depletion region of the thickness dPD is
equivalent to a parallel plate capacitor, in which the area of the PD mesa corre-
sponds to the area APD of the junction capacitance [49, 83]

Cj = ǫ0ǫr
APD

dPD
. (2.31)

Connected to an external circuit with a (real) load impedance of usually Z0 =

50Ω, a simple first-order low-pass filter with a characteristic RC time constant is
built, as shown by the simplified equivalent-circuit diagram in Fig. 2.8 (a). Here,
the generated photocurrent Iph is represented by an ideal current source in paral-
lel with Cj and Z0 [49]. Considering (2.31), the corner frequency for a small-signal
modulated optical signal at which the photocurrent decreases by a factor of 1/

√
2

due to the electrical parasitics of the device is [83]

fp, 3 dB =
1

2πZ0Cj
=

dPD
2πZ0ǫ0ǫrAPD

. (2.32)

The extrinsic 3 dB bandwidth is inversely proportional to the PD capacitance and
scales linearly with the thickness of the PD i-region. Thus, there is an obvious
trade-off also between both dynamic contributors — the intrinsic drift time lim-
ited cut-off frequency (2.30) and the parasitic corner frequency (2.32). Reducing
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Figure 2.8: Equivalent-circuit models for a non-illuminated case (black lines) of a PIN PD
comprising (a) only a PIN junction capacitance, (b) an additional bondpad capacitance,
and (c) several parasitic elements extacted from S11 measurements. The schematic cross-
section in (c) also indicates the physical origin of the parasitics in a PIN device.

the capacitance and the transit time of the carriers is not possible at the same time.
Therefore, an optimal thickness

dPD, op(Cj) =
√

0.9πZ0ǫ0ǫrAPDvs (2.33)

exists, at which fdrift, 3 dB = fp, 3 dB applies. An estimate of the overall 3 dB band-
width which considers both cut-off frequencies of a PIN PD can be obtained by
the root-sum-squaring of the two individual bandwidths as [83]

f3 dB ≈
1

√

f−2p, 3 dB + f−2drift, 3 dB

. (2.34)

For dPD = dPD, op, the combined 3dB corner frequency f3 dB is maximal. Consid-
ering both limiting parameters — the intrinsic drift and the extrinsic parasitics —
the frequency response of a PIN photodetector is similar to the second-order be-
havior of a low-pass. Here, for comparison reasons it is worth mentioning that the
small-signal low-pass behavior of a VCSEL with parasitics is of the third-order,
as shown in (2.18).
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Figure 2.9: Calculated 3 dB corner frequencies of a TRx PIN photodiode as a function of
absorption layer thickness. The calculations of the parasitic frequency limits (solid lines)
are performed for a TRx PD with 60 µm active diameter according to the equivalent-
circuit approaches in Fig. 2.8 (a, b). The overall 3 dB bandwidths f3 dB (dashed-dotted
lines) consider the drift time limited bandwidth (black dashed line).

In the next step, the relatively simple estimation of the PD parasitics in Fig. 2.8
(a) can be further extended, in order to obtain a more precise, but still simple
extrinsic model of the PIN structure. The bondpad capacitance Cpad between the
PD bondpad on a dielectric layer (here: polyimide) and the underlying contact
layer or the substrate itself, as shown in (c), is connected in parallel to the junction
capacitance in (b). Therefore, an increased total device capacitance Cj(dPD)+Cpad

leads, according to (2.32), to a lower fp, 3 dB.

Figure 2.9 shows the relation between the different 3 dB bandwidths and the i-
region thickness dPD for a GaAs-PIN PD with 60 µm active diameter correspond-
ing to a mesa area APD = 5.96 · 103 µm2 and a relative permittivity for high-
frequency modulated signals ǫr = 10.89 [62, 63]. The hyperbolic-shaped curve
(black dashed) describes the drift time limited effect (2.30) of the photocarriers.
In contrast, the straight line (blue solid) depicts the limit of the RC time con-
stant (2.32) represented by the equivalent-circuit diagram in Fig. 2.8 (a). The
curve of the combined 3dB frequency (blue dashed-dotted) of both inversely
proportional relations reaches the maximum of ≈ 11.2GHz for a PD thickness
of dPD, op ≈ 2.8 µm, as indicated in Fig. 2.9. Considering the bondpad capaci-
tance with a constant value of Cpad = 130 fF (see Subsect. 4.2.3 for more details)
in parallel to the junction capacitance Cj(dPD), the curve for the parasitic band-
width limit of the circuit in Fig. 2.8 (b) is bent down (red solid line) towards lower
frequencies. For that case in Fig. 2.9, the optimal PD thickness increases to ap-
proximately 3.3 µm, whereas the maximum of the overall 3 dB bandwidth (red
dashed-dotted curve) drops by ≈ 3GHz. Thus, the increase of the overall PD
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capacitance can only be partially compensated by a larger optimum PD thickness
which is obtained by determining the maximum of (2.34).

For a more accurate extrinsic model of the PD device, further parasitic elements
need to be included into the equivalent circuit, as shown by the cross-sectional
view of the PIN structure in Fig. 2.8 (c) (black lines). Here, the origin of all elec-
trical parasitics is attributed to the structure of the chip. The model considers
the bondpad capacitance Cpad, the track inductance Lpad, the series resistance Rs

of both n- and p-doped contact layers as well as the photodiode junction capa-
citance Cj in parallel with the junction resistance Rj due to surface leakage cur-
rents [49,89]. Since all the small-signal models in Fig. 2.8 consider solely the elec-
trical parasitics of the device structure, they are only valid for non-illuminated
PIN PDs. Due to the relatively complex parasitic circuit in (c), only a numerical
solution for the cut-off frequency fp, 3 dB is obtainable. Therefore in the following,
a brief calculation of the device impedance as well as transfer function is pre-
sented. Since the equivalent-circuit model of the PIN PD is very similar to the
one of the VCSEL in Fig. 2.4, analogous to (2.12)–(2.15), the total parasitic input
impedance of the PIN PD is

ZPD(ω) =

[

iωCpad +

(

iωLpad + Rs +
(

1
Rj
+ iωCj

)−1)−1
]−1

=

Z′3(Z
′
1 + Z′2)

Z′1 + Z′2 + Z′3
(2.35)

with

Z′1 =
(

1
Rj

+ iωCj

)−1
=

Rj

1+ iωRjCj
, (2.36)

Z′2 = iωLpad + Rs, (2.37)

and
Z′3 =

1
iωCpad

, (2.38)

in which ω = 2π f is the electrical angular frequency. For the calculation of the
parasitic transfer function HPD( f ), the impedance of the measurement system
Z0 = 50Ω needs to be considered, which is connected in parallel to PD input
impedance, as shown in Fig. 2.8 (a–c) in gray. The electrical input signal is rep-
resented by an ideal current source (gray) with photocurrent Iph in parallel to Rj

and Cj. The parasitic 3 dB cut-off frequency fp, 3 dB of a PIN PD can be thus ob-
tained from the squared magnitude |HPD|2 of the parasitic transfer function [48]

HPD( f ) =
VPD

Iph
=

Z0 · Z′1Z′3
Z0(Z′1 + Z′2 + Z′3) + Z′3(Z

′
1 + Z′2)

, (2.39)
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where VPD is the small-signal output voltage of the photodetector, as indicated in
blue in Fig. 2.8 (a–c). Hence, HPD( f ) specifies the transimpedance of the PIN PD
and is — apart from the coefficient Z0 — equivalent to (2.16) for the VCSEL.

Similar to the approach for the determination of the electrical components in the
small-signal model of the VCSEL, the measurement of the microwave scattering
parameter S11( f ) can be also performed for the PIN PD devices, as will be dis-
cussed in more detail in Subsect. 4.2.3. Using the relation

ZPD( f ) = Z0
1+ S11( f )

1− S11( f )
, (2.40)

electrical device parasitics can be extracted from the frequency-dependent mi-
crowave reflection coefficient [83], before obtaining the parasitic bandwidth from
the decrease of |HPD( f )|2 by a factor of 1/2.

Noise Sources

Although the generated photocurrent of a photodetector is proportional to the
incident optical power, the electric signal Iph(t) alternates randomly around its
average value 〈Iph〉 from (2.24). These randomfluctuations, regarded as noise, are

characterized by the standard deviation
√

〈δI2N〉 =
√

〈(Iph(t)− 〈Iph〉)2〉 and are
equivalent to the root-mean-square (rms) value of the noise amplitude δIN [82],
whose variance 〈δI2N〉 is proportional to the electric noise power. For a PIN PD
there are mainly three sources of noise superposing with the signal current IS.
All the noise contributions are directly proportional to the receiver bandwidth
∆ f and are discussed in the following.

• Quantum or shot noise: Themost fundamental source of noise is associated
with the random arrival of photons and their detection with a probability
ηPD from (2.21) [82]. The drift of the statistically generated charge carri-
ers 〈Iph(t)〉 through the depletion region contributes to the quantum noise
current with a mean square value [49, 87]

〈δI2N, ph〉 = 2q〈Iph(t)〉∆ f . (2.41)

• Dark current shot noise: A certain level of photocurrent is present even if
there is no intended optical signal, as can be seen in Fig. 2.7. Several sources
of dark current Idark, previously described in Subsect. 2.2.2, induce a current
flow through the depletion layer of a PIN device likewise resulting in a shot
noise, very similar to (2.41) [49, 86, 90]

〈δI2N, dark〉 = 2qIdark∆ f . (2.42)
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• Thermal (Johnson) noise: The main noise contribution in a PIN PD arises
from the random thermal motion of free electrons and the vibrating ions as
well as their interaction in resistive electrical materials, especially at room
temperature [82, 90]. Thus, the variance of the thermal noise [49, 84]

〈δI2N, RL
〉 = 4kT∆ f

RL
(2.43)

is directly proportional to the ambient temperature T and the receiver band-
width ∆ f . Since the photodiode is usually connected to a preamplifier of at
least same bandwidth as the photodetector, the PD noise is increased ac-
cording to its noise figure [79]. In contrast, it is inversely proportional to the
amplifier input resistance in parallel with the diode output resistance and
load resistance RL across the device. Apart from RL, generally all the resis-
tances including the series resistance Rs in Fig. 2.8 can be neglected [79,84].
Although, according to (2.43), for a reduced thermal noise the load resis-
tance should be very large, however this leads to a large RC time constant
and thus long extrinsic response time, as described by (2.32). Thus, the val-
ues of RL are of the order of 50–100Ω [79], which is a compromise between
large fp, 3dB and low 〈δI2N, RL

〉.

The ratio between the mean square value of signal current 〈I2S〉 and the sum of
the particular noise current variances (2.41)–(2.43) determines the signal-to-noise
ratio

SNR =
〈I2S〉
〈δI2N〉

=
〈I2S〉

〈δI2N, ph〉+ 〈δI2N, dark〉+ 〈δI2N, RL
〉 (2.44)

at the PIN PD output [49,86]. Thus, detection of the weakest optical power signals
is only possible with low-noise PDs. Therefore, the sensitivity of a photodetector
is specified by the minimum detectable optical power [86]. For an analog signal
IS in an optical communication system, a minimum detectable optical signal is
determined by SNR = 1 [49, 82]. In that case the incident optical power included
in 〈I2S〉 generates an electrical signal of the same magnitude as the rms value of

the total noise current
√

〈δI2N〉 [86]. Taking only the shot noise 〈δI2N, ph〉 in (2.44)
into account, one can obtain the so-called quantum noise limit of a photodetector,
which is the theoretical minimum of the achievable receiver sensitivity [49]. In
practice, however, the thermal noise of the load resistance makes the main con-
tribution to 〈δI2N〉 and thus cannot be neglected [49].
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2.3 Optical Data Transmission

2.3.1 Bit Error Ratio

In practice it is common to use other expressions for the performance estimation
of signal transmission as the minimum detectable power, which corresponds to
an SNR of unity. To ensure a good level of detection accuracy, higher SNR values
of several decibels are required. However, for digital signals it is rather common
to count errors over a given period of time. Thus, the number of received er-
rors over the number of transmitted bits during a certain time interval gives the
so-called bit error ratio (BER) [86]. One could also obtain this value by simply di-
viding the error rate by the bit rate B. The relation between the BER, the average
incident optical power 〈Popt, i〉, and the bit rate can be written as [49, 82]

BER =
1
2
e
−

2ηPD〈Popt, i〉
B·h̄ωopt (2.45)

and further transformed to

lnBER = ln
1
2
− 2ηPD〈Popt, i〉

B · h̄ωopt
. (2.46)

This relation results in a set of linear curves with a parameter B, if plotted in a
semi-logarithmic Cartesian coordinate system. A few results for B = 2 ... 10Gbit/s
at a laser wavelength of 850 nm and ηPD = 1 are depicted in Fig. 2.10. However,
the values for the incident/received optical power 〈Popt, i〉 and the axis scaling
for BER were additionally logarithmized. Such BER curves are well-known for
the performance estimation of optical communication systems. Here, the prob-
ability of errors per bit of BER ≈ 10−12 is often required for a quasi error-free
optical data transmission. Thus, a receiver sensitivity of ≈ −45dBm is obtained
for a 10Gbit/s optical signal and only ≈ −52 dBm for 2Gbit/s. However, it is es-
sential to mention, that (2.46) describes a receiver at its quantum noise limit, i.e.,
only shot noise and no thermal noise is included in the calculations of Fig. 2.10.
In practice, a BER tester (BERT) generates — usually pseudo random — data to
pass through the system under test and then measures the received data. Com-
paring for errors with the sent signal, thus, the BER value can be determined.
More details on the measurement setup can be found in Sect. A.3 of App. A.

Eye Diagram

A convenient visual method often used for a qualitative measurement of the de-
tected data waveform is shown in Fig. 2.11 (b). The so-called eye diagram clearly
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Figure 2.10: Calculated BER versus av-
erage received optical power using (2.46)
for an ideal system with noise-free elec-
tronic elements at the quantum noise
limit for bit rates from 2 to 10Gbit/s.
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demonstrates the influence of amplitude variations (noise) and time variations
(jitter) on the receiver sensitivity. It is easily generated using an oscilloscope that
is triggered by the symbol timing clock [83] and allows experimentally to assess
the system performance for large-signal modulation.

A binary signal with a certain slope for the leading and trailing bit edge gen-
erates two discrete mean photocurrents 〈I0〉 and 〈I1〉 for a logical zero and one,
respectively, as shown in Fig. 2.11 (a). The photocurrent signal fluctuates around
the respective mean values due to the noise treated in the previous section. The
probability density of each photocurrent value has a Gaussian distribution about
〈I0〉 and 〈I1〉, respectively [49]. Here, in Fig. 2.11, the number of logical zeros
and ones are sent equally frequently. Superposing all the various symbol tran-
sitions of a long pseudo random bit sequence (PRBS) in one bit period and at
their respective decision times, one can obtain the eye diagram [87], shown in
Fig. 2.11 (b). For a small BER the eye should be as open as possible. Thus, an
estimation of the system performance is obtainable by measuring the width and
height of the eye opening in horizontal and vertical direction, respectively. Jit-
ter, for example, caused by variations of the pulse duration (phase noise) or the
imprecise recovery of the symbol clock, will close the eye in the horizontal direc-
tion [83]. Thus, the ideal sampling point for the decision level is located at the
time of maximum vertical opening. Amplitude noise and the effects of intersym-
bol interference (ISI), however, would close the eye in the vertical direction [83].
The point of the maximum vertical eye opening therefore corresponds to the time
of the maximum signal-to-noise ratio. The evaluation of the SNR value from the
measured eye diagram can be automatically performed by the oscilloscope2 and
is shown in detail in Fig. 2.11 (b). Here, N0 and N1 are the standard deviations of
the electrical noise amplitude at zero and one level, respectively, whereas S1−0 is
the distance between both mean signal levels. Due to the relation Popt, i ∝ 〈Iph〉

2Agilent, model 86100B
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Figure 2.11: Origin of the eye diagram built by (a) a noisy binary photocurrent signal
(red) and its corresponding probability distribution (blue). The SNR of the measured eye
diagram in (b) with bit rate B is analyzed with a wide-bandwidth oscilloscope2.

in (2.24), the SNR = S1−0/(N0 + N1) of the electrical signal in Fig. 2.11 (b) also
corresponds to signal-to-noise ratio of the optical signal.

Bathtub Curve

The eye diagram is the most intuitive indicator for a quick system test and pro-
vides an immediate view of the signal amplitude over time. However, it offers
only a qualitative analysis. Another diagnostic tool commonly used in signal
transmission tests is the so-called bathtub curve, also referred to as a BERT scan.
Any instrument capable of performing a BER measurement can be used to create
a bathtub curve, as long as the sampling point can be varied. As shown schemat-
ically in Fig. 2.12, two different bathtub curves can be obtained from the same eye
diagram: the sample delay scan in (a) and the sample threshold scan in (b) [91].
The measurement location is swept across a unit interval, which can be a hori-
zontal (a) or a vertical scan (b) of the eye opening. A horizontal BERT scan is per-
formed by setting the decision threshold voltage VD−Th of the BERT to the center
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Figure 2.12: Schematic of bathtub curves (right) resulting from (a) a horizontal BERT
scan (blue) of an eye diagram (left) using sampling time delay and (b) a vertical BERT
scan (red) with decision threshold voltage VD−Th [93].

of the eye and sweeping the sampling time tS across the eye, while obtaining BER
values at each sampling point. Plotting the points on a semi-logarithmic graph
of BER versus sampling time results in a curve that resembles the cross-section of
a bathtub. Similarly, a vertical BERT scan is carried out by setting the sampling
time tS to the center of the eye with the highest SNR, as depicted in Fig. 2.12 (b)
and varying the decision threshold VD−Th across the eye [93].

For the horizontal BERT scan in (a) applies, the BER is low when sampling at
the center of the eye and goes up when approaching the eye crossings. Sam-
pling at or near the transition points results in a BER of 0.5, which corresponds
to an equal probability for success or failure of a bit transmission. The flat curve
in these regions points out the predictable and reproducible, deterministic jitter
(DJ) [91, 92]. As the sampling point moves inward from both ends of the unit
interval, the BER sharply decreases, as seen for in Fig. 2.12 (a). These regions are
dominated by random jitter (RJ) which originates in an unpredictable thermal
noise with a Gaussian distribution [91, 92]. However, attention should be paid to
the symmetry of the bathtub curves. While in this example it is asymmetric for
the sample delay scan in (a), it can be symmetric for the sample threshold scan
due to the vertical symmetry of the eye diagram, as shown in (b). Here, along
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the time axis, the maximum vertical eye opening is closer to the right eye cross-
ing. Generally any nonlinearities of the channel transfer characteristics create an
asymmetry in the eye diagram [86] and accordingly in the bathtub plot.

The bathtub plots readily show the transmission error margins at the BER level of
interest, e.g. 10−12 for a common optical communication system [93]. The further
the left edge is from the right edge at a particular BER threshold, the more margin
the design has to jitter in case of a horizontal BERT scan in (a) or to noise for the
vertical scan in (b). However, the time of performance of the BER measurement
is a function of the BER itself. For a 10Gbit/s signal with BER = 10−12 one needs
to wait on average 1000 seconds to receive the first error. In order to speed up
the BER measurement, the BERT scan can be first performed for high BERs, e.g.
10−6 to 10−9, and then extrapolating the values until reaching the point where the
left and right edge of the bathtub curves are crossing. Thus, the lowest possible
BER value can be obtained for the system under test without long measurement
periods.

2.3.2 Multimode Fiber

The achievable peak data rate of an optical transmission link could be gener-
ally limited either by the optoelectronic devices themselves or by the used glass
fiber of a particular bandwidth–distance product (B× L). For multimode fibers,
as employed in the present work, mainly the modal dispersion limits the reach
and the maximum bit rate. However, with higher data rates of> 10Gbit/s and a
steady improvement of the fiber manufacturing process including a better control
of the refractive index profile, the chromatic dispersion begins to play a role, espe-
cially for spectrally broad light sources [94] with multimode emission. Thus, the
IEEE 802.3aeTM 10-Gigabit Ethernet standard 10GBASE-SR [95] requires a spec-
tral width for VCSELs of not more than 0.45 nm rms for an error-free transmission
over distances of a few hundred meters [94].

Modal Bandwidth

Table 2.1 summarizes the bandwidths of the current fiber types, which are em-
ployed in this work in Sect. 5.2, as well as older types for comparison. Here, the
modal dispersion is the main bandwidth limiting factor, which can be generally
expressed by B × L in MHz × km. However, a MMF exhibits as many modal
bandwidths as launching conditions, since the propagation characteristics of a
fiber also depend on the set of modes that are excited [94]. Thus, if only one mode
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Table 2.1: Specifications of various multimode fibers for an operation at 850 nm wave-
length. The link lengths refer to 10Gbit/s signal transmission according to the IEEE
802.3aeTM 10-Gigabit Ethernet standard 10GBASE-SR [94, 95].

MMF
type

Core/cladding
diameter (µm)

Numerical
aperture

B× L (MHz× km)
OFL/EMB

10Gbit/s link length
(10GBASE-SR)

OM1 62.5/125 0.27 200/– 33m

OM2 50/125 0.20 500/– 82m

OM3 50/125 0.20 1500/2000 300m

OM4 50/125 0.20 3500/4700 550m

is excited, no modal dispersion will be observed. Therefore two standardized
characterization methods were developed for the specification of the bandwidth–
distance product of a MMF. The effective modal bandwidth (EMB) especially fo-
cuses on VCSEL excitation and is calculated from differential mode delay (DMD)
measurements, where different modes in a MMF are selectively excited by a ra-
dial scan of the fiber core using a singlemode fiber (SMF) launch [94]. In contrast,
for the over-filled launch (OFL) technique almost all the guided modes are ex-
cited using a light source with a numerical aperture (NA) larger than the one of
the glass fiber and a beam diameter larger than its core diameter. Thus, the OFL
modal bandwidth has a lower B× L and is generally used for fiber characteriza-
tions dedicated to LED applications [94].

In this work, the so-called OM4-type MMF is extensively used for most of the
data transmission experiments in Sect. 5.2. With a core diameter of 50 µm and
a numerical aperture of 0.2, its EMB is at least 4.7GHz× km, which allows the
employment in 10Gbit/s data links with a length up to 550m, as standardized
by the IEEE [95]. Further specifications of OM4-type MMFs are listed in Tab. 5.1.

Modal Noise

Another performance-limiting effect in MMF transmission is associated with the
intermodal dispersion properties of the fiber [90]. It occurs when coherent laser
sources are used in conjunction with MMFs, thus enabling the excitation of dif-
ferent modes of propagation. If the coherence length of the laser emission is high
enough, constructive and destructive interference between the individual modes
occurs due to the phase variations of the different transmission paths [96]. Thus,
the so-called speckle pattern will be seen at the end of the fiber [87]. Disturbances
along the fiber such as vibrations, microscopic discontinuities, and microbend-
ings, connectors, splices, and transmitter/receiver coupling could cause intensity
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fluctuations in the speckle pattern [86,90]. Hence, the speckle ormodal noise orig-
inates from the temporal changes in modal power distribution at mostly random,
mode-selective losses in the MMF and its interfaces, respectively [83]. Addition-
ally, typical fluctuations in the emission spectrum of the modulated laser might
cause even faster speckle movements and thus modal noise [97]. As a result, the
power penalty due to modal noise could be considerably increased leading to a
degradation of the BER performance in a MMF optical transmission link [86, 97].

In order to avoid modal noise, at least one of the three conditions mentioned
above (coherence of the light source, temporal and mode-selective losses in the
MMF) needs to be eliminated [90]. Thus, the use of broad spectrum sources such
as LEDs [86] or lasers with an emission in several longitudinal modes [97] would
decrease the coherence length, however, with the known trade-offs regarding the
link performance such as lower device cut-off frequencies and chromatic disper-
sion increase in OM4 MMFs. Another solution are fibers with large numerical
apertures, which support the propagation of more modes and hence give a larger
number of speckles [86, 90]. In principle it is a form of time averaging, which
reduces the noise amplitude [83]. Also increasing the mode dispersion of the
multimode fiber could be one way to overcome the coherence length of a narrow-
band laser source [97]. However, all of these steps work entirely in contrary to
the efforts initially made to increase the overall bandwidth of the transmission
system [87]. Therefore, the best solution is to remove the disturbances along the
fiber [90] to the allowed minimum of the system bandwidth [87].

Alternatively, if possible, a singlemode fiber should be used, since it supports
only one mode and thus has generally no intermodal interference [86, 90]. How-
ever, it should be considered, modal noise may even occur in SMFs, mainly due
to the mixing of two polarization modes [83]. Also very short fibers, both MMF
and SMF, as well as laser pigtails might suffer from modal noise due to interfer-
ence effects of propagating and reflected modes at the fiber ends and negligible
fiber dispersion effects [86, 98]. Another important issue for modal noise is the
incomplete detection of the optical signal owing to a smaller photodetector area
compared to the fiber core diameter. Here, especially the temporal mode-selective
losses would cause fluctuations in the detected optical and thus electrical signal.



Chapter 3

Transceiver Chip Design and

Fabrication

Based on theoretical aspects of VCSELs and PIN photodiodes, in the first part
of the following chapter the epitaxial layer structure of monolithically integrated
transceiver (TRx) chips is described in detail. In addition to an independent oper-
ation of intimately integrated VCSEL and PIN PD, the epitaxial as well as lateral
device design should also consider a reliable and reproducible manufacturabil-
ity of the integrated TRx chip. The second part of the chapter mainly describes
the fabrication steps in the semiconductor technology, which were adapted and
partly especially developed for the processing of the present TRx chips.

3.1 TRx Layer Structure

Formonolithic integration, the layers of the PIN PD are grown bymolecular beam
epitaxy (MBE) in the same epitaxial run after the VCSEL layers, as indicated in
Fig. 3.1. In this way, the well-established technique of VCSEL growth on silicon-
doped (n-)GaAs substrates can be maintained. The latter show lower defect den-
sities of n-type substrates and thus better device yield and reliability [4]. A single
growth run has an additional benefit of improved crystal quality compared to an
overgrowth process [42]. The exact details of the transceiver epitaxial layer struc-
ture can be found in tabular form in App. B, whereas the MBE growth is outside
the scope of this work and is treated in-depth in [54]. The use of two separate epi-
taxial layer stacks for signal detection and generation imposes challenging pro-
cessing steps on the transceiver chip manufacturing, which will be described in
detail in Sect. 3.2. Thus, with the suggested growth order, i.e., PD of ≈ 3.5 µm

41
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Figure 3.1: Schematic cross-sectional view of the TRx layer structure (from [40, 99, 100]).
The layers for the PIN PD on top of the VCSEL layers are separated by an etch stop layer.

thickness on top of the ≈ 8 µm thick VCSEL and not vice versa, the topography
(height difference over the surface) of such a preprocessed transceiver chip can
be minimized, which is important for the feasibility of the successive lithography
processes. A further advantage of the present stacked transceiver layer structure
is the increased efficiency of the photodiode, which arises from the double-pass
absorption of the incident light due to reflection at the VCSEL layers.

3.1.1 VCSEL Epitaxial Design

The basics of VCSELs were already discussed in detail in Subsect. 2.1.1. Fig-
ure 3.2 shows energy band diagrams of a VCSEL structure, which were calcu-
lated using an one-dimensional semiconductor device simulation software [101].
The resonator is built by two distributed Bragg reflectors (DBRs) with 38.5 n-type
and 23 p-type doped Al0.2Ga0.8As/Al0.9Ga0.1As mirror periods, as seen in the
left diagram. In the detailed view of the center VCSEL structure (right), the alu-
minum content of AlxGa1−xAs is graded in two steps, namely 0.9 < x < 0.47 and
0.47 < x < 0.2 at both mirror interfaces. Thus, in conjunction with the appro-
priate modulation doping at the rising bandgap edge of the heterojunction, the
potential barrier and therefore the electrical resistance of the DBRs is reduced, as
can be seen by the relatively flat conduction band edge Ec in the n-doped region
and valence band edge Ev in the p-doped mirror.

The inner cavity with an optical thickness of one wavelength contains three 8 nm
thick GaAs quantum wells (QWs) separated by 10nm thick Al0.27Ga0.73As bar-
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Figure 3.2: Calculated energy band diagrams of a complete VCSEL structure (left) for
an unbiased state (blue) and 2V bias voltage (red). A close-up of the center structure
(right) depicts the details of the Bragg mirrors and the active region. For the sake of
convenience, the energy reference level for the biased case in the right diagram is shifted
by 1.1 eV compared to the left.

riers designed for 850 nm wavelength emission. As seen in Fig. 3.2 (right) for
the biased VCSEL structure (red), carrier inversion and thus amplification con-
dition is obtained when the difference between the quasi Fermi levels EFc and
EFv for electrons in the conduction band and holes in the valence band, respec-
tively, overcomes the quantized bandgap energy of the three GaAs QWs, i.e.,
EFc − EFv > Eg [49]. In the first mirror period of the p-DBR above the active
region a highly p-doped 32nm thick AlAs layer is positioned in the node of the
standing wave pattern, as already shown by the refractive index profile of the
VCSEL structure in Fig. 2.2. It forms the current confinement aperture for the
lower mobility holes [51, 58] after the subsequent oxidation step of the VCSEL
mesa. The p-DBR stack is completed with a 30 nm thick highly p-doped GaAs
cap layer, which prevents the oxidation of the topmost aluminous mirror layer
and provides a low-resistance p-contact. It also acts as an etch stop when remov-
ing the upper i-Al0.9Ga0.1As layer in Fig. 3.1, as will be discussed in Subsect. 3.2.1.

3.1.2 PIN PD Epitaxial Design

A monolithic integration of PIN photodiodes with VCSELs is realized by grow-
ing the PD layers on top of the VCSEL structure. The PIN layers are separated
from the VCSEL stack by a 150nm thick intrinsic Al0.9Ga0.1As etch stop layer, also
partially acting as an insulator between the two doped layer groups. The reverse-
biased PD has its grounded p-doped side facing the VCSEL layers, which also
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Figure 3.3: Calculated energy band di-
agrams of a transceiver photodiode PIN
structure for various reverse bias voltages.

minimizes possible capacitive coupling effects between both devices. Addition-
ally, as can be seen by the calculated energy band diagram in Fig. B.1 of App. B,
the larger bandgap of Al0.9Ga0.1Asmaterial sets a significant barrier for the holes.
For holes moving from i-GaAs to p-Al0.3Ga0.7As, the etch stop layer prevents
their diffusion into the p-DBR and thus facilitates their evacuation only through
the p-contact.

Figure 3.3 shows calculated energy band diagrams of a PIN structure for an unbi-
ased state (black) and different reverse bias voltages. Here, a 3 µm thick undoped
GaAs absorption layer is embedded between p- and n-doped Al0.3Ga0.7As each
of 200 nm thickness, which enables sufficient current spreading for large diame-
ter PDs. A close-up of both heterojunction interfaces is presented in Fig. 3.4 for
a bias-free structure. The higher bandgap of these two contact layers provides a
spectral window for the wavelengths of interest at around 850nm. An aluminum
content of 30% for the PD p-contact (right) is additionally a reasonable compro-
mise between the etching selectivity of i-GaAs and i-Al0.9Ga0.1As. The lower ox-
idation rate compared to layers with higher Al content is also beneficial for a
low-resistance p-contact. The bandgap discontinuities between the absorption
and contact layers are linearly graded by 50nm thick n- and p-AlxGa1−xAs with
0 < x < 0.3, as schematically depicted in Fig. 3.1. It minimizes the energy band
discontinuities, which is clearly observed in Fig. 3.4 and ensures an easier escape
of the light-induced carriers from the undoped GaAs. The top PD n-Al0.3Ga0.7As
contact is protected from oxidation by a 10nm thick n-doped GaAs cap layer (see
Fig. 3.4 (left)) and terminates the complete VCSEL–PIN stack.
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Figure 3.4: Calculated energy band diagrams of the PD PIN structure with Vbias = 0V
from Fig. 3.3 in the vicinity of the NI- (left) and IP-heterojunction (right).

3.2 Fabrication

The fabrication of transceiver chips is based on lithographic structuring with pho-
tosensitive resists and subsequent etching or material deposition steps. Depend-
ing on the thickness of the PIN PD absorption layer and therefore the final height
difference of the TRx device, at least seven lithographic steps are necessary for the
full processing of the chip shown later in Fig. 3.21. Figure C.1 in App. C presents
the complete view of eight masks for the exposure of a quarter of a 2-inch wafer.
A close-up of a single unit cell from a 6× 6 matrix array is depicted in Fig. C.2. In
a single unit cell all 64 individual devices — 36 transceivers, 10 VCSELs, and 18
PDs — have different dimensions for optimization and evaluation purposes. Pa-
rameters such as VCSEL and PD diameter as well as the trench width are varied
from device to device. The mask design and therefore the lateral TRx layout will
be presented stepwise in Fig. 3.14.

Next, the individual processing steps in the transceiver chip manufacturing are
introduced. Since the details are already summarized in short form in App. D,
here, the discussion is more focused on specific challenges and difficulties, which
have to be considered in order to achieve reliable and reproducible fabrication
processes with a high device yield over the entire wafer.

The first three lithographic steps of photoresist are the most challenging stages in
the fabrication of monolithic transceiver chips. They build the n-/p-mesa of the
photodiode as well as the VCSEL mesa and incorporate at least five etching pro-
cesses, which are schematically shown in Fig. 3.5. For the sake of convenience,
Fig. 3.6 clarifies the transceiver cross-section after the three mesa etching steps.
As can be easily identified, the steep mesa side walls are crucial for the minia-
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turization and dense integration of VCSEL and PIN PD. Therefore, wet chemical
etching was found to be an improper technique, since its generally isotropic etch
rate tilts the mesa sidewalls [102] and prevents a close integration of both devices.
Hence, anisotropic, directed etching is inevitable, which can be only provided by
dry etching techniques [102]. Here, the material removal is mainly due to the me-
chanical impact of ions on the unprotected semiconductor surface and less due
to the chemical reaction. Thus, the mask and particularly the layer composition
selectivity is rather difficult to achieve compared to wet chemical etching [103].
However, the ratio between chemical etching and physical sputtering can be ad-
justed by process parameters such as gas pressure, gas composition, and radio
frequency (RF) power.

3.2.1 Formation of the PD Plateau

In the first fabrication step, the detector layers on top of the VCSEL structure are
removed to uncover the future laser device. In order to ensure that the uppermost
VCSEL layer is not affected by the etching, it is protected by an etch stop layer
with a high aluminum content, as already mentioned in the previous section.

Selective Dry Etching

Due to the fact that the topmost VCSEL layer is up to 3.66 µm below the photo-
diode PIN structure with a 3µm thick absorption layer (see table in App. B), the
best integration can only be achieved using reactive-ion etching1 (RIE) for vertical
mesa side walls. Usually pure SiCl4 is used for etching GaAs and AlGaAs mate-
rials with almost the same rates [104]. However, in order to stop the etch process
at Al0.9Ga0.1As and before the p-GaAs VCSEL cap layer, an etch depth control
solely by time is insufficient and hardly reproducible. An additional challenge
in precise etching is the inhomogeneous MBE growth, which results in a layer
thickness gradient, i.e., the layers become gradually thinner towards the wafer
edge [54]. Therefore, assuming a constant etch rate over the whole sample with-
out etching selectivity, the etching process would stop at different layers along
the wafer radius.

As shown in [104, 105], an addition of SF6 to SiCl4 enhances the GaAs etch rate
and drastically reduces the AlGaAs etch rate. The increase in selectivity can be ex-
plained with the presence of fluorine atoms which react with Al but not with Ga.
The product AlF3 does not evaporate and forms a passivating layer on AlGaAs

1Oxford Instruments, model Plasmalab System100
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(a) Transceiver wafer structure as
grown by MBE. See also Fig. 3.1.

(b) Nonselective and selective dry
etching of GaAs on Al0.3Ga0.7As.

(c) Selective wet etching of
Al0.3Ga0.7As on Al0.9Ga0.1As.

(d) Selective wet etching with HF
solution of Al0.9Ga0.1As on GaAs.

(e) Nonselective and selective dry
etching of GaAs on Al0.3Ga0.7As.

(f) VCSEL mesa dry etching (non-
selective).

Figure 3.5: A chart view of schematic sample cross-sections including five etching pro-
cesses with the first three lithographic steps. The final mesa formation of the TRx device
in (f) is also shown in more detail in Figs. 3.6 and 3.12.

instead, which inhibits further etching of the surface [104]. Combining a non-
selective RIE process for the removal of the top n-Al0.3Ga0.7As with SiCl4 alone
before selectively etching GaAs with an appropriate SF6/SiCl4 ratio of 0.5 after-
wards [104, 105], the p-Al0.3Ga0.7As layer can be exposed along the entire wafer
surface (Fig. 3.5 (b)). Here, most of the material removal is carried out by non-
selective etching, since the etch rate with SF6/SiCl4 is much higher and thus less
controllable. Moreover, a long bombardment of the etch blocking layer with SF6
would cause strong underetching in the neighboured side walls. An etch selec-
tivity between the layers with 30% and 90% Al content could not be observed
with RIE, even with an increased SF6/SiCl4 ratio. Thus, another etching process
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Figure 3.6: Schematic cross-sectional view of a transceiver chip after three mesa etching
steps (from [48], © 2013 IEEE).

is necessary, which would selectively remove the p-Al0.3Ga0.7As layer from the
i-Al0.9Ga0.1As.

Selective Wet Etching

Wet chemical etching mechanisms of semiconductor materials are usually based
on oxidation followed by dissolution of the oxide by chemical reaction [106].
Thus, the chemical etchant comprises two components. For AlxGa1−xAs layers
with x < 0.5, selective etching characteristics strongly depend on the volume ra-
tio of [C6H8O7 ·H2O] : H2O2 (citric acid solution : hydrogen peroxide) and the Al
composition x [107]. Here, the oxidizing agent is hydrogen peroxide, whereas
the citric acid solution (citric acid monohydrate :H2O, 1 g : 1ml) dissolves the ox-
ide [106]. For etching solutions, in which the amount of citric acid is relatively
low compared to H2O2, the etch rate of GaAs and AlGaAs is also low, since it is
limited by the dissolution. As the concentration of the citric acid is increased, both
etch rates become higher, however, it is still lower for AlxGa1−xAs, especially for
increasing x. Here, the etching is suppressed by the formation of Al2O3 [106].

In order to remove the 200–250nm thick p-AlxGa1−xAs layer with x ≤ 0.3 from
the i-Al0.9Ga0.1As, the ratio of the etching solution was 15 : 1 (citric acid :H2O2).
A 15 times larger amount of citric acid compared to H2O2 guarantees an effi-
cient etching of 30%-AlGaAs, but not of 90%-AlGaAs. A higher concentration
of H2O2 would increase the oxidation of p-Al0.3Ga0.7As and therefore block the
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Figure 3.7: Scanning electron micro-
graph of a cleaved TRx chip cross-
section with 3 µm thick PIN PD after
the first selective dry and wet etch-
ing processes for the formation of the
PD plateau and the exposure of the
VCSEL layers, respectively.

etching. Beside a good etching selectivity of the given etching solution, there is
a possibility of visual control at the transition from 30%- to 90%-AlGaAs. The
etch stop layer with a higher Al content tends to oxidize very quickly, even with
a relatively small amount of H2O2 in the solution. Thus, under strong light il-
lumination of the etched sample, an abrupt appearance of a green colored layer
around the photoresist patterns indicates the exposure of the i-Al0.9Ga0.1As, as
depicted in Fig. 3.5 (c).

Afterwards, the oxidized etch stop layer is removed by a second wet etching
process with a buffered hydrofluoric acid (NH4F : HF, 87.5 : 12.5). Here, the
etching is highly selective for AlxGa1−xAs with x ≥ 0.85 over GaAs [107]. A 15 s
dip in the etchant is long enough to remove a 150nm thick etch stop layer and
uncover the p-GaAs VCSEL cap layer, as schematically indicated in Fig. 3.5 (d).

Despite the fact that the last 300 to 400 nm above the p-Bragg mirror are wet
etched, thus providing rather flat mesa side walls in this region, more than 90%
of the total etch depth is reached by the dry etching process. This results in nearly
vertical mesa edges, as seen by the cross-section of the cleaved sample with a
scanning electron microscope (SEM) in Fig. 3.7. Here, the PIN PD plateau is still
protected by the photoresist. The slightly darker thin layers at the top and bot-
tom of the PIN structure indicate both Al0.3Ga0.7As contact layers. A marginal
side wall underetching just above the lower p-doped contact layer points out the
blocking property of this layer towards the RIE process with SF6/SiCl4. Never-
theless, the complete VCSEL layer stack below the PIN structure was not affected
by the three preceding etching steps.
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Figure 3.8: Reflectivity spectra of a
stacked TRx layer structure comprising
of VCSEL and 3µm thick PIN PD (red
dashed). The measurement was per-
formed 12mm from thewafer center also
after removal of the absorbing PD lay-
ers (blue solid). The VCSEL cavity reso-
nance is found as a dip in the reflectivity
spectrum at around 821 nm (from [48], ©
2013 IEEE).
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The etching of the PD plateau uncovers the topmost VCSEL layer for the bigger
part of the wafer area and thus gives access to the complete VCSEL layer stack.
Such a pre-processed TRx chip can be used, for instance, to obtain information
about the highly reflective stop-band of the DBR and the resonance dip of the
VCSEL cavity [42]. Therefore, a spectrally resolved reflection measurement was
performed directly after the removal of the PIN PD layers. Showing a slightly
detuned VCSEL structure with a resonance dip at approximately 821 nm (blue
solid line) in Fig. 3.8 [48], the measured data have been normalized to a gold mir-
ror reflectivity spectrum taken under the same experimental and environmental
conditions. The unusually broad cavity dip arises from spatial averaging over an
approximately 1.5mm diameter measurement spot in a wafer edge region with a
strong layer thickness gradient. The same measurement was also carried out for
an unprocessed TRx chip, i.e., directly after the MBE growth (red dashed line).
Here, a rather constant reflectivity of around 35% for wavelengths below 870nm
indicates absorption in the 3µm thick i-GaAs of the PIN PD. Thus, the stop-band
of the DBR below the photodiode layer stack is not visible [48].

The setup for reflectivity spectra additionally allows position-resolved measure-
ments: the sample is moved stepwise in a radial direction of the wafer, while ob-
taining data from reflectivity measurements [54]. The generated three-dimensio-
nal plot is depicted in Fig. 3.9 (left), however, for rather long-wavelength VCSEL
devices with an emission at 895 nm. Nevertheless, a clear detuning of the VCSEL
structure towards shorter wavelengths can be observed in the two-dimensional
plot (top right) for increasing distance from the wafer center. It results from the
gradual decrease of the layer thicknesses towards the wafer edge due to inho-
mogeneous MBE growth. Additionally, the maximum stop-band reflectivity de-
creases, which all lead to a degradation of the device performance of the detuned
VCSELs.
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Figure 3.9: Surface scan of the reflectivity spectra of a VCSEL structure for a device emis-
sion at ≈ 895 nm. The scan was performed in the radial direction from the wafer center
(at 0mm) towards the edge (beyond 16mm) (from [54]).

3.2.2 Formation of the PD p-Contact Region

Unlike MSM PDs with planar contact structure, PIN PDs have vertically dis-
placed contacts and thus require an additional etch step to expose the p-doped
Al0.3Ga0.7As layer, as can be seen in the right part of Fig. 3.6. Since the lateral di-
mensions of the p-contact are relatively large (see Fig. 3.12), steep mesa side walls
are generally not necessary and therefore wet chemical etching with an appropri-
ate citric acid to hydrogen peroxide ratio would be also acceptable. However,
the present etch step, shown in Fig. 3.5 (e), can be accomplished in analogy to
the previous selective dry etching process in (b), where the AlGaAs p-contact
layer with just 30% Al content acts also as an etch stop layer. By means of the
described selective etching techniques, a uniform layer topography all over the

Figure 3.10: Scanning electron micro-
graph of a cleaved TRx chip cross-
section after the selective dry etching
process for the formation of the PD p-
contact plateau.
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wafer can be guaranteed in spite of the layer thickness inhomogeneity due to the
epitaxial growth process. Figure 3.10 shows an SEM image of the cleaved chip
cross-section. The layer thicknesses at the given wafer radius are around 20%
thinner compared to the target values in Fig. 3.1, as seen by an ≈ 122 nm instead
of 150 nm thick etch stop layer. Hence, the p-Al0.3Ga0.7As etch blocking layer had
to sustain a≈ 20% longer etching at the particular wafer radius. Despite the rela-
tively low etch rate in 30%-AlGaAs, the extensive bombardment with SF6/SiCl4
atoms leads to an advanced etching process, in which the initial layer thickness
of ≈ 160 nm (target value 200 nm) is reduced to ≈ 96 nm.

3.2.3 VCSEL Mesa Formation

The third lithographic step finally defines the mesa dimensions of the VCSEL.
The etching process spatially separates the VCSEL device from the photodetector
by a 2 to 4µm narrow trench and thus provides access to the current confinement
layer, as seen in the left part of Fig. 3.6. It is performed by RIE with SiCl4 alone
(Fig. 3.5 (f)), i.e., without etching selectivity — only controlled by time. How-
ever, a minimum etch depth of≈ 3.2 µm is necessary in order to reach the p-AlAs
current confinement layer for the subsequent oxidation process. Also this fabri-
cation step requires dry etching, since steep mesa side walls are crucial for the
miniaturization and dense integration of VCSEL and PIN PD. Figure 3.11 shows
the SEM micrographs of a cleaved TRx chip cross-section directly after the etch-
ing process. The very small etching surface between the VCSEL and PD results in

Figure 3.11: Scanning electron micrograph of a cleaved TRx chip cross-section after the
nonselective dry etching process for the formation of VCSEL mesa, i.e. horizontal sepa-
ration of Tx and Rx. The depth of the ≈ 3 µm wide trench between VCSEL and PD has
to be well below the VCSEL active region (right) for a reliable subsequent oxidation pro-
cess. However, a higher etch rate outside the trench inevitably results in a larger height
difference (left).



3.2 FABRICATION 53

11.3

9.0

6.8

4.5

2.3

0.0

15.8

19.8   m

13.5

VCSEL mesa

PD n−contact mesa

PD p−contact mesa

µ

Figure 3.12: Three-dimensional laser scanning micrograph of a transceiver chip after
three mesa etching steps (from [48], © 2013 IEEE). The device cross-section along the
dotted line is depicted in Fig. 3.6.

a lower etch rate compared to the area outside of the TRx device (left). This fact
has to be considered by a proper increase of the etching time, in order to achieve
a minimum trench depth for the aperture oxidation (right). On the other hand,
a longer etching time with an additionally higher etch rate around the TRx chip
leads to the large height differences in the device and therefore more complicated
successive planarization processes, as will be described in Subsect. 3.2.5.

The topography of such a pre-processed transceiver chip was investigated with a
laser scanning microscope2 and is presented in Fig. 3.12. The micrograph shows
a three-dimensional view of the TRx device after three mesa etching steps, whose
cross-sectional view along the black dotted line is schematically depicted in Fig.
3.6. The three corresponding lithographic masks, which have been used for the
patterning of photoresists so far, are presented in Fig. 3.14 (i–iii).

3.2.4 Oxidation of the VCSEL Current Aperture

The current aperture is in addition to the DBRs and the QW gain region one of
the key elements in the design and operation of a VCSEL. As mentioned in Sub-
sect. 2.1.1, it has a significant influence on the electrical and optical properties of
the device. For this reason, a well-controlled oxidation process enabling an accu-
rate aperture diameter formation is very crucial in the VCSEL fabrication. For the
lateral selective oxidation of the 32 nm thick p-AlAs layer, the sample is placed
in a three-zone furnace with a humid ambiance at 370 to 400 °C. The current con-
finement is accomplished by the isolating polycrystalline Al2O3, which is mainly

2Keyence, model VK-X100/X200
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Figure 3.13: Photograph with an infrared microscope of a fully processed TRx chip. The
VCSEL aperture (left) is built by oxidation (A) in the hot vapor atmosphere. An un-
wanted oxidation (B) of the etch stop layer is inevitable (right). The different oxidation
depths of both layers are also indicated in the cross-sectional view of Fig. 3.16.

formed by the reaction [108]

2AlAs+ 3H2O −→ Al2O3 + 2AsH3, (3.1)

where nitrogen is a carrier gas for water vapor. In order to obtain a specific aper-
ture diameter, in-situ visual control of the oxidation process would guarantee the
most reliable results. However, currently only ex-situ control is available, which
makes the process less reproducible. Knowing the activation time and the oxi-
dation rate of approximately 1.3 µm/min, the oxidation depth is only controlled
by the process time. The temperature and gas flow fluctuations in the furnace
as well as the layer thickness inhomogeneity of the sample can only be partially
considered and compensated in the oxidation process.

Figure 3.13 (left) shows the top view of a fully processed TRx chip for the inves-
tigation of the oxide aperture. For this purpose, the sample is illuminated by an
infrared light source. Since the light cannot be absorbed by the incorporated se-
miconductor material, it penetrates the upper Braggmirror and reaches the active
region of the VCSEL. Here, different refractive indices of Al2O3 and AlAs result
in different reflection coefficients and thus a clear contrast between the aperture
and the oxide. However, the CCD camera image not only displays an oxidation
(A) for the VCSEL aperture (left), but also the neighbouring PD was exposed to
the hot water vapor from the trench side. In Fig. 3.13 (right), a generally smaller
oxidation depth (B) is observed for the PIN PD. The different focusing depths of
the microscope for the VCSEL (left) and PD (right) indicate a simultaneous oxi-
dation of two different layers — p-AlAs for the VCSEL and the etch stop layer
underneath the PIN structure for the PD. Its Al content of 90% results in an ap-
proximately 60 times lower oxidation rate compared to pure AlAs [55, 56] of the
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(i) PD plateau (ii) PD p-contact region (iii) VCSEL mesa

(iv) 1st polyimide (v) 2nd polyimide (≤ 4×)

(vi) Evap. of p-contacts (vii) Sputt. of AR coating (viii) Evap. of n-contacts

Figure 3.14: A chart view of a superposition of up to eight lithographic masks exemplary
shown for a single TRx device. The complete view of the masks is included in App. C.

same thickness. Even though the i-Al0.9Ga0.1As is nearly five times thicker than
the p-AlAs of the current confinement layer, a significantly higher oxidation rate
of thicker layers can only be observed for the thickness range . 40 nm [56, 57].
Thus, the amount of Al in the material composition of both layers has a more
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dominant effect, as can be observed in Fig. 3.16. A short oxidized region (B) be-
tween PD and VCSEL layers and a larger region (A) between both DBR mirror
stacks are clearly seen in the cross-section of the cleaved TRx PD. An even lower
Al content of the etch stop layer would further decrease the oxidation rate, how-
ever, the etching selectivity to the adjacent GaAs and Al0.3Ga0.7As layers would
also decrease [106,107], resulting in less robust etching processes. Nevertheless, a
low oxidation of the 150 nm thick etch stop layer is generally of prime importance,
since the volume change of the oxidized regions induces strain in the surround-
ing layers, which could cause cracks and damage at the edges of the PIN layer
stack after the subsequent annealing process for the n-contacts [40]. Such peeling
of the PD edges was especially observed for TRx chips with up to 200–300nm
thick AlAs etch stop layers [31–36].

3.2.5 Polyimide Passivation and Planarization

With a PD absorption layer thickness of 3 µm the total topography (height dif-
ference over the surface) of the TRx chip reaches values of 9 µm and more, as
presented by the three-dimensional scan in Fig. 3.12. The passivation and pla-

Figure 3.15: SEM image of a
TRx chip with a 3µm thick PD
after several polyimide plana-
rization steps (a). The dashed
line indicates the scanning
track with a surface profilome-
ter3. The results show the to-
pography of the partially pla-
narized device after two (b),
three (c), and four (d) poly-
imide steps. The step at po-
sition (1) indicates the passi-
vated VCSELmesa, (2) the step
to the PD plateau (b), and (3)
the most critical step back to
the VCSEL mesa floor (b–d).
The step of ca. 2.5 µm height
at (4) indicates the end of the
polyimide passivation and the
beginning of the VCSEL n-
contact region (b).
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narization is accomplished using polyimide with at least two lithography steps.
Figure 3.14 depicts the corresponding lithographic masks, in which the shaded
grey area represents regions covered with the first polyimide passivation step
(iv), whereas the black shaded area (v) indicates the second planarization step.
The SEM micrograph in Fig. 3.15 (a) shows the structured surface of a TRx chip
after four polyimide steps. The graphs (b–d) present the results of the surface
profile measurements3 of the TRx chip along the blue dashed line in (a) after the
second, third, and fourth planarization step, respectively, using the lithography
mask (v). The first mask (iv) is usually applied only once, since it was primar-
ily designed for the passivation purpose. Even though the VCSEL mesa is up to
6µm high (Fig. 3.11 (left)), the first planarization process reduces the step down to
2.5 µm at position (1). The reason is a large accumulation of polyimide around the
VCSELmesa, which is encircled by the PD, although a high spin coating speed of
9900 rpm was used. Nevertheless, a second lithography step with the same mask
(iv) would considerably decrease the capacitance between the VCSEL bondpad
and the substrate. The improvements of the parasitic capacitance and therefore
of the VCSEL small-signal frequency response can be found in Fig. 4.10 of Sub-
sect. 4.1.3.

Figure 3.16: Scanning electron mi-
crograph of a cleaved TRx chip
cross-section after two polyimide
planarization steps. The depicted
region (3) corresponds to the sur-
face scan of Fig. 3.15 (c, d). The
dark part (A) of the VCSEL oxida-
tion layer shows the oxidized re-
gion, whereas the shorter range (B)
highlights the oxidation depth of
the etch stop layer. See also the top
view of the TRx chip in Fig. 3.13.

The step at position (2) in Fig. 3.15 (b) indicates the beginning of PD plateau and
only requires passivation. Instead of that, position (3) is most critical, namely
here the side wall of the PD plateau is more than 9µm high. A smooth transition
from the top of the PD plateau down to the floor of the VCSEL mesa is of par-
ticular importance, since only then a crack-free transition of the PD n-bondpad
can be guaranteed in the next fabrication step. The initial height difference is de-
creased to 3µm after two planarization steps, as seen in Fig. 3.15 (b). A stepwise

3Tencor Instruments, model Alpha-Step 100
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mesa decrease is very helpful to achieve a smoother transition with polyimide,
as observed in the cross-sectional SEM image of the cleaved TRx chip in Fig. 3.16.
If more planarization is required at position (3), a third (c) and fourth (d) poly-
imide layer would further decrease the step height to 2 and 1.4 µm (Fig. 3.15),
respectively.

3.2.6 Evaporation of p- and n-Contacts

The passivation and planarization of the etched device topography is followed
by the evaporation of corresponding p- and n-contacts for PD and VCSEL. In or-
der to reduce the number of applied lithographic steps, the particular contacts
are deposited directly with their bondpads. The p-contacts of VCSEL and PD
are evaporated in a single lithography step using mask (vi) in Fig. 3.14 as well as
mask (viii) for both n-contacts. Here, the n-contact of the VCSEL is a full-area con-
tact common for all devices on the wafer and is deposited on the etched n-DBR.
Thus, all contacts are accessible from the top of the wafer and have a coplanar
ground–signal–ground (GSG) configuration, as shown by the photograph of the
TRx chip in Fig. 3.17. This maximizes the immunity to electrical noise [110] while
enabling the use of GSG microwave probes for high-speed operation, as can be
seen in the next chapter in Fig. 4.1.

The metal sequence commonly used as electrical contact for p-GaAs is built by
Ti-Pt-Au. For this ohmic contact, the dominant mechanism of current flow is
tunneling, which facilitates an extremely low specific contact resistance [111]. In
contrast, Ge-Au-Ni-Au is used for the n-contact on n-AlxGa1−xAs. Different to
the p-contact, here, for a low contact resistance an annealing process is required.

Figure 3.17: Photograph of a fully
processed transceiver chip consist-
ing of a VCSEL and a 60 µm di-
ameter PIN PD, each with indi-
cated GSG microwave probe con-
tacts (from [109]). The cross-sec-
tional view of Fig. 3.21 is along the
dotted line.
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Figure 3.18: Scanning electronmicrograph of a fully processedTRx chip with a 3 µm thick
PIN PD (bottom). The cross-sectional views of the cleaved chip along the blue dashed-
dotted lines (bottom) show the magnified areas (1) and (3) (top). The most critical region
(3) with the largest height difference (top right) is also depicted in Fig. 3.16, however,
before the contact evaporation and the subsequent annealing process.

Thereby the sample is heated up to 350–400 °C, enabling diffusion between Ge
and the semiconductor material. Thus, the ohmic contact is built after the subse-
quent alloying process [112].

The SEM micrograph in Fig. 3.18 (bottom) presents a side view of the TRx chip
surface with a 3µm thick PD after contact evaporation and the subsequent an-
nealing process. Only two polyimide steps were applied for the planarization of
the device topography. For this reason, a clear edge is visible at the transition
between PD mesa and the PD n-bondpad at position (3). Another critical point
is the transition region from the VCSEL p-contact ring to the bondpad at posi-
tion (1). SEM images of cleaved cross-sections of both regions are presented in
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Fig. 3.18 (top). Two relatively sharp polyimide edges occur when both polyimide
layers overlap the VCSEL mesa (top left). In case of very steep edges, no metal
deposition is possible here, hence, the bondpad is not connected to the VCSEL.
This problem only exists because of the polyimide accumulation in the VCSEL re-
gion during the spin coating process. The thicker the PD layers, the larger is the
height difference between the VCSEL and the encircling PD, thus thicker poly-
imide layers occur regardless of high spin coating speed.

A similar problem can be found at position (3) in Fig. 3.18, however, with a dif-
ferent origin. Figure 3.16 shows a cross-section of the TRx chip at position (3)
after two planarization steps. Evaporation and the subsequent annealing of the
n-contacts causes the shrinkage of polyimide. Since the thickness of the poly-
imide overlap with the top PD plateau is very small, a gap between the mesa side
wall and the shrinking polyimide passivation occurs. It breaks the electrical con-
nection between the bondpad and the top PD n-contact, as can be clearly seen in
Fig. 3.18 (top right). A thicker polyimide overlap, as it is the case for the VCSEL
(top left), would almost certainly prevent the peeling of the polyimide passiva-
tion from the mesa side wall. One way to solve this problem is to minimize the
shrinkage during the annealing process. Therefore, the final temperature which is
achieved at the end of the polyimide hardbake is increased from initially 350 °C to
370 °C. In return, the end temperature for contact annealing is decreased from
initially 400 °Cdown to 350 °C. Thus, no further shrinkage of polyimide should
occur while annealing the n-contacts.

Nevertheless, a more efficient way to decrease the number of bondpad cracks is
to increase the number of planarization steps for the PD as well as in general, to
minimize the height differences between VCSEL and PD. Also the bondpad evap-
oration on polyimide after the preceding contact evaporation and contact anneal-
ing should improve the fabrication reliability. Here, after the annealing process
no further polyimide shrinkage is expected and the possible gaps between the
mesa side walls and the polyimide can be closed.

3.2.7 Sputtering of the Antireflection Coating

The last fabrication step in TRx chipmanufacturing is the deposition of the dielec-
tric antireflection (AR) layer covering the part of the TRx device which is exposed
to the incident light. In general, the reactive ion-beam sputter deposition (RIBSD)
process used for the AR coating can be applied before or after n-contact evapo-
ration using lithographic mask (vii) in Fig. 3.14. The available target materials in
the vacuum chamber of the sputter system are silicon dioxide (SiO2), aluminum
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Figure 3.19: Dispersion of refractive in-
dices of four dielectric materials available
for the design of photodiode AR coatings
(from [113]). The values for the wave-
length of interest at 850 nm are indicated.
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oxide (Al2O3), tantalum pentoxide (Ta2O5), and titanium dioxide (TiO2). The dis-
persion of their refractive indices in a spectral window of interest as well as the
exact values at 850 nm wavelength can be found in Fig. 3.19 [113]. For a single-
layer AR coating, an optimal refractive index

n̄AR =
√
n̄airn̄sc (3.2)

corresponds to the geometric mean of those of the air n̄air and the semiconductor
material n̄sc [49]. The incident optical wave is basically reflected at two interfaces
— the air-to-AR coating interface and AR coating-to-semiconductor interface. In
order to achieve destructive interference, both reflected wave trains should have
a phase difference of odd multiples of π. Therefore, the AR layer thickness

dAR =
λ

4n̄AR
(3.3)

has an optical thickness of a quarter wavelength [49]. As a result, the optical
reflection coefficient of the photodetector vanishesRPD → 0, for perpendicularly
incident light of a particular wavelength λ only if both conditions (3.2) and (3.3)
are fulfilled.

For the present material system with n̄GaAs = 3.64 [59] and n̄air ≈ 1 at 850 nm
wavelength, the optimal refractive index of a single-layer AR coating using (3.2)
is n̄AR = 1.908. However, according to Fig. 3.19, the optimal value is not pro-
vided by the given target materials and can only be approximated by Ta2O5 with
a refractive index of 2.092 or Al2O3 with 1.662 [113]. For evaluation purposes,
both dielectric materials with an optical thickness of a quarter wavelength were
deposited on separate samples only consisting of a PIN structure (i.e., no VCSEL
cavity underneath the PD). Afterwards, using the measurement setup employed
for Figs. 3.8 and 3.9, the spectral reflectivity was determined for each sample
including an uncoated PD chip for comparison. Figure 3.20 (left) shows mea-
sured reflectivity spectra of a sample without any AR layer (black dashed line)
and with a 105 nm nearly quarter-wave thick Ta2O5 AR coating (blue solid line).
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Figure 3.20: Reflectivity spectra of PIN PD samples without AR layer (left, dashed line)
and with three different AR coatings: a 105 nm thick quarter-wave Ta2O5 layer (left, blue
solid line), a 130 nm thick Al2O3 quarter-wave layer (right, red solid line), and a two-layer
combination consisting of 88 nm thick Al2O3 and 50 nm Ta2O5 (right, red-blue dashed
line). All samples were grown without an integrated Bragg mirror cavity under the PD
structure.

The reflectivity of the uncoated sample at an incident wavelength of 850 nm is
around 30% and can be reduced with the Ta2O5 layer to approximately 6–7%
compared to a theoretical (simulated) value of 2–3%. For a 130 nm thick Al2O3

AR layer in Fig. 3.20 (right, red solid line), the reflectivity can be even lowered
below 1.4% over a spectral width of more than 50nm, although a better perfor-
mance was expected for the Ta2O5 coating since its refractive index for the given
wavelength is closer to the optimal value in (3.2) compared to Al2O3. A further
reduction of reflectivity using the given dielectric materials is only possible with
multi-layer AR coatings [113], which can be designed using a multi-layer simula-
tion software [114]. Here, for a two-layer coating consisting of 88 nm Al2O3 and
50nm Ta2O5, a minimum reflection coefficient of 0.6% is measured at 850 nm
(red-blue dashed line) and a maximum of 0.9% over a spectral width of nearly
55 nm. However, a reduction in reflectivity from 1.4 to 0.9% at the expense of a
more sophisticated sputtering process is not reasonable. Therefore, by keeping
the fabrication as simple as possible, a single Al2O3 AR layer is applied for all
PIN PDs.

Figure 3.21 depicts a schematic cross-section of a fully processed transceiver chip
along the dotted line in Fig. 3.17. The black regions of the etch stop layer and
the current confinement layer indicate the portion which was oxidized with the
hot water vapor. Several lithographic steps including the subsequent manufac-
turing processes need further optimizations in order to achieve larger fabrication
tolerances for a higher process reliability and reproducibility. As a result, a larger
device yield over the entire wafer and less complicated, more robust manufac-
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Figure 3.21: Schematic cross-sectional view of a fully processed transceiver chip along
the dotted line of Fig. 3.17. A 2–4 µmwide trench separates the monolithically integrated
PIN PD from the oxide-confined, top-emitting VCSEL (from [100], [115], © 2011 IEEE).

turing steps are expected, which would lower the costs per chip. Hence, the first
etching process combining selective dry and wet etching could be reduced to a
single RIE step with an improved etching selectivity between AlGaAs layers with
30 and 90%Al content. The relatively laborious wet chemical etching with a citric
acid and hydrogen peroxide solution could be thus omitted.

Another problematic issue is the inevitable and extensive planarization of the
large TRx chip topography, since only fully planarized devices guarantee crack-
free transitions of metal bondpads and a reliable electrical connection to the de-
vice. With a reduced initial height difference due to a thinner PD absorption
layer, the number of required polyimide steps could be decreased, which would
significantly simplify the manufacturing. Additional fabrication steps such as
numerous planarization processes and a separate bondpad evaporation would
be unnecessary. However, a larger capacitance of a thinner PD needs to be com-
pensated by a reduced bondpad size and a smaller PD area. In that case the diam-
eter of the PD active area could be below the fiber core diameter of 50 µm, which
would result in a partial signal detection and a larger impact of modal noise for
butt-coupled MMFs. Nevertheless, a further miniaturization and integration of
TRx chips is inevitable for a continuous performance increase.





Chapter 4

Device Characteristics

This chapter comprises the main part of the present work. It gives deep insights
into the electro-optical properties of the VCSELs and PIN photodiodes. Several
sections and figures in this chapter were published in [48]. First, static properties
of each device are described in detail including the temperature-dependent light–
current–voltage and emission spectra characteristics of the VCSEL as well as the
responsivity and dark current behavior of PIN photodetectors dependent on the
layer structure design and size. The dynamic characteristics include small-signal
modulation responses of different VCSELs and PIN PDs as well as the extraction
of their parasitics by modeling the microwave reflection spectra of S-parameter
measurements. The mutual influence among the closely integrated devices cov-
ering the electrical and optical crosstalk between VCSEL and PIN PD as well as
the fiber alignment tolerances are discussed in detail at the end of this chapter.

Figure 4.1: Photograph of an on-wafer tested VCSEL–PIN transceiver chip contacted
with two GSG microwave probes for high-speed operation. The red emission of the
VCSEL occurs from the spontaneous recombination in AlxGa1−xAs (x < 0.45) layers.

65
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All transceiver device contacts with ground–signal–ground configuration are ac-
cessible from the top and can be contacted using two coplanar microwave probes
for PD and VCSEL, as seen in Fig. 4.1. Thus, static and high-speed operation
of devices is enabled on-wafer without the need for chip separation. Therefore,
a whole quarter wafer is fixed on a vacuum copper heat sink in vertical posi-
tion, enabling selection of particular TRx devices with an elaborate visually con-
trolled positioning system, described in detail in Subsect. A.1.1. Consisting of a
CCD camera, monitor, chip illumination and beam splitters, it is possible to test
rapidly multiple devices on-wafer, in order to identify defect and failed elements
in the early testing stage. An additional control of the heat sink temperature via
two Peltier elements offers also temperature-resolved measurements of the de-
vice properties.

4.1 Transceiver VCSEL

The schematics of the measurement setup for the static characterization of the
VCSELs in Fig. A.1 and the enhanced version for dynamic characterization in
Fig. A.2 are described in detail in Sect. A.1 of App. A.

4.1.1 Static Properties

For evaluation purposes, transceivers with three different VCSELmesa diameters
of 22, 25, and 28 µm were closely integrated with photodetectors. It turned out
that devices with mesa diameters of 25 µm and oxide-confined current apertures
of 4–7µm for multimode operation show the best compromise regarding high-
speed and static performance. As an example Fig. 4.2 shows the output charac-

Figure 4.2: Continuous-wave
light–current–voltage curves
and conversion efficiency
characteristics of a TRx VC-
SEL for different ambient
temperatures. The operating
point (OP) at IOP = 5.9mA
for data transmission ex-
periments in Chap. 5 is
indicated.
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Figure 4.3: Multimode emission spectra
of a 6.4 µm active diameter multimode
VCSEL from Fig. 4.2 at IOP = 5.9mA
laser driving current at four different
amibient temperatures.
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teristics of one of the top-emitting devices for four different ambient tempera-
tures. The threshold current is 1.2mA, the maximum output power at thermal
rollover is 4.5mW at 12mA injection current, and the slope efficiency amounts
to 0.51mW/mA at 5.9mA bias current and room temperature. Taking the emis-
sion wavelength in Fig. 4.3 of around 823nm at the same bias current and ambi-
ent temperature into account, a relatively low differential quantum efficiency of
around 34% is obtained using (2.1). The short emission wavelength of the VCSEL
was already predicted by the dip in the reflectivity spectrum in Fig. 3.8. It orig-
inates from a VCSEL position far away from the center of the wafer, where the
layers are thinner due to inhomogeneousMBE growth (see also Fig. 3.9). The neg-
ative detuning of the present VCSEL structure, in which the cavity modes have
shorter wavelengths than the gain peak (λn̄ − λp < 0), leads to the mentioned
efficiency decay. Also the evaluation of the conversion efficiency in Fig. 4.2 (black
dotted line) confirms the relatively inefficient operation of the VCSEL. As seen
from (2.4), it is adversely influenced by high values for threshold current and
differential resistance as well as a low quantum efficiency. Here, the maximum
wallplug efficiency at rollover is ≈ 20% at around 4.5mA bias current and room
temperature.

The VCSEL operates in a singlemode regime just above threshold, as can be seen

Figure 4.4: Current-de-
pendent emission spectra
of a 6.4 µm active diame-
ter multimode VCSEL from
Fig. 4.2 at room tempera-
ture.
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in Fig. 4.4. A side-mode suppression ratio at 822 nm wavelength of almost 25 dB
can be observed at 1.5mA bias current (blue dashed line). A further increase
of injection current leads to broad multimode emission spectra in Fig. 4.4. For a
constant laser driving current of 5.9mA, a red-shift of the emission wavelength of
around 4 nm occurs over a 60 ◦C temperature increase, shown in Fig. 4.3. It corre-
sponds to a well-known wavelength shift of approximately 0.065 nm/K, induced
by the refractive index change of the AlGaAs/GaAs materials [4, 49]. Compared
to a much faster red-shift of the quantum well peak material gain wavelength of
0.32 nm/K [4], a further negative detuning of the VCSEL structure occurs. Thus,
at the same time, the threshold current of the VCSEL in Fig. 4.2 increases by 1mA
and the maximum output power at rollover drops by 2.5mW. Also the differen-
tial quantum efficiency at 80 ◦C diminishes to 20% at 5.9mA. The kink voltage
of approximately 1.45V nearly corresponds to the bandgap energy of GaAs with
around 1.42 eV at room temperature [63]. It slightly decreases for higher temper-
atures. The differential resistance which can be extracted by linear interpolation
from the voltage–current (VI) curve using (2.2), gives a value of 116Ω at operat-
ing point IOP = 5.9mA and is almost constant with temperature.

4.1.2 Small-Signal Properties

The detuned epitaxial layer structure of the multimode VCSEL leads to rather
moderate static performance in the previous subsection but does not much affect
the dynamic properties, as can be seen in Fig. 4.5. There is a typical second-order
low-pass behavior1 of the small-signal modulation transfer functions with the
shift of the resonance peak towards higher frequencies for bias currents above
threshold, as introduced by (2.7). The accompanied increase of the damping co-
efficient, as described by (2.9), flattens the shape of the frequency response with-

1Taking additionally the electrical parasitics into account, the total transfer function of the
VCSEL shows a third-order low-pass behavior. See Subsects. 2.1.3 and 4.1.3 for more details.

Figure 4.5: Bias current-
dependent small-signal fre-
quency responses of the
TRx VCSEL from Fig. 4.2
with a maximum 3dB
bandwidth of approxi-
mately 12.5GHz at 5.9mA
(from [48], © 2013 IEEE).
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Figure 4.6: Small-signal frequency responses of the transceiver VCSEL from Fig. 4.2 at
IOP = 5.9mA and different ambient temperatures (left). Its MCEFs can be determined
from the linear fits of 3 dB corner frequencies versus

√
I − Ith (right), as defined by (2.8).

out limiting its bandwidth for currents up to 5.9mA. Here, at room tempera-
ture, a maximum 3dB bandwidth of around 12.5GHz is observed (black solid
line), providing a suitable frequency characteristic for large-signal experiments
in Chap. 5. For higher bias currents the damping dominates and thus the band-
width decreases, as can be seen for the curve at 9mA (red dashed line).

In Fig. 4.6 (left), temperature-dependent frequency response characteristics are
displayed for the same device at a bias current IOP = 5.9mA. Its 3 dB bandwidth
decreases from 12.5GHz at room temperature (black) to approximately 9GHz at
80 °C (red). In addition to the reduction of the current injection efficiency and the
differential gain coefficient at elevated temperatures, here, the relatively strong
bandwidth decay is further enforced by the negative detuning of the VCSEL
structure that already emits on the short-wavelength side of the gain spectrum,
as already mentioned in the previous subsection.

The small, relatively regular oscillations in the frequency response at 80 °C (red)
could arise from a weak optical feedback of the modulated signal back into the
VCSEL cavity. In an emission spectrum of a multimode VCSEL different trans-
verse modes generally have orthogonal polarization components [116]. In order
to prevent any back-reflections, e.g., from the fiber facet, a Glan–Thomson polar-
izer acting as an optical isolator was used in the setup, as shown in the schematic
in Fig. A.2. Thus, with the right adjustment, a dominating mode of a multimode
VCSEL with a certain polarization could be suppressed. However, for the small-
signal modulation at 80 °C in Fig. 4.6 (left), the suppression of the optical feedback
was obviously not sufficient enough probably due to the change of the dominat-
ing oscillating mode having a different polarization. A realignment of the polar-
izer for the changed polarization direction of the laser beam or even the use of a
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polarization-independent isolator should minimize the optical feedback and thus
the oscillations in the frequency spectrum.

Figure 4.6 (right) depicts the extracted 3 dB corner frequencies of the VCSEL ver-
sus
√
I − Ith at four different temperatures from 20 to 80 °C in 20 °C steps. In order

to determine the modulation current efficiency factor according to (2.8), threshold
currents from Fig. 4.2 as well as cut-off frequencies from small-signal modulation
responses at different bias currents as shown in Fig. 4.5 are used. The 3 dB corner
frequency νMCEF, 3 dB increases with the injection current, but because of internal
heating at high injection levels, it saturates at its maximum value [70]. Thus,
the MCEFs are determined as slopes only from linear fits [52, 73, 74]. Values of
6.7 and 4.9GHz/

√
mA are obtained at 20 °C (black) and 80 °C (red), respectively.

The smaller MCEF at higher temperatures originates from the reduction of the
current injection efficiency as well as the decay of the differential gain coefficient,
especially for present devices with negatively detuned VCSEL structures.

4.1.3 Microwave Reflection Spectra

VCSEL at different bias currents

The small-signal modulation response curves in Figs. 4.5 and 4.6 can be described
by the three-pole transfer function (2.18) representing the superposition of the
intrinsic response of the VCSEL and the extrinsic response of the electrical par-
asitics incorporated in the processed VCSEL chip [4, 64]. The parasitic small-
signal behavior of the device can be represented by an electrical equivalent-circuit
model [48, 81], presented in Fig. 4.7. The physical origins of the elements are in-
dicated in Fig. 2.4 and discussed in detail in Subsect. 2.1.3.

Figure 4.7: Equivalent-circuit diagram of the VCSEL impedance (black) used for fitting
with S11 measurements in Figs. 4.8 and 4.11. Z0 is the impedance of the measurement
system (grey).

As introduced by (2.10), a simple first-order low-pass filter is assumed. The
model takes into account the bondpad capacitance Cpad, the track inductance
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Figure 4.8: Measured S11 spectra
(over a 16GHz frequency span)
of a TRxVCSEL chip with 6.8 µm
active diameter at room temper-
ature for an unbiased state as
well as at 2, 4, 6 and 10mA
bias currents in a Smith chart
(top) and their real and imagi-
nary parts (bottom) (from [48], ©
2013 IEEE). The solid lines (red)
are fits to the measurement data
and represent the modeled S11

using the equivalent circuit dis-
played in Fig. 4.7.
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Lpad, the series resistance Rm of both Bragg mirrors as well as the oxide aper-
ture resistance Ra parallel to the capacitance Ca, representing the combination
of capacitances of the active region and the oxide layer. The electrical reflection
coefficient or the scattering (S-)parameter S11 resulting from the VCSEL input
impedance ZLD in (2.12) is

S11(ν) =
ZLD(ν)− Z0

ZLD(ν) + Z0
, (4.1)

where Z0 = 50Ω is the characteristic impedance of the measurement system and
ν the harmonic modulation frequency. From (4.1), the equivalent impedance of
the VCSEL can be determined from the measured S11(ν) using

ZLD(ν) = Z0
1+ S11(ν)

1− S11(ν)
. (4.2)

Thus, in order to obtain the values for the parasitic components from the as-
sociated input impedance spectra ZLD(ν), microwave reflection measurements
were carried out for a TRx VCSEL with 6.8 µm aperture diameter at different
bias currents using a 50Ω network analyzer2. Figure 4.8 (top) depicts measured

2Spectrum analyzer HP8510C, S-parameter test-set HP8517A, synthesized sweeper HP83651A
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Figure 4.9: Modeled parasitic frequency
response |HLD, ext|2 of the TRx VCSEL
from Fig. 4.8 with 6.8 µm active diame-
ter for an unbiased state as well as at 2, 4,
6 and 10mA bias currents.
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S11(ν) data (symbols only) in a Smith chart over frequencies from 0.1 to 16GHz
in 100MHz steps for an unbiased state and different biased states above thresh-
old at room temperature. The real and imaginary parts of the measured S11(ν)

spectra are additionally plotted in Cartesian coordinates in the bottom of Fig. 4.8.
Applying the electrical equivalent-circuit model in Fig. 4.7, the values for the par-
asitic elements shown in Tab. 4.1 are extracted from fits (red solid lines in Fig. 4.8)
to (4.2) and (2.12) using the Advanced Design Systems (ADS) software from Ag-
ilent Technologies. Based on these values and considering the measurement sys-
tem impedance Z0 = 50Ω, a parasitic 3 dB cut-off frequency νp, 3 dB can be ob-
tained for different operation modes of the VCSEL using the squared magnitude
|HLD, ext|2 = |Va/Vs|2 of the parasitic transfer function in (2.16), where Vs and Va

are the small-signal modulating voltages, as indicated in Fig. 4.7 [48,68]. The sim-
ulated frequency response |HLD, ext(ν)|2 can be seen in Fig. 4.9. The extracted par-
asitic 3 dB cut-off frequencies νp, 3 dB of the first-order low-pass are summarized
in Tab. 4.1. As expected, the resulting values for the bondpad capacitance Cpad,
the track inductance Lpad, and the series resistance Rm do not show significant
variations with the bias current. The resistance of the oxide aperture Ra strongly
decreases from 85Ω at 2mA to 37Ω at 10mA. This behavior is consistent with
the decrease of the differential resistance for higher bias currents corresponding
to the sum of Rm and Ra (equal to 139, ..., 87Ω for 2, ..., 10mA, respectively) in
the current–voltage curve. The relatively high value of > 20 kΩ for the unbi-
ased state points out the open-circuit characteristic of the VCSEL. On the other
hand, the capacitance Ca of the oxide aperture and active region increases with
higher bias current, which might be attributed to the diffusion capacitance Ca, j in
(2.11) representing the transport of charge carriers through the active region and
is typical for forward-biased diodes [78].

An increase of the parasitic 3 dB cut-off frequency νp, 3 dB is observed in Fig. 4.9
for currents up to 6mA (red solid line). The maximum bandwidth of 10.6GHz in
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Table 4.1: Extracted values of the equivalent-circuit elements in Fig. 4.7 from S11 mea-
surements of a VCSEL in Fig. 4.8 for different bias currents and its simulated electrical
bandwidths from Fig. 4.9 (from [48], © 2013 IEEE).

Ivcsel Cpad (fF) Lpad (pH) Rm (Ω) Ra (Ω) Ca (fF) νp, 3 dB

0mA 273 140 68 > 20 kΩ 128 6.7GHz

2mA 275 160 54 85 238 9.5GHz

4mA 275 160 46 66 238 9.9GHz

6mA 290 160 49 48 307 10.6GHz

10mA 298 150 50 37 430 9.8GHz

Tab. 4.1 only considers the first-order low-pass characteristic of the VCSEL elec-
trical model in Fig. 4.7. The measured value of 12.5GHz at 5.9mA in Fig. 4.5,
for a device with a slightly smaller aperture diameter of 6.4 µm, additionally in-
cludes the impact of intrinsic carrier–photon interaction as well as resistive self-
heating. Thus, the higher intrinsic bandwidth of the ideally damping-limited
second-order low-pass of the VCSEL [68] boosts the lower parasitic first-order
low-pass bandwidth of the device.

VCSELs with a single/double planarization step

The bondpad capacitance of the characterized VCSEL in Tab. 4.1 shows an aver-
age value of around 285 fF and does not significantly vary with the bias current.
In order to investigate the impact of the bondpad capacitance on the small-signal
bandwidth of the VCSEL, two samples from the same wafer were equally pro-
cessed except for the planarization step. On the one hand, a single planarization
step would simplify chip processing, on the other hand, the rather thin polyimide
passivation layer with thickness dpoly between the VCSEL p-bondpad and the n-
Braggmirror would increase the bondpad capacitance Cpad in Fig. 2.4. Figure 4.10

Figure 4.10: Small-signal
frequency responses of
two transceiver VCSELs
with a maximum 3dB
bandwidth of approxi-
mately 12.9GHz for a de-
vice with two polyimide
steps and 9.2GHz for a
single step device.
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Figure 4.11: Measured S11

spectra (over a 18GHz fre-
quency span) of a TRx VCSEL
with 5.1 µm active aperture di-
ameter at 7mA bias current
and a single polyimide pla-
narization step as well as a de-
vice with two polyimide steps
and 5.7 µm aperture at 8mA
in a Smith chart (top). The
real and imaginary parts of
the measurement data (bot-
tom) are fitted with solid lines
(red) and represent the mod-
eled S11 using the equivalent
circuit displayed in Fig. 4.7.
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depicts small-signal modulation responses of two epitaxially identical VCSELs
of 25µm mesa diameter and slightly different aperture diameters of 5.1 µm and
5.4 µm for devices with a single and a double planarization step, respectively. For
both devices the bias point was chosen to achieve the maximum 3dB bandwidth.
As expected, the difference in bandwidth with 9.2GHz for a device with one and
almost 12.9GHz with two polyimide steps is clearly observable.

Similar to previous investigations, also S11-parameter measurements are perfor-
med for both devices. Figure 4.11 (top) depicts measured microwave reflection
spectra (symbols only) and fits (red solid lines) in a Smith chart. The real and
imaginary parts of the measured and fitted S11(ν) spectra are additionally plotted
in Cartesian coordinates in the bottom of Fig. 4.11. For the sake of completeness,
all parasitic elements in the equivalent-circuit diagram of Fig. 4.7 are extracted
using (4.2) and (2.12). With the simulation of |HLD(ν)|2 also the parasitic cut-off
frequency νp, 3 dB can be obtained. Due to the fact that the bondpad capacitance
Cpad does not significantly vary with different bias conditions of the VCSEL, the
rest of the extracted parameters in Tab. 4.2 is irrelevant for the present considera-
tions.
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Table 4.2: Extracted values of the equivalent-circuit elements from S11 measurements
of two VCSELs in Fig. 4.11 with a single and double polyimide planarization and their
resulting bondpad capacitances.

Polyimide Daperture Ibias CCCpad (fF) Lpad (pH) Rm (Ω) Ra (Ω) Ca (fF) νp, 3 dB

single 5.1 µm 7mA 415 205 29 97 235 7.9GHz

double 5.7 µm 8mA 238 100 47 72 330 8.9GHz

As can be seen, two polyimide planarization steps reduce the bondpad capaci-
tance of the device from 415 to 238 fF, which nearly corresponds to a doubled
polyimide effective layer thickness. Because of the varying polyimide thickness
under the bondpad (see Figs. 3.16 and 3.18), a quantitative analysis of a Cpad as
a function of dpoly is rather complex. In addition to the local polyimide thickness
variation of the TRx device there is also a global inhomogeneity over the wafer
radius. Using the example of a VCSEL in Tab. 4.1 with two polyimide layers and
Cpad = 290 fF, there is a clear difference to 238 fF for a device at a different wafer
position in Tab. 4.2.

4.2 Transceiver PIN Photodiode

For evaluation purposes, more than 29 different photodiode designs were in-
cluded in one single unit cell of a lithographic mask, as can be identified from
Fig. C.2 in App. C. There are devices with three PD active diameters, which are
60µm for use with MMFs with 50 µm core diameter, 73 µm for 62.5 µm MMFs,
and 110µm for a large-core MMF with 100µm diameter. Additionally, all photo-
diodes are available as a part of the transceiver device with laterally integrated
VCSEL as well as a solitary device with a full circular light-sensitive area. Fur-
thermore, several epitaxial designs were grown for investigations on a simpler
and more reproducible fabrication process as well as for improved electro-optical
PD properties. In this section, the studied samples include PDs with and without
an integrated Bragg mirror cavity underneath the PD structure, devices with and
without an AR coating, as well as photodiodes of different active diameter with
1, 2, and 3 µm thick i-GaAs absorption layer thickness.
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4.2.1 Static Properties

Responsivity

In the first evaluation step, investigations on the photodiode responsivity were
made, involving devices with different PD structures. The influence of the VCSEL
cavity, an antireflection coating, and the absorption region thickness on the re-
sponsivity is studied in this subsection. The measurements for all photodiode
samples were carried out with full circular area PDs, as displayed in Fig. 4.17
(left), using the setup in Fig. A.5 of App. A. The reference laser source is a mul-
timode VCSEL with an emission at around 858nm wavelength and a spectral
width of ≤ 1 nm, as can be seen in Fig. A.6. More details of the experimental
setup can be found in Subsect. A.2.1.

Figure 4.12 shows the calculated relation between photodiode responsivity Rph as
defined in (2.23), quantum efficiency ηPD, and the absorption region thickness dPD
using an absorption coefficient for high purity GaAs of αi−GaAs = 9000 cm−1 [85]
at 858 nm wavelength. Neglecting the absorption in contact layers, the quantum
efficiency in (2.21) can be simplified as

ηPD = (1−RPD)(1− e−αidPD). (4.3)

A quarter-wave thick (approximately 130 nm) Al2O3 layer sputtered on top of the
PD semiconductor surface decreases the reflectivity of the total device structure
to RPD ≈ 1.3% over a spectral width of nearly 50 nm [36], as shown in Fig. 3.20
(right). Thus, the quantum efficiency of a simple photodetector with single-pass
absorption (without Bragg mirrors underneath the PD structure) can reach 82%
for a 2 µm thick i-GaAs region (blue dashed line). For samples with a monolith-
ically integrated VCSEL structure under the PD, the quantum efficiency in (4.3)
has to be modified as

ηPD = (1−RPD)(1+Rcavitye−αidPD)(1− e−αidPD) (4.4)

by considering the reflection coefficientRcavity between the PD layers and the un-
derlying VCSEL cavity. With an optimum Bragg mirror design, appliesRcavity →
100%. Thus, (4.4) can be approximated as

ηPD ≈ (1−RPD)(1− e−αi·2dPD). (4.5)

Therefore, almost all the residual light, which was not absorbed in the first ab-
sorption path, is reflected back into the photodetector structure, thus nearly dou-
bling the overall absorption length of the device. For this reason, the photore-
sponse curve in Fig. 4.12 (red solid line) reaches ηPD of 82% already for a 1µm
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Figure 4.12: Calculated responsiv-
ities and quantum efficiencies of
PIN photodiodes versus absorption
layer thickness with and without in-
tegrated VCSEL cavity as well as
with andwithout antireflection coat-
ing for a laser emission wavelength
of 858 nm.
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thick device. PIN PDswith 3 µm thick absorption layer theoretically even achieve
a value of 98.3% and a responsivity of 0.68A/W. For the sake of high photocur-
rent signal, a PD thickness of 1.5–2µm corresponding to ηPD ≥ 92% would be
fully satisfactory. Most improvement in quantum efficiency is provided by the
employment of the antireflection coating. According to Fig. 3.20, a reduction of
the initial reflectivity by almost 30% pushes subsequently the photodiode quan-
tum efficiency from approximately 68% (black dotted line) to 96% (red solid
line) for a 2µm thick PD. Thus, photodetectors without an AR coating cannot
compensate the losses due to the higher surface reflectivity by extending their
absorption layer thickness. As extracted from Fig. 4.12, a quantum efficiency of
around 70% cannot be exceeded by those devices. An ideal PIN photodiode with
RPD → 0, αp−dopdp−dop → 0 as in (2.22) and αidPD → ∞ results in a maximum
quantum efficiency of ηPD → 100%. Thus, using (2.23) the highest possible re-
sponsivity at λ = 858 nm is

R̂ph =
q

h̄ωopt
= λ

q

hc
≈ λ

1.24 µm
A/W = 0.692A/W.

In order to check the theoretical results from Fig. 4.12, several responsivity mea-
surements were carried out. At first, the impact of the monolithically integrated
VCSEL cavity beneath the PIN PD structure was investigated on samples with
1µm thick i-GaAs layer. Figure 4.13 depicts measured (symbols) and calculated
(lines) values of the photodiode responsivity, which corresponds to the slope of
the generated photocurrent versus incident optical power. After the first trans-
mission through the i-GaAs, the VCSEL structure underneath the photodetector
leads to a back-reflection of the non-absorbed portion of the incident light, thus
resulting in a double-pass absorption. The measured responsivity of 0.44A/W
(ηPD = 64%) for the PD with single-pass absorption (green open triangles) is
around 30% lower than the responsivity (0.62A/W, ηPD = 90%) of the pho-
todetector with an integrated VCSEL cavity (black triangles). As can be notified
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Figure 4.13: Com-
parison of responsiv-
ities of 1 µm thick
PDs for samples with
an integrated VCSEL
cavity under the PIN
structure and with-
out. Both samples are
AR-coated.
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in Fig. 4.13, there is a deviation of approximately 7–8% between the calculated
and measured values. The experimental data exceed the predictions. In the cal-
culations using (4.3) and (4.5), the same data and assumptions were used as in
Fig. 4.12, e.g., a double absorption region thickness for samples with DBR pairs.

In the second step, the influence of the Al2O3 antireflection coating was experi-
mentally investigated on two epitaxially identical samples including 2µm thick
PDs with integrated VCSEL layers. In Fig. 4.14, the measured responsivity of
0.48A/W (ηPD = 69%) for a photodiode without an antireflection layer (orange
open diamonds) is around 26% lower than the responsivity of an AR-coated PD
(blue diamonds) with 0.65A/W (ηPD = 94%). The calculated curves fit better
with the measured values compared to the data presented in Fig. 4.13. The strong
impact of an antireflection coating on the device responsivity can be clearly seen
for a PD with VCSEL cavity and only 1 µm thick absorption layer in Fig. 4.13
(black triangles) with 0.62A/W compared to the device with a doubled absorp-
tion layer thickness of 2 µm in Fig. 4.14 (open diamonds), however, without AR
coating and with only Rph = 0.48A/W.

In the end, three photodiode samples comprising both antireflection coating as

Figure 4.14: Compari-
son of responsivities of
2 µm thick PIN PDs for
samples with a quarter-
wave thick antireflec-
tion coating and with-
out. Both samples com-
prise VCSEL layers.
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Figure 4.15: Compari-
son of PIN PD responsi-
vities for samples with
1, 2, and 3 µm thick ab-
sorption regions. All
devices comprise both
underlying DBR mirror
pairs and an AR coat-
ing (from [48], © 2013
IEEE).
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well as VCSEL layers acting as back-reflectors, but with different i-GaAs thick-
nesses are compared in Fig. 4.15. All the calculated values assume an optimum
Bragg mirror design with Rcavity → 100% using (4.5). The measured respon-
sivity of a PIN photodiode with 2 µm thick absorption region is 0.66A/W and
thus nearly 16% higher compared to a 1µm PDwith 0.57A/W. This corresponds
to 95% and 82% quantum efficiency, respectively. Unfortunately, the responsiv-
ity of the photodiode with 3µm thick GaAs absorption layer is only 0.62A/W
(ηPD = 90%). On the one hand, the relatively low value might arise from the
lower absorption coefficient for the intrinsic GaAs which was assumed to be at
αi−GaAs = 9000 cm−1. On the other hand, the detuned VCSEL structure for the
given sample shows a low reflectivity of the underlying DBR pair — as measured
for the semiconductor–air interface — at the incident light wavelength of 858 nm,
as indicated in the reflectivity spectra in Fig. 3.8. Due to the strong oscillations at
the stopband edge, no reasonable assumptions for the amount of back-reflected
light can be made. Therefore, only a reduced portion of the light can be absorbed
in the PD in the second pass.

Dark Current

According to (2.25), the photodiode current IPD is composed of a generated (mean)
photocurrent 〈Iph〉 due to photon absorption and a dark current Idark, which is in-
dependent of the incident light. For the calculations in Figs. 4.13–4.15, only pho-
tocurrent was considered, since the extrapolations of the measured values pass
the origin. The dark current measurements of PIN PDs are performed with a se-
miconductor parameter analyzer3, which is capable of current measurements in
the pA range. Before the measurement, calibration data of the electrical part of
the setup are acquired, mainly consisting of currents due to any charging effects

3Hewlett Packard, model HP4145B
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Figure 4.16: Dark current behavior of TRx
PIN devices at room temperature with
different photoactive area diameters for
the reverse bias voltage range from 0 to
15V. For comparison, a full circular area
PD, i.e., without the lateral VCSEL device
(see Fig. 4.17 left), is also included.

Figure 4.17: Top view of a full circular
area photodetector without a laterally in-
tegrated VCSEL (left) and a normal TRx
device (right). The circumference of the i-
GaAs mesa is marked by a red line. Both
devices have a photodetecting area diam-
eter of 60 µm.

of its contact needles and cables. After the halogen lamp for chip illumination
is turned off, an automatic scan over a defined voltage range is performed, inte-
grating each measured current value over time.

Figure 4.16 depicts dark current dependence of four different PIN photodetec-
tors with respect to the applied reverse bias voltage. All devices are from the
same wafer with a 3µm thick absorption layer, but with different photodiode
area APD. According to (2.28), for large reverse bias voltages, but still before
the avalanche breakdown, tunneling of carriers occurs due to the strong energy
band bending of the intrinsic space charge region, as previously presented by
the calculations in Fig. 3.3. The approximately exponential increase of the dark
current [49] is observable for all curves in Fig. 4.16. Furthermore, with (2.26)
and generally Idark = −Isat, the volume APDdPD of the space charge region is
directly proportional to the dark current. Since dPD = 3 µm applies for all PDs
in Fig. 4.16, only different detector areas affect the amount of Idark, as can be
seen by the three upper curves (dashed and dotted lines) for TRx PDs. The dark
current at Vbias = −15V of 1.97 nA for 60µm photoactive diameter, 2.72 nA for
73µm, and 5.49 nA for a 110µm TRx PD is nearly proportional to the detector
areas, as can be seen in Tab. 4.3. However, the curve with the smallest dark cur-
rent (red solid line) of 0.59 nA at −15V bias voltage was measured for a 60µm
full circular photodetector with APD ≈ 7.09 · 103 µm2 and thus a larger PD area
compared to the 60µm TRx PD (≈ 5.96 · 103 µm2). The reason could be referred
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to the smaller PD circumference length of the i-GaAs mesa, as indicated by the
red line in Fig. 4.17 (left) and therefore less surface recombinations on the mesa
side-wall as well as less leakage current compared to a TRx device with a longer
circumference (right). Thus, the dark current of PIN photodiodes is composed of
contributions due to the depletion region volume APDdPD and parasitic leakage
effects along the entire mesa side-wall. The data of the four investigated devices
from Fig. 4.16 is summarized in Tab. 4.3.

Table 4.3: Comparison of measured dark currents of a 60, 73, and 110 µm active diam-
eter TRx PD as well as of a 60 µm full circular PD from Figs. 4.16 and 4.17, all with an
absorption layer thickness of 3 µm.

PD active
diameter

APD

(103 µm2)
PD circumference
(see Fig. 4.17)

Idark at Vbias = −15V
(from Fig. 4.16)

110 µm 15.0 605 µm 5.49 nA

73µm 8.08 467 µm 2.72 nA

60µm 5.96 412 µm 1.97 nA

60µm 7.09 346 µm 0.59 nA

Figure 4.18 (left) depicts dark current dependence for 60µm TRx PDs with 1, 2,
and 3 µm thick i-GaAs absorption layers with respect to the applied reverse bias
voltage. Here, for an identical value of the electric field strength in the absorp-
tion region, i.e., 4V for 1 µm, 8V for 2 µm, and 12V for 3 µm thick PDs, a three
times larger dark current would be expected for the thickest PD compared to the
thinnest device, according to the relation Idark = −Isat ∝ APDdPD from (2.26).
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Figure 4.18: Dark current behavior of TRx PIN devices at room temperature with three
absorption layer thicknesses (from [48], © 2013 IEEE) (left) and at different ambient tem-
peratures from 10 °C to 100 °C for a 3 µm thick TRx PD (right) over bias voltage range
from 0 to −15V.
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In fact, the contrary is the case, as can be seen by the marked values in Fig. 4.18
(left). The thicker i-GaAs layer seems to reduce the leakage current across the
higher mesa side-walls although the volume of the device is doubled and tripled,
respectively. Thus, the surface seems to dominate and defines the dark current of
the PD.

At last, the temperature dependence of the dark current is shown in Fig. 4.18
(right). Here, the temperature of another TRx PIN PD of 60µm photoactive diam-
eter and 3µm thickness was changed from 10 to 100 °C in 10 °C steps. According
to (2.27), the density of the excited donor-type impurities nd in the space charge
region in (2.26) is strongly temperature dependent [49]. The exponential-like
growth of the dark current in Fig. 4.18 (right) proves this relation. With≈ 4 nA at
−15V bias voltage at 10 °C ambient temperature and only ≈ 38 nA at 100 °C, the
noise attributed to dark current —within the range of applied operating voltages
— can be neglected for optical data transmission experiments in Chap. 5.

4.2.2 Small-Signal Properties

The small-signal modulation response for all photodiode samples was measured
using the setup in Fig. A.8 in App. A. The reference laser source is a high-speed
multimode VCSEL with a 3 dB bandwidth of around 8.2GHz at 9mA bias cur-
rent, as can be seen in Fig. A.11. More details of the experimental setup can be
found in Subsect. A.2.2.

For evaluation purposes, three different samples were grown containing an iden-
tical epitaxial VCSEL structure, however with 1, 2, and 3 µm thick i-GaAs absorp-
tion regions of the PIN photodiode. Due to different chip topographies of up to
several micrometers, more polyimide planarization steps had to be applied for
thicker PDs to ensure crack-free transitions of the bondpads on the mesa edges.
Therefore in the following subsections, some of the presented data are not fully
comparable due to, e.g., different bondpad capacitances.

In the first step of photodiode modulation measurements, the influence of the an-
nealing process on the PD bandwidth is investigated. As mentioned in Sect. 3.2,
the n-contacts of PD and VCSEL are heated up to 400 °Cwith the rapid thermal
annealer (RTA), in order to lower their contact resistances by the occurring al-
loying process and thus to increase the parasitic bandwidth of the corresponding
device. Figure 4.19 shows small-signal frequency responses of three TRx PDs, all
biased at −6V before (blue curves) and after the annealing process (red curves).
An increase of the 3dB cut-off frequency is clearly visible for all devices of dif-
ferent active area diameter. A boost of at least of factor two is achieved with the
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Figure 4.19: Comparison of small-signal frequency response curves of three TRx PIN PDs
with 60, 73, and 110 µm diameter directly after the evaporation of metal contacts (blue)
as well as after the subsequent annealing process with an RTA (red).

annealing process. A possible explanation could be the decrease of the parasitic
contact resistances of the PDs. Additionally, the results in Fig. 4.19 show a rough
inverse proportionality between the measured 3 dB bandwidth and the PD area,
listed in Tab. 4.3. As described with (2.32), the change of the cut-off frequency
with the photodiode capacitance thus indicates a parasitic capacitive limit, and
will be discussed in more detail in the following subsection.

In the next step, the influence of the reverse bias voltage on the PD bandwidth
is examined. According to the small-signal frequency responses in Fig. 4.20 [48],
the bandwidth of a 3µm thick, 60 µm active diameter PIN photodiode can be
sufficiently improved by increasing its reverse bias voltage. It saturates starting
from −7V, enabling a 3 dB bandwidth in the range of 6.4 to 8.2GHz. A smaller
dependence of the modulation response on voltage was observed for 2 µm thick
devices reaching the maximum cut-off frequency at around −4V, while being
nearly negligible for 1 µm thick PDs with a saturation bandwidth at already−2V.
Thus, higher reverse bias voltages are required for thicker PDs in order to reach
appropriate electrical field strengths (> 30 kV/cm, e.g., > 3V applied over a dis-

Figure 4.20: Small-signal fre-
quency response curves of an
integrated 3 µm thick transcei-
ver PIN photodetector for bias
voltages from −1V to −10V.
Themaximum 3dB bandwidth
can be found in the marked
range of 6.4–8.2 GHz (from
[48], © 2013 IEEE).
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Figure 4.21: Comparison of the maxi-
mum small-signal bandwidths of inte-
grated 60 µm TRx PIN PDs for samples
with 1, 2, and 3 µm thick absorption re-
gions (from [48], © 2013 IEEE).
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tance of 1 µm ) for the carrier saturation velocity of ≈ 107 cm/s [59]. More details
on dynamic properties of PIN PDs can be found in Subsec. 2.2.3.

In order to minimize the waviness in the curves, a Glan-Thomson polarizer was
employed in the setup, as was already mentioned in Subsect. 4.1.2. Neverthe-
less, no significant improvements could be observed. Thus, the waviness in the
frequency response is attributed to microwave reflections from impedance mis-
match between PD and the 50Ω measurement system as well as a possible par-
asitic coupling of the PIN structure to the doped VCSEL layers. Despite the fact
that the 3dB bandwidth of the PIN PD is about a factor of one and a half smaller
than that of the VCSEL shown in Fig. 4.5, the rather slow roll-off of the response
curve with a first-order low-pass behavior4 still provides sufficient signal levels
for frequencies somewhat beyond the 3dB limit.

Also the influence of the absorption layer thickness on the small-signal modula-
tion response of PIN PDs was investigated with three different samples and can
be seen in Fig. 4.21 [48]. The 3 dB bandwidth of a 60µm active diameter TRx PD
increases from 2.2GHz for a 1 µm thick absorption region to 5.1GHz for 2 µm and
6.5–8.3GHz for 3 µm thickness. The measurements were carried out for satura-
tion reverse bias voltages of 3V for 1 µm, 6V for 2 µm, and 10V for 3 µm thick
absorption regions. According to (2.30), the approximate drift time limited band-
widths of PIN PDs are expected to be about 45GHz for 1 µm, 22.5GHz for 2 µm,
and about 15GHz for 3 µm PIN PDs. Thus, the measured 3dB cut-off frequen-
cies in Fig. 4.21 are rather limited by the electrical parasitics incorporated in the
processed PIN structure. The results show an approximate proportionality be-
tween the measured 3dB bandwidth and the intrinsic absorption layer thickness,
indicating the unavoidable change of the photodiode capacitance. Also here, the
capacitive limit seems to dominate.

4Taking additionally the electrical parasitics into account, the total transfer function of the PIN
PD shows a second order low-pass behavior. See Subsects. 2.2.3 and 4.2.3 for more details.
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4.2.3 Microwave Reflection Spectra

The small-signal modulation response curves in Figs. 4.19–4.21 represent the su-
perposition of the intrinsic, charge carrier drift time limited frequency response
of the PIN photodiode described by (2.30) and the modulation response of the
electrical parasitics incorporated in the processed structure of the PD chip. The
extrinsic small-signal behavior corresponding to the parasitic elements of the de-
vice can be represented by an electrical equivalent-circuit model [89], shown in
Fig. 4.22. The physical origins of the single elements are depicted in Fig. 2.8 (c)
and discussed in detail in Subsect. 2.2.3.

Figure 4.22: Equivalent-circuit diagram of the PIN PD impedance for a non-illuminated
case (black) used for fitting with S11 measurements in Figs. 4.23 and 4.27. Z0 is the
impedance of the measurement system, whereas the ideal current source represents the
generated photocurrent Iph (both in grey).

The model includes the bondpad capacitance Cpad, the track inductance Lpad, the
series resistance Rs as well as the photodiode junction capacitance Cj in parallel
with the junction resistance Rj. The photocurrent generation by photon absorp-
tion is represented by the ideal current source and the load resistance Z0 = 50Ω

corresponds to the impedance of the measurement system. Taking the circuit
drawn in black in Fig. 4.22 into account, the resulting small-signal model is only
valid for non-illuminated PIN PDs. In that case, the parasitic circuit is very simi-
lar to the one of the VCSEL in Fig. 4.7. According to (4.1), the electrical reflection
coefficient S11 results from the PD input impedance ZPD. Therefore, the equiva-
lent impedance of the PIN PD can be determined from the measured S11( f ) using
(4.2).

PIN photodetector thickness

Analogous to the VCSEL characterization approach in Subsect. 4.1.3, microwave
reflection measurements of non-illuminated photodiodes were carried out using
a 50Ω network analyzer5 in order to obtain the associated input impedance spec-

5Spectrum analyzer HP8510C, S-parameter test-set HP8517A, synthesized sweeper HP83651A
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Figure 4.23: Measured S11 spec-
tra of TRx PIN PD chips with
2 and 3µm thick absorption re-
gion and 60 µm active diame-
ter for −10V bias voltage in
a Smith chart (top) and their
real and imaginary parts (bot-
tom) (from [48], © 2013 IEEE).
The solid lines (red) fit the mea-
surement data over the entire
frequency span of 18GHz and
represent the modeled S11 using
the equivalent-circuit model dis-
played in Fig. 4.22.
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tra ZPD( f ) and thus the single parasitic elements of Fig. 4.22. Figure 4.23 (top) de-
picts measured S11( f ) data in a Smith chart over frequencies f from 0.1 to 18GHz
in 100MHz steps for two PIN photodiodes with 2 and 3 µm thick absorption lay-
ers. The real and imaginary parts of the measured S11 spectra are additionally
plotted in Cartesian coordinates in Fig. 4.23 (bottom). With (2.35) and (2.40), the
microwave reflection measurements were fitted using the parasitic elements in
Fig. 4.22 as fit parameters. The extracted values of both devices are shown in
Tab. 4.4. Similar to the VCSEL modeling, the parasitic 3 dB cut-off frequency
fp, 3dB can be also obtained for the PIN PD equivalent circuit using the squared
magnitude |HPD|2 = |VPD/Iph|2 of the parasitic transfer function in (2.39). Here,

Table 4.4: Extracted values of the equivalent-circuit elements in Fig. 4.22 using S11 mea-
surements for two PIN PDs in Fig. 4.23 with the respective bandwidths from Fig. 4.24
(from [48], © 2013 IEEE).

PD thickness Polyimide Cpad (fF) Lpad (pH) Rs (Ω) Rj (kΩ) Cj (fF) fp, 3 dB

2µm two steps 150 1 20 > 10 219 7.5GHz

3µm four steps 107 134 50 > 10 124 11GHz
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Figure 4.24: Modeled parasitic fre-
quency response |HPD|2 of two 60 µm ac-
tive diameter TRx PIN PDs from Fig. 4.23
with 2µm and 3µm thick absorption re-
gion. Using the equivalent-circuit model
in Fig. 4.22 and the parasitic elements
(see Tab. 4.4) extracted from S11 mea-
surements, the parasitic 3 dB cut-off fre-
quency fp, 3 dB can be obtained.
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the photocurrent Iph and the measurement system impedance Z0 need to be con-
sidered, as indicated by the gray elements in Fig. 4.22. The simulated frequency
response of |HPD( f )|2 can be seen in Fig. 4.24. The extracted parasitic 3 dB cut-off
frequencies fp, 3 dB of the first-order low-pass are also summarized in Tab. 4.4 and
are nearly proportional to the absorption layer thicknesses. However, the mea-
sured 3 dB cut-off frequencies in Fig. 4.21 of 5.1GHz for 2 µm and 6.5–8.3GHz for
3 µm thick PDs are by a factor of one and a half lower compared to the modeled
values. This might be attributed to the significant corrugations of the response
curves in Figs. 4.19–4.21 and thus a relatively imprecise determination of the 3dB
cut-off frequencies. On the other hand, with the relatively simple small-signal
equivalent-circuit model for the PIN PD impedance, good fits (red solid lines)
are indeed achievable, as shown in Fig. 4.23. However, quite large variations
in extracted values for the series resistance Rs and track inductance Lpad can be
clearly observed. It should be noted that the fits in Fig. 4.23 do not change much,
if one chooses Rs = Lpad = 0. One reason might be found in the different pro-
cessing of 2 µm and 3µm thick PDs. Even though the geometrical dimensions of
the bondpads are identical for both devices, more polyimide planarization steps
were applied for the 3 µm PD, resulting in a decrease of the bondpad capacitance
Cpad. Please also refer to the next paragraph about the PIN PD bondpad capaci-
tance. The decay of the junction capacitance Cj can be directly attributed to the
thicker intrinsic absorption region, whereas the relatively high values of Rj with
> 10 kΩ refer to nearly negligible leakage and dark currents.

For the sake of completeness, an intrinsic frequency response of both PIN PDs can
be obtained by simply subtracting the calculated extrinsic responses in Fig. 4.24
from the measured S21-parameters in Fig. 4.21. Figure 4.25 compares the mea-
sured (solid lines) and the calculated intrinsic (dashed and dashed-dotted lines)
frequency responses for a 2 µm (blue) and 3 µm (red) thick PD. Here, the 3dB
bandwidth of the carrier drift time limited response is at least 2–3GHz higher
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Figure 4.25: Comparison of
measured and intrinsic frequen-
cy responses of TRx PDs with
2 (blue) and 3µm (red) thick
absorption regions. The intrin-
sic responseswere calculated by
subtracting the modeled extrin-
sic data in Fig. 4.24 from the
measurements in Fig. 4.21.
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compared to the one including parasitic elements. More accurate values are not
obtainable due to the limited frequency span of the measurement and the strong
waviness of the measured modulation response. Therefore, for a flat small-signal
response of the photodetector receiver, resulting in an optimal signal transfer
from the device to the electrical supply lines, an accurate design of the trans-
impedance amplifier (TIA) has to consider the mismatch of the PD impedance
with the residual system [110].

Summing up the results of the present subsection, including the calculated 3 dB
bandwidths limited either by the photocarrier drift fdrift, 3 dB or electrical para-
sitic elements fp, 3 dB, one can obtain an estimated overall cut-off frequency f3 dB
using (2.34). The values for 2 and 3µm thick PIN PDs are listed in Tab. 4.5 and
compared with the measured small-signal bandwidths f3 dB from Fig. 4.21. The
discrepancy between the smaller measured (fourth column) and larger calculated
(fifth column) corner frequencies is less pronounced for the 3 µm PD (8.3 versus
8.9GHz) compared to the 2 µm device (5.1 and 7.1GHz). As mentioned above,
the experimentally obtained 3 dB values from Fig. 4.21 are relatively inaccurate
due to the waviness of the small-signal response curves.

Comparing the results of the modeled PIN PD parasitics in Tab. 4.4, a decrease
of Cpad is observed for thicker device structures due to the larger polyimide layer
thickness. The ideal equivalent-circuit model of a PIN photodiode (red dotted
line) only consisting of a junction capacitance and load resistance, as shown in

Table 4.5: Comparison of measured and calculated 3 dB bandwidths of 60 µm TRx PIN
PDs for samples with 1, 2, and 3 µm thick absorption regions from Figs. 4.21 and 4.24.

PD thickness fdrift, 3 dB ((2.30)) fp, 3 dB (Tab. 4.4) f3 dB (Fig. 4.21) f3 dB ((2.34))

1 µm 45GHz – 2.2GHz –

2µm 22.5GHz 7.5GHz 5.1GHz ≈ 7.1GHz

3µm 15GHz 11GHz ≈ 6.5–8.3 GHz ≈ 8.9GHz
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Figure 4.26: Calculated 3 dB corner frequencies of PIN PDs over the absorption region
thickness. The calculations of the parasitic frequency limits fp, 3 dB (red lines) are per-
formed for a TRx PDwith 60 µm diameter considering three approaches of an equivalent-
circuit model from Fig. 2.8. An overall 3 dB bandwidth f3 dB (solid blue) is calculated for
the S11 extracted parasitic model (solid red) with Rs = 30Ω, Rj = 20 kΩ, Lpad = 65 pH
considering the drift time limited bandwidth fdrift, 3 dB (black dashed line).

Fig. 2.8 (a), is substantially altered by the parallel connected bondpad capaci-
tance with a constant average value of Cpad = 130 fF (red dashed-dotted line),
as can be seen in Fig. 4.26. Here, the red solid line (filled circles) describes the
simulated parasitic 3 dB bandwidth fp, 3 dB over the photodiode thickness dPD

using the approved equivalent-circuit diagram from Fig. 4.22. For the sake of
convenience, however, different to the results in Tab. 4.4, all calculations (sym-
bols) were performed using constant values for each parasitic element, except for
Cj(dPD). Thus, the sole consideration of the bondpad capacitance in addition to
the junction capacitance, as shown in Fig. 2.8 (b), has a significant impact on the
parasitic cut-off frequency. Including further parasitic elements for a more pre-
cise description of the PIN PD impedance has only a marginal influence on the
curve shape of fp, 3 dB (red solid line with filled circles), as seen in Fig. 4.26. Us-
ing (2.34) and taking the drift time limited cut-off frequency fdrift, 3 dB (2.30) into
account (black dashed line), an overall 3 dB bandwidth f3 dB (blue solid line with
open circles) can be obtained. Here, the optimal photodiode thickness is deter-
mined to ≈ 3.8 µm, resulting in a maximum bandwidth of ≈ 7.5GHz. Further
calculations of the overall 3 dB bandwidth f3 dB are presented in Fig. 2.9 for the
simplified PD models in Fig. 2.8 (a, b).
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Figure 4.27: Measured S11 spec-
trum of PIN PD bondpads for
a 1µm thick photodetector with
60 µm active diameter for −3V
bias voltage in a Smith chart
(top) and its real and imaginary
parts (bottom). The solid lines
(red) fit the measurement data
over the entire frequency span of
15GHz and represent the mod-
eled S11 using the equivalent-
circuit model in Fig. 4.22. 0 2 4 6 8 10 12 14
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The bondpad capacitance Cpad of a PIN PD consists of several parasitic elements,
such as the coupled capacitances built by the overlap of n- and p-contact bond-
pads with the doped VCSEL layers underneath the PD device, as shown in the
cross-sectional view in Fig. 3.21, as well as diverse stray capacitances between the
GSG-bondpads, seen in the top view in Fig. 3.17. Keeping the bondpad capaci-
tances small, one has either to decrease the area of the bondpad or to increase the
polyimide thickness dpoly under the n-bondpad. The second approach was suc-
cessfully shown for the VCSEL device in Fig. 4.10, Tab. 4.2 as well as in Tab. 4.4
for the PIN PD. Here, two planarization steps were applied for the 2µm thick PD
and up to four for the 3µm thick diode. This results in a more planarized de-
vice topography for a crack-free transition of metal bondpads on the mesa edges
on one hand, as well as a decrease of the total bondpad capacitance from 150 to
107 fF on the other hand (see Tab. 4.4).

In order to estimate the validity of the extracted values for Cpad in Tab. 4.4, the
GSG-bondpads of a 1µm thick photodiode were cleaved from the rest of the PIN
structure in order to obtain their parasitic capacitance. Thus, the chip used for S11
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Table 4.6: Extracted values of the equivalent-circuit elements of cleaved bondpads of a
60 µm TRx PIN PD from the S11 data in Fig. 4.27, its resulting bondpad capacitance and
the corresponding electrical bandwidth.

PD thickness Polyimide CCCpad (fF) Lpad (pH) Rs (Ω) Rj (kΩ) Cj (fF) fp, 3 dB

1 µm one step 168 1 14 > 20 1 18.8 GHz

parameter measurements consisted only of three bondpads. Figure 4.27 (top) de-
picts the measured microwave reflection spectrum (symbols only) and the fit (red
solid line) in a Smith chart. The real and imaginary parts of the measured and fit-
ted S11( f ) spectra are additionally plotted in Cartesian coordinates in the bottom
of Fig. 4.27. For the sake of completeness, all parasitic elements in the equivalent-
circuit diagram of Fig. 4.22 are extracted and listed in Tab. 4.6. From the simu-
lation of |HPD( f )|2, the parasitic cut-off frequency of 18.8GHz is obtained. Lpad,
Rs, and Rj do not show any remarkable difference compared to a complete PIN
PD device, thus, they can be neglected in future investigations. In contrast, only
1 fF is extracted for the junction capacitance Cj due to the missing PIN structure.
The total bondpad capacitance Cpad is 168 fF and is larger compared to 150 fF for
a 2µm thick PD and 107 fF for a 3µm thick diode in Tab. 4.4. The higher value can
be attributed to the smaller polyimide layer thickness under the PD n-bondpad.
Here, only one polyimide step was required for the planarization of the 1 µm
thick PD.

4.3 Transceiver Crosstalk

After the separate electro-optical as well as purely electrical characterization of
the transmitter (Tx) and receiver (Rx), it is also necessary to investigate themutual
influence of the VCSEL and PIN PD, leading to a higher noise level in full-duplex
mode operation of the transceiver chip.

4.3.1 Electrical Crosstalk

Owing to the very dense monolithic integration of the Tx and Rx, one might
expect that a portion of the electrical power is coupled from the VCSEL to the
photodetector. In the experiment, a solitary TRx chip was contacted by two mi-
crowave probes as in Fig. 4.1 without the fiber in place. The VCSEL is driven by
a low-power modulating signal generated by a sweep oscillator. On the PD side,
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Figure 4.28: Small-signal frequency re-
sponse curves of electrically induced
crosstalk between a VCSEL and a PIN PD
of the transceiver chip in Fig. 4.1 (from
[48], © 2013 IEEE).
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the coupled electrical power is measured by an electrical spectrum analyzer. Fig-
ure 4.28 shows the frequency responses as ratios of both signals for a biased (solid
red line) and unbiased (dashed blue line) state of the VCSEL. Both curves indi-
cate a high-pass characteristic starting from around−70dB coupling forMHz fre-
quencies and increasing to values still well below−50 dB for frequencies between
8 and 15GHz. Thus, the contribution to the system noise originating from elec-
trical crosstalk is negligible. Nevertheless, at lower frequencies, the crosstalk for
a biased VCSEL is up to 5dB higher compared to VCSEL operation below thresh-
old. The higher values can be attributed to optical crosstalk between VCSEL and
PIN PD, where a small portion of the emitted light is directly detected by the
photodetector. This is discussed in more detail in the following subsection. As
expected, the difference vanishes for high frequencies above the bandwidth of
the PD at around 9GHz.

4.3.2 Static Optical Crosstalk

Although VCSEL and PIN PD are densely integrated, both devices are electrically
isolated by a narrow, deep trench, as seen in Fig. 3.6. Therefore the electrical
crosstalk was expected to be very low. However, optical crosstalk can also lead to
a bandwidth trade-off in full-duplex mode operation. Inspecting the schematic
of a MMF butt-coupled TRx link in half-duplex mode operation from chip 2 (left)
to chip 1 (right) in Fig. 4.29, we can identify two main sources of optical crosstalk,
namely the reflections of the emitted light at the near and far ends of the fiber
(blue arrows at 2© and 3©, respectively) as well as at the opposite TRx chip (green
arrow at 4©). Additionally, as alreadymentioned in the previous subsection, there
is direct light detection by the integrated photodetector (red arrows at 1©). In
Fig. 4.30, the amount of static optical crosstalk is presented as a function of the
optical power of the integrated VCSEL. The measurements were performed in
the same transmission direction as shown in Fig. 4.29. Thus, the optical crosstalk
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Figure 4.29: Illustration of static optical crosstalk sources for half-duplex operation of the
data link from chip 2 to chip 1. The four positions of the crosstalk origins for chip 2 are
indicated with different colors according to Fig. 4.31.

of PD 2 originating from VCSEL 2 is detected. For comparison, the transmitted
signal power detected by PD 1 is plotted as black dashed line. Its slope decreases
with higher laser power. The probable underlying reason is the changing beam
profile and thus lower fiber coupling efficiency of the multimode VCSEL with
higher laser current.

In the first step, similar to the measurement of electrical crosstalk in the previous
subsection, the solitary TRx chip 2 was operated. Here, only direct current but
no modulation was applied to VCSEL 2. The optical crosstalk then arises from
the spontaneous emission of the VCSEL. Carrier clamping prevents a significant
increase of photocurrent 2 (red solid line) for higher output powers. The red
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Figure 4.30: Static optical crosstalk sources for chip 2 (solid and dotted lines) according
to the depicted setup configuration in Fig. 4.29 compared to the transmitted signal power
of chip 1 (black dashed line) in a butt-coupled single-fiber bidirectional transceiver link
(from [48], © 2013 IEEE).
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Figure 4.31: Total static optical system crosstalk for chip 2 (black solid line) in a butt-
coupled single-fiber bidirectional transceiver link and its individual crosstalk contribu-
tions (dotted lines) from Fig. 4.30.

dotted line in Fig. 4.30 refers to the vertical axis on the right and quantifies the
amount of optical crosstalk over the received optical power at the opposite PD
1. Here, for the common operating regime of VCSEL 2 for optical output powers
≥ 1mW, it is about 17dB below the signal power and thus nearly negligible.

In the second step, a 5m long MMF was butt-coupled (about 30µm distance)
to TRx chip 2. The measured optical crosstalk (blue solid line) now originates
additionally from the reflections at both fiber ends. In Fig. 4.30 (blue dotted line),
the crosstalk increases by 4–5dB.

Finally, TRx chip 1 was butt-coupled (about 30µm distance) to the other end of
the MMF. The photocurrent of PD 2 (black solid line) increases by approximately
another 1 dB due to the reflections on the PD active area and especially on the
metal surfaces at the opposite chip 1. Thus, the total amount of optical crosstalk
power (black dotted line) is at least 11 dB below the transmitted signal power
(black dashed line). It is important to mention that the total amount of optical
crosstalk is dependent on the alignment of the MMF to both TRx chips and might
vary in the opposite transmission direction from chip 1 to 2.

In the next step, the portion of optical crosstalk originating from each single
source is determined. The amount of crosstalk due to the reflections from both
fiber facets and the opposite TRx chip can be extracted by the appropriate subtrac-
tion of particular photocurrent values of PD 2 in Fig. 4.30 (solid lines). Figure 4.31
shows extracted results in addition to the previous plots, in which the colors of
the dotted lines correspond to the one of particular crosstalk sources in Fig. 4.29.

For optical output powers ≥ 1mW, the largest crosstalk contribution in a single-
fiber bidirectional link is attributed to the reflections from the near and far end of
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the MMF (blue circles). Its amount over the signal power increases from −16 to
−13.5 dB. This is probably related to the changing beam profile of the multimode
VCSEL and the reflections at the near end of the fiber. Index matching glue can
be used to attach the fiber end to the TRx device and to minimize the reflections
at both MMF ends. In contrast, the reflections from the opposite transceiver chip
1 (green diamonds) only contribute by maximum −17dB. The low value can be
attributed to the AR-coated photodiode surface on one hand and a rather low
fiber coupling efficiency of the reflected signal on the other hand. The portion of
the spontaneously emitted light (red triangles) in the output beam of the VCSEL
is insignificantly higher and thus can be also almost neglected. As indicated in
Fig. 4.31, the sum of the three static optical crosstalk sources leads to a total sys-
tem crosstalk of maximum −11 dB (black solid line).

4.4 MMF–TRx Chip Alignment Tolerances

Due to the fact that VCSEL and PIN PD are butt-coupled to a single MMFwithout
any use of external optics, it is essential to investigate the allowed fiber misalign-
ment. Fiber–chip alignment tolerances might have a significant influence on the
cost of such a bidirectional optical link and thus the use in industrial applica-
tions. The inherent misalignment of the VCSELs to the fiber core also influences
the optical crosstalk and the achievable bandwidth in both, half- and full-duplex
mode.

For bidirectional data transmission over a single fiber it is necessary to deter-

Figure 4.32: Photograph of a TRx chip with 60 µm PD diameter and indications of the
positions of a 50 µm diameter fiber core for alignment measurements in the x- (left) and
y-direction (right). The dashed circles indicate the maximum possible fiber misalignment
for VCSEL–fiber coupling, whereas the solid circles depict the optimum fiber–chip align-
ment at x0 and y0 for bidirectional data transmission experiments in Chap. 5.
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mine alignment tolerances for both the Tx and Rx. Hence, for the measurement
of the Rx detection efficiency, a VCSEL was coupled to the far end of a GI MMF
with 50µm core diameter, whereas the near end was mounted on a computer-
controlled translation stage6 with an adjustment accuracy of≈ 7 nm over a travel
range of 5mm. The coupling efficiency of the Tx was determined in the oppo-
site way by coupling a TRx VCSEL to the moveable near end of the MMF and
detecting the transmitted optical power at the far end. For the sake of simplicity,
we chose the center of the VCSEL aperture in the TRx chip as the origin of a co-
ordinate system. For both experiments, the initial position of the fiber core was
at x0 = −18 µm, y0 = 0, and z0 = 30 µm, as indicated by the red (left) and blue
(right) solid circles in Fig. 4.32. In this position, the near end of the MMF is 30µm
away from the TRx chip surface in order to prevent an etalon effect.

At the beginning, the VCSEL coupling efficiency was investigated. In the first
step, the near end of the fiber was moved along the x-axis at y0 = 0, as depicted
in Fig. 4.32 (left). A maximum VCSEL coupling efficiency (red dashed line) of
≈ 0.8 and an alignment tolerance with a full-width at half-maximum (FWHM) of
44µm (x ≈ ±22 µm) can be achieved with a 50µm MMF, as shown in Fig. 4.33
(top). Afterwards, the fiberwasmoved along the y-axis at x0 = −18 µm, shown in
Fig. 4.32 (right), as well as at x−5µm = −23µm, and x+5µm = −13 µm. Due to the
x-offset of the fiber, lower coupling efficiencies with smaller tolerances are found,
as displayed in blue in Fig. 4.33 (top). At x0 a maximum coupling efficiency of
only ≈ 0.63 (blue dashed line) with a FWHM of 24µm (x ≈ ±12 µm) is obtained.

In the next step, the detection efficiency of the TRx PIN PD was examined. It is
defined as a portion of the optical power which is outcoupled at the near end
of the MMF and detected by the photodiode. For the displacement along the
x-direction at y0 = 0 (red dashed line), Fig. 4.33 (bottom) shows a maximum effi-
ciency of≈ 0.8 and an alignment tolerance with a FWHMof 36µm (x ≈ ±18 µm).
Even though the PD active diameter of 60 µm is larger than the 50µm fiber core
diameter, the curve of the photodetector does not show a flat top such as the curve
for the VCSEL (red dashed line) in the diagram above. The reason is that due to
the laterally integrated VCSEL no complete overlap between the fiber core area
and the TRx photodetector are possible at any time. Similar to the previous ap-
proach, themisalignmentmeasurements along the y-axis were performed at three
different lateral offsets in x-direction. At x0 = −18µm the detection efficiency of
the photodetector reaches maximum values of ≈ 0.67 at y = ±15 µm (blue solid
line), where the fiber core has the best overlap with the PD area and only ≈ 0.58
at y0. Thus, the FWHM is 68µm (x ≈ ±34 µm). An efficiency of 1 is only possible

6Physik Instrumente (PI), model M-110.1DG
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Figure 4.33: Measurement of
VCSEL–fiber coupling (top) and
photodiode detection efficiency
(bottom) in a single-fiber bidi-
rectional link for x- (red) and
y-displacement (blue) of a 50 µm
butt-coupled MMF. The optimum
fiber–chip alignment for bidirec-
tional data transmission experi-
ments is indicated at x0 = −18 µm
and y0 = 0.

with full-area circular photodiodes in which the photoactive area is not partly oc-
cupied by a VCSEL (see Fig. 4.17 (left)). Accordingly, at x+5µm = −13 µm (blue
dashed-dotted line) the efficiency further decreases, whereas at x−5µm = −23 µm
(blue dotted line) the dip almost vanishes, reaching nearly the maximum value
of the x-misalignment.

For MMF–TRx chip alignment tolerances in a single-fiber bidirectional link, the
VCSEL coupling efficiency as well as the PD detection efficiency have to be con-
sidered at the same time. Therefore, both diagrams from Fig. 4.33 are combined
in Fig. 4.34 to obtain an overall information about the tolerable fiber misalign-
ments. The individual curves for the x- and y-direction are adjusted at x0 and
y0, respectively. The maximum achievable alignment tolerance in y-direction is
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Figure 4.34: Measurement of VCSEL–fiber coupling (dashed) and photodiode–fiber de-
tection efficiency (solid) for x- (red) and y-displacement (blue) of a butt-coupled 50 µm
MMF with about z0 = 30 µm distance (from [48], © 2013 IEEE). The diagram shows a
combination of four curves from Fig. 4.33 indicating themisalignment tolerances (shaded
areas) for a single-fiber bidirectional transceiver link.

only limited by the coupling efficiency of the VCSEL, as illustrated by the blue
shaded area in Fig. 4.34. The FWHM is 24µm (y ≈ ±12 µm). Since the VCSEL is
positioned 18 µm off-center in the x-direction with respect to the PD, the curves
for the detection and coupling efficiencies (both in red) are also displaced. Now,
a combined maximum efficiency is ≈ 0.6. The overlap of both measurements, in-
dicated by the red shaded area in Fig. 4.34, defines the alignment tolerance with a
FWHM of 16µm (x ≈ ±8 µm). Therefore misalignments in x-direction are more
critical compared to the y-direction.

In summary, the optimal MMF–TRx chip alignment in the x–y-plane is a compro-
mise between the VCSEL coupling efficiency and the PD detection efficiency. It is
found at x0 , y0 for the highest common values of the red and blue shaded areas in
Fig. 4.34. In future, a centered (and ideally also smaller) TRx VCSEL which is sur-
rounded by the PD would be an improvement regarding easier chip alignment,
as already shown in Fig. 1.1 [37] for VCSEL–MSM TRx chips.

In addition to the determination of fiber alignment tolerances parallel to the TRx
chip surface, further investigations were carried out in the z-direction, i.e., for
the chip–fiber distance variation. Figure 4.35 presents results of VCSEL cou-
pling efficiency (black) and TRx photodiode detection efficiency (green) for the
z-displacement. Here, the fiber was positioned in the x–y-plane at x0 = −18µm
and y0 = 0. Both curves show a clear oscillation for chip distances below 50µm.
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Figure 4.35: Measurement of VCSEL–fiber coupling (black) and TRx PD detection effi-
ciency (green) in a bidirectional link for z-displacement of a butt-coupled MMF.

The modulation amplitude is the highest for very small chip–fiber distances and
continuously decreases with higher z-values indicating a distinct etalon effect.
Here, for the coupling efficiency of the VCSEL the emitted light is partially re-
flected at the near end fiber facet towards the TRx chip and back to the fiber
again. Interference between the emitted and reflected waves takes place, how-
ever an expected periodicity of half-wavelength cannot be clearly observed due
to the insufficient measurement increments of 0.5 µm. Nonetheless, the modula-
tion magnitude decreases for larger chip–fiber distances, indicating a vanishing
interference between the divergent emitted and reflected waves. The etalon effect
is also observed for the PD detection efficiency. Here, the modulation magnitude
is much smaller, since most of the exposed TRx area is AR-coated and only the
VCSEL metal contact reflects the light back to the fiber facet. As expected, also
the VCSEL coupling diminishes as farther the fiber is moved away from the chip.
In contrast, the detection efficiency of the TRx PD increases from initially 0.55 to
more than 0.7 at z ≈ 60µm. This might occur due to the inhomogeneous modal
profile in the fiber core, leading to a more uniform PD illumination for larger
chip–fiber distances. Furthermore, the relatively divergently spreading values for
coupling and detection efficiencies could be attributed to a slight change of the
x–y-adjustment of the translation stage during the movement along the z-axis. In
case of a fully parallel translation along the optical axis, an identical coupling and
detection efficiency decrease is expected. According to the curve slopes which en-
close the shaded areas in Fig. 4.34, an only small deviation from x0 and y0 leads
to a strong divergence of both efficiencies.

At the end, the optimum alignment is found at z0 ≈ 30µm, where the etalon
effect can be nearly neglected on the one hand and the efficiency of around 0.7
for the VCSEL and 0.6 for the PIN PD is still tolerable on the other hand.





Chapter 5

Digital Data Transmission

In the present chapter, the results from Chap. 4 are applied for an optimized op-
eration of bidirectional data links. First, data transmission experiments are per-
formed in back-to-back (BTB) mode, in order to determine the maximum sup-
ported data rate of both TRx chips. Afterwards a 5m long butt-coupled OM4-
type MMF is used in the link to investigate the impact of optical crosstalk and
coupling losses on the maximum bit rate. The fiber length is subsequently in-
creased to 555m, thus also taking the influence of modal dispersion and atten-
uation in a MMF into account. In the next step for the sake of completeness,
data transmission is performed over a 500m long OM3 MMF and a 2.34 km long
OM4 MMF. At the end, a short patch cord of 1.5m length is deployed to examine
the occurrence of possible disturbances originating from reflections and coupling
losses with standard FC/PC-type connectors integrated in the transmission line.
The experiments are completed with bit error ratio (BER) measurements at dif-
ferent word lengths in half- and full-duplex mode.

The setup for data transmission experiments and its evaluation, as shown schemat-
ically in Fig. A.14, includes all the components for the input and output sig-
nal in duplicate. It is described in detail in Sect. A.3 of App. A. Both TRx
chips are mounted on two separate copper blocks and aligned facing each other
along the optical axis. Figure 5.1 (top) schematically depicts a free-space link via
two collimating/focusing lenses (NA = 0.4 or 0.35) with the transceiver chip 1
on the left and chip 2 on the right. The static and dynamic performances of
VCSEL 1 and 2 at room temperature are summarized below. The TRx VCSEL 2
with a mesa diameter of 25 µm has a current aperture of 5.4 µm for multimode
operation at around 811nm emission wavelength, as seen by the spectrum in
the right inset. The threshold current is 1.6mA, the maximum output power at
thermal rollover is 3.1mW at 10mA injection current, and the slope efficiency
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amounts to 0.37mW/mA. Thus, a relatively low differential quantum efficiency
of around 24% is obtained. The 3 dB small-signal modulation bandwidth of
around 12.9GHz at 6.5mA operating point, shown in the inset on the left (black
line), is slightly higher compared to TRx VCSEL 1. With an oxide aperture of
6.4 µm and a different position on the wafer, it shows multimode emission at
around 823nm at an operating point of 5.9mA. The characteristics of VCSEL 1
were already presented in detail in Subsects. 4.1.1 and 4.1.2. Unfortunately, no
other devices with equivalent output properties could be found on the processed
samples at the time of the measurements.

As can be seen from the continuous increase of the threshold current with tem-
perature in Fig. 4.2 for VCSEL 1, the cavity modes have shorter wavelengths than
the gain peak even at room temperature. Due to such a negative detuning of
the VCSEL structure, no further investigations were made on data transmission
at elevated ambient temperatures. In an improved device generation, positive
detuning should be chosen, which will benefit the high-temperature characteris-
tics of the device. Nevertheless, the feasibility of high-speed data transmission
at high temperatures was already demonstrated in various publications for both
solitary VCSELs [11,52,60,64,70,117] as well as for VCSEL–MSM PD transceiver
chips [36].

According to the results for PIN PDs in Subsects. 4.2.1 and 4.2.2, devices with a
3µm thick absorption layer were predominantly used in the following data trans-
mission experiments. For high-speed operation, the photodetectors were reverse
biased at ≥ 10V, providing small-signal 3 dB bandwidths of around 8GHz, as
depicted in both top insets (green lines) in Fig. 5.1 (bottom). Despite the fact
that they are one and a half times lower compared to those of the VCSELs, the
rather slow roll-off of the first-order low-pass1 response curve still provides suffi-
cient signals for frequencies somewhat beyond the 3 dB limit. On the other hand,
the second-order low-pass2 frequency response of the VCSEL typically decays
strongly for frequencies beyond the resonance peak, as seen in both top insets
(black lines) of Fig. 5.1 (bottom). Nevertheless, the higher signal response for the
VCSELs in the range around their resonance frequencies compensates the rather
weak response of the photodiodes in the same frequency range. Thus, the total
system bandwidth of the data link in free-space operation is enhanced to at least
9GHz.

1Taking additionally the electrical parasitics into account, the total transfer function of the PIN
PD shows a second-order low-pass behavior. See Subsects. 2.2.3 and 4.2.3 for more details.

2With electrical parasitics included, the total transfer function of the VCSEL is a third-order
low-pass. See Subsects. 2.1.3 and 4.1.3 for more details.
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Figure 5.1: Schematic of a bidirectional data transmission setup in BTB, i.e., free-space
mode using a VOA for BER measurements (top). CW LIV curves, optical emission spec-
tra and small-signal modulation characteristics of two TRx VCSELs and 3µm thick PIN
PDs at room temperature (bottom) used for most bidirectional data transmission exper-
iments. The operating points of both VCSELs were chosen according to their maximum
3dB bandwidths at a bias current of IOP = 5.9mA for chip 1 (left) and 6.5mA for the
VCSEL on chip 2 (right).

5.1 Back-to-Back Data Transmission

In order to exclude any bandwidth or coupling limitations imposed by the fiber as
well as reflections causing optical crosstalk, first, data transmission experiments
were performed in BTB, i.e., free-space mode. As already mentioned, the laser
beam of the TRx VCSEL is focused via free-space optics on the TRx PIN PD of the
opposite chip and vice versa. The BTB operation mode also allows the insertion
of a free-space variable optical attenuator (VOA), as indicated in Fig. 5.1 (top), in
order to perform bit error measurements by adjusting the received optical power.
Thus, the maximum achievable data rate of the transceiver link can be extracted.
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All the data transmission experiments in the present section were performed in
both half- and full-duplex mode. Owing to the negligible contribution of optical
crosstalk in free-space mode, no considerable differences in data communication
results could be observed between half- and full-duplex operation. For the sake of
convenience, only results in full-duplex mode transmission are presented in the
following subsections. Attention should be also paid to values of received optical
power by the transceiver photodiode. Due to the fact that around 25% of the
active TRx PD area is occupied by the closely integrated VCSEL, as already shown
in Figs. 4.17 (right) and 4.32, the given values only refer to the detected optical
power by the residual (75%) photoactive region. Hence, in case of homogeneous
optical power distribution over the entire MMF core, the Rx sensitivities should
be ≈ 1.25 dB better than indicated.

NRZ PRBS at Different Bit Rates

First, data transmission measurements are performed for a signal of constant
word length at different bit rates. Figure 5.2 shows BER curves at 10, 11, and
12.5Gbit/s data rate in both transmission directions for a 27− 1 long non-return-
to-zero (NRZ) pseudorandom bit sequence (PRBS). For the given setup align-

Figure 5.2: BER characteristics (top) for BTB full-duplex NRZ PRBS data transmission of
a word length 27 − 1 at different bit rates from chip 1 to chip 2 (left) and chip 2 to chip 1
(right). The eye diagrams including SNR values (bottom) for each transmission direction
correspond to the lowest BER in the graphs.



5.1 BACK-TO-BACK DATA TRANSMISSION 105

ment, the best results of the large-signal modulation could be achieved with a
peak-to-peak voltage of Vpp = 0.40V for VCSEL 1 and 0.77V for VCSEL 2. With
a receiver sensitivity of ≈ −5 dBm at 12.5Gbit/s and ≈ −8 dBm at 10Gbit/s,
the transmission channel from chip 1 to chip 2 (left) requires just half the optical
power for quasi error-free (BER ≤ 10−12) communication of the opposite channel
(right). The slopes of the BER curves are also steeper indicating a smaller received
power increment needed to reduce the BER to desired values, which is advanta-
geous in practice. The issue of different slopes of BER curves is rarely mentioned
and discussed in literature. According to the conventional analysis of the bit er-
ror ratio as discussed in Subsect. 2.3.1, Gaussian noise statistics for the logical one
and zero signal levels in Fig. 2.11 leads to fixed slope of the BER curve. However,
probability densities which cannot be fitted to Gaussian statistics, would most
probably alter the slope of the BER curve.

The eye diagrams for each channel in Fig. 5.2 (bottom) refer to the lowest BER
value of the corresponding curve. As can be seen, even with a signal-to-noise
ratio (SNR) of 3.9 dB, quasi error-free data transmission is possible for 27− 1 long
words at 12.5Gbit/s from chip 2 to chip 1. However, twice the power of the
1→ 2 channel is needed to achieve nearly the same SNRs for BERs ≈ 10−12. It
is important to mention that the maximum data rate of 12.5Gbit/s was limited
by the bit pattern generator and error detector. Therefore, somewhat higher bit
rates can be expected for 27− 1 NRZ PRBS transmission with faster bit error ratio
testing (BERT) equipment.

NRZ PRBS with Different Word Lengths
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Figure 5.3: BER characteristics for BTB full-duplex NRZ PRBS data transmission for both
transmission directions (left: 1→ 2, right: 2→ 1) at 10Gbit/s and various word lengths.
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In the next step, BER results of NRZ 10Gbit/s data signals are compared for dif-
ferent PRBS word lengths. Figure 5.3 summarizes BER measurements in each
transmission direction for 27− 1 (PRBS7), 215− 1 (PRBS15), and 231− 1 (PRBS31)
long bit sequences. Similar to the previous experiments, the channel from chip 1
to chip 2 shows better performance. Here, quasi error-free communication is
achieved with ≈ −2dBm received optical power for PRBS31 (black dotted line),
≈ −4 dBm for PRBS15 (red solid line), and, as previously mentioned, ≈ −8 dBm
for PRBS7 (blue dashed line). In contrast, the channel 2→ 1 operates with 3 dB
power penalty for the shortest bit sequence and approximately 1dB for the longer
words. However, the most noticeable characteristics in Fig. 5.3 are the differ-
ent slopes of the BER curves. Typically, signals with longer word lengths have
smaller slopes, requiring higher received power at a given error ratio and bit rate.
In longer PRBS signals, the low-frequency spectral components are increased, i.e.,
the effective signal bandwidth becomes larger. Thus, the low-frequency cut-offs
in all electrical system components like amplifiers and bias-tees (see Sect. A.3 in
App. A for more details) and the finite rise and fall times of the laser play an
increasing role.

Maximum Data Rates

In Fig. 5.4, additionally BER measurements at peak data rates are presented for
three different NRZ PRBS lengths achievable for a free-space link with VCSEL–
PIN transceiver chips [109]. As alreadymentioned above, for PRBS7 (blue dashed
lines), the maximum obtainable bit rate of 12.5Gbit/s is limited by the available
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Figure 5.4: BER characteristics for BTB full-duplex NRZ PRBS data transmission for both
transmission directions (left: 1→ 2, right: 2→ 1) at the maximum data rate for different
word lengths.
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Figure 5.5: Bathtub curves and corresponding eye diagrams (right) for BTB full-duplex
NRZ PRBS data transmission in the channel 1→ 2 at the maximum data rate for different
word lengths, according to the measurements in Fig. 5.4 (left).

BERT equipment, whereas up to 10Gbit/s are possible for PRBS31 (black dashed
lines) with nearly error-free operation in both channels. In case of 215 − 1 long
words (red solid lines), a peak data rate of 11Gbit/s is obtainable in both trans-
mission directions at the same received optical power of ≈ −1 dBm and same
curve slope [109].

In order to obtain lower BERs, here, ≪ 10−13, for a transmission system under
test, longer measurement periods are needed, since the duration of the BER mea-
surement is a function of the BER itself. In case of homogeneous error distribution
over time, e.g., for BER = 10−13, it should take about 103 seconds (or≈ 17min) to
receive a first error at 10Gbit/s data rate, for 10−15 already 105, and for 10−18 even
108 seconds (or ≈ 3.2 years). Thus, extrapolation techniques are needed to speed
up the BER measurement. As already discussed in Subsect. 2.3.1, two diagnostic
tools can be commonly used in large-signal modulation analysis — eye diagrams
and the so-called bathtub curves. The latter is also known as BERT scan and can
be constructed in two manners, as a sweep across the eye in the horizontal/time
axis for a constant decision voltage and in the vertical/signal amplitude axis at a
constant sampling time (see Fig. 2.12 for more details). In both cases the resulting
plots show BERs versus the scanning interval in the shape of a bathtub cross-
section. The data acquired at high BERs (≫ 10−12) can be used for extrapolation
to much lower BERs.

Figure 5.5 (left) shows three bathtub curves at peak data rates for a particular
bit sequence length for the channel 1→ 2 in full-duplex mode. A vertical scan
of the decision voltage is performed at the eye center sampling point. Different
to a usual plot of double logarithmic BER versus received optical power, here,
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the vertical axis has a linear/single logarithmic scaling. NRZ signals of PRBS7 at
12.5Gbit/s (blue dashed lines), PRBS15 at 11Gbit/s (red solid lines), and PRBS31
at 10Gbit/s (black dotted lines) from Fig. 5.4 (left) are depicted, however, all for
the highest received optical power of ≈ 0dBm. The curves of the bathtub plots
readily show the transmission error margins at the BER level of interest. The far-
ther the left edge is from the right edge at a specified BER (≈ 10−12), the more
margin the system has to jitter. Thus, the best performance is obtained for the
27 − 1 long sequence at 12.5Gbit/s, although it has the smallest SNR of 4dB, as
extracted from the eye diagram in Fig. 5.5 (right). The intercept of the extrapo-
lated bathtub curve gives a BER at ≈ 10−37. Hence, quasi error-free transmission
(at ≈ 10−12) could be also achieved for smaller Rx sensitivities or even higher
data rates. The same applies, to a certain extent, also to the longest sequence
at 10Gbit/s, with the highest extracted SNR of 5.9 dB. Here, a quasi error-free
operation can be achieved down to BER ≈ 10−16. In contrast, the signal with a
word length of 215− 1 at 11Gbit/s reached the BER floor at a level of 10−14, since
there is almost no margin. Here, further power penalties would inevitably lead
to higher BERs. Additionally the right bathtub curve shows a clearly visible kink
at BER ≈ 10−4, pointing out a certain asymmetry between the upper and lower
part of its eye diagram.

5.2 MMF Data Transmission

Knowing the maximum obtainable data rates for large-signal modulation, in the
next step, a standard multimode fiber is employed in the optical link for digital
data communication. The main points of interest are therefore peak bit rates for
particular signal word lengths, affected by the optical crosstalk in full-duplex
mode operation, fiber coupling losses, perturbations due to connectors, as well
as limitations owing to the fiber length, i.e., dispersion effects and attenuation.

For the following data transmission experiments, anOM4-type graded-index (GI)
MMF3 is used at three different lengths. With a core diameter of 50 µm, numerical
aperture of 0.2, and an attenuation of ≈ 2.2 dB/km it is predominantly designed
for applications using 850nm VCSELs. The modal dispersion at 850 nm wave-
length is minimized by the optimized refractive index profile of the fiber core and
guarantees a minimum effective modal bandwidth (EMB) of 4.7GHz× km. In
contrast, a lower bandwidth–distance product of 3.5GHz× km is obtained with
the over-filled launch (OFL) technique. As mentioned in Subsect. 2.3.2, the OFL

3j-fiber GmbH, model OptiGrade 550 Multimode Fiber OM4
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Figure 5.6: Photograph of a VCSEL–PIN TRx chip contacted with two GSG microwave
probes for high-speed on-wafer operation and a butt-coupled standard MMF (from
[109]). Inset: top view of the chip.

modal bandwidth is generally used for fiber characterizations dedicated to LED
applications, whereas EMB especially focuses on VCSEL excitation. Further spec-
ifications of an OM4-type MMF are listed in Tab. 5.1.

Table 5.1: Useful specifications of an OM4-type MMF3 used for data transmission exper-
iments in the present section.

OM4-type MMF Spec. values at 850 nm

Bandwidth:

OFL ≥ 3500MHz× km

EMB ≥ 4700MHz× km

Transmission link length for 10Gbit/s 550m

Attenuation ≤ 2.2− 2.4 dB/km

Numerical aperture 0.200± 0.015

Effective group index of refraction 1.483

Core diameter 50± 2.5 µm

Cladding diameter 125± 1.0 µm

Coating diameter 245± 10.0 µm

Operating temperature range –60 °C to +85 °C

Figure 5.6 depicts an on-wafer operated TRx chip with a butt-coupled MMF. For
an optimal VCSEL coupling and PD detection efficiency, the fiber with about
z0 ≈ 30 µm chip distance is aligned at the x0, y0 position, as shown in Fig. 4.32.
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The peak-to-peak voltage for the large-signal modulation of VCSEL 1 is 0.62V at
5.9mA bias current and 0.77V at 6.5mA for VCSEL 2, respectively.

5.2.1 5m long OM4MMF

The first data transmission experiments over MMF were performed at a very
short length of 5m, in order to exclude any bandwidth or attenuation limita-
tions imposed by the fiber. Thus, only the impact of coupling losses and optical
crosstalk, mainly due to reflections at the fiber facets, could affect the perfor-
mance of the data link. The schematic of the setup is shown in Fig. 5.7 (top).

In order to avoid the influence of optical and electrical crosstalk in the system,
first, data transmission in half-duplex mode was investigated. The correspond-
ing optical eye diagrams in Fig. 5.7 (left and center column) show quasi error-free
(BER< 10−12) operation of 27 − 1 (top row), 215 − 1 (center row), and 231 − 1
word length (bottom row) NRZ PRBS signals, all at ≥ 10Gbit/s data rate. The
vertical sizes of the eye diagrams are slightly different for each transmission di-
rection, which originates from different received optical powers of 0.7 dBm for
1→ 2 and−0.7 dBm for the 2→ 1 channel. They arise from not exactly equivalent
laser characteristics (see Fig. 5.1 (bottom)) and coupling conditions at both fiber
ends. The signals detected by the PDs on the transmitter side (i.e., on the same
chip) correspond to crosstalk of the operated channel and are 9.2 dB and 8.4 dB
below the received signal power for the 1→ 2 and 2→ 1 directions, respectively.
Despite the coupling losses between chip and fiber, the peak data rates of BTB
transmission in Fig. 5.4 can be also demonstrated for half-duplex communication
over the 5m long MMF, namely 12.5Gbit/s for PRBS7, 11Gbit/s for PRBS15, and
10Gbit/s for PRBS31.

In contrast, the eye diagrams of the full-duplex mode operation in Fig. 5.7 (right
column) show error-free transmission of a 27− 1word length signal at 11.5Gbit/s
for both channels. The penalty of 1Gbit/s compared to half-duplex operation can
be also observed for a 215 − 1 word length signal and even 1.5Gbit/s for 231 − 1.
It arises from the increased noise level through the superposition of the transmit-
ted signal and the generated (mainly optical) crosstalk of the opposite commu-
nication direction and can be noticed by the increased received optical power of
each channel. A different trade-off of 1.5Gbit/s between the bit sequence lengths
of the maximum achievable data rates can be also observed in Fig. 5.7 (right col-
umn). Although for constant received optical power and even higher SNR values,
the data rate decreases from 11.5Gbit/s to 10Gbit/s and 8.5Gbit/s for PRBS7,
PRBS15, and PRBS31, respectively. A PRBS signal with a longer word length has
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Figure 5.7: Optical eye diagrams including SNRs and corresponding received optical
powers for error-free half- (left and center column) and full-duplex (right column) NRZ
PRBS data transmission at maximum bit rate for different word lengths. All cases are for
a butt-coupled 5m long OM4-type GI MMF, as indicated in the schematic setup (top).

a larger effective signal bandwidth due to increased low-frequency spectral com-
ponents. In an eye diagram of a 27− 1 word length signal one can usually identify
different time traces, corresponding to a lower effective bandwidth and thus a
rather limited/small number of possible transitions. For 215− 1 and 231− 1 word
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length signals, they are not visible any more. Thus, there is an associated slight
change of the shape of the eye diagram and the vertical eye opening is reduced,
which requires more received power, i.e., higher SNR, to maintain a certain bit
rate.

In the present experiments, no perturbations of the VCSELs owing to injected
light from the opposite laser are observed, since the emission wavelengths are
slightly different (see Fig. 5.1 (bottom)). However, also the back-reflections at
both fiber ends as well as at the opposite chip did not show any influence on
the optical signals of both VCSELs. In previous experiments with VCSEL–MSM
chips, it was tried to enforce such a potentially critical operation condition by
matching the emissionwavelengths of themultimode VCSELs by thermal tuning.
Nevertheless, no adverse effects have been found [36].

5.2.2 555m long OM4MMF

Standards such as IEEE 802.3aeTM 10GBASE-SR [94, 95], mentioned in Tab. 2.1,
have been developed for transmission of 10Gbit/s signals at a wavelength of
850 nm. According to the specifications of an OM4-type MMF in Tab. 5.1, trans-
mission distances of up to 550m length using 850nm VCSELs and large-area PDs
are guaranteed. In the present experiment, a single 555m long OM4 MMF is
used for bidirectional communication with two butt-coupled TRx chips. Com-
pared to the performance of the 5m short data link in the previous subsection,
an increased fiber length leads to additional trade-offs owing to bandwidth and
attenuation limitations.

The optical eye diagrams in Fig. 5.8 (left and center column) show quasi error-
free operation (BER≤ 10−12) in half-duplex mode at 10.5 and 11 Gbit/s for 27− 1
word length (top row), 9Gbit/s for 215− 1 (center row), and 7.5Gbit/s for 231− 1
(bottom row) NRZ PRBS signal. Different to Fig. 5.7, the received optical power
in the 2→ 1 transmission direction is almost two times that of the opposite chan-
nel. Hence, the vertical size of the eye diagrams is referred to different coupling
conditions at both fiber ends [48, 109]. The (mainly optical) crosstalk of the op-
erated channel is 9.4 dB below the received signal power for the 1→ 2 and 12 dB
for the 2→ 1 transmission direction. The lower values of the 555m link point
out a higher fiber attenuation compared to the short 5m data link. Additionally
to the fiber attenuation of ≈ 2.2− 2.4 dB/km also the modal dispersion in longer
link lengths leads to lower signal quality, both resulting in decreased SNR values.
Nevertheless, −2.9 dBm at PD 2 and even−0.1 dBm at PD 1 should be more than
enough for error-free half-duplex transmission of a PRBS7 signal at 12.5Gbit/s,
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Figure 5.8: Optical eye diagrams including SNRs and corresponding received optical
powers for error-free half- (left and center column) and full-duplex (right column) NRZ
PRBS data transmission at maximum bit rate for different word lengths. All cases are for
a butt-coupled 555m OM4-type GI MMF with B× L = 4.7GHz× km.

according to BTB operation in Fig. 5.4. Thus, further trade-offs are accounted to
dispersion effects limiting the bandwidth of the MMF.

The maximum achievable data rate for full-duplex mode operation in Fig. 5.8
(right column) shows a penalty of 1Gbit/s for 27 − 1 and only 0.5Gbit/s for
215 − 1 and 231 − 1 long NRZ PRBS signals compared to half-duplex transmis-
sion. 1.5Gbit/s trade-off is also observed between different bit sequence lengths.
Here, the error-free data rate of 10Gbit/s for PRBS7 reduces to 8.5Gbit/s and
7Gbit/s for PRBS15 and PRBS31, respectively.

In order to estimate the bandwidth trade-off due to the inherent misalignment of
VCSELs and PDs to the fiber core, a half-duplex mode experiment with unidi-
rectional fiber alignment from chip 1 to chip 2 was performed (i.e., according to
Fig. 4.34, fiber alignment at x = −30 µm, y0 for PD 2 and x = 0, y0 for VCSEL 1).
Amaximum error-free data rate of 11.5Gbit/s for 27− 1, 10Gbit/s for 215− 1, and
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8.5Gbit/s for 231 − 1 long signals was achieved. Considering the measurements
in Fig. 5.8 (left and center column), a bandwidth penalty of about 1Gbit/s is
observed for long bit sequences. In general, the bandwidth penalty with bidirec-
tional compared to unidirectional fiber alignment can be attributed to coupling,
i.e., power losses due to fiber misalignment in x-direction. Although the optical
power penalty did not affect the maximum transmittable bit rate over the 5m
long MMF in Fig. 5.7 compared to BTB operation in Fig. 5.4, the total attenuation
of the 555m long fiber needs to be considered.

However, the performance of interconnects with optimized MMFs can be also
limited by chromatic dispersion [118] and modal noise, as already mentioned
in Subsect. 2.3.2. Here, the modal noise is especially favored by mode-selective
losses [97] such as offset coupling at the near end and a fiber butt-coupled pho-
todetection at the far end using a TRx PD with a limited active area of 75% of the
fiber core and thus an incomplete detection of the optical signal.

5.2.3 Further results — 500m OM3 and 2.34km OM4MMF

For the sake of completeness, further results in bidirectional data transmission are
presented in this subsection. One of them is the transmission measurement us-
ing a 50µm core diameter OM3-type MMF with B× L = 2GHz× km and 500m
length. An NRZ PRBS signal with a word length of 215 − 1 could be transmitted
in half-duplex mode at a bit rate of 7Gbit/s in each transmission direction. Full-
duplex mode operation enabled an error-free transmission at 6Gbit/s, thus fully
utilizing the B× L of the OM3 MMF [99, 100, 119, 120]. Compared to the experi-
ments in Fig. 5.8, here, themaximum achievable data rate is up to 2.5Gbit/s lower
mainly due to the higher modal dispersion in the employed OM3-type MMF.
With its lower B× L compared to the OM4-type fiber, a standardized 10Gbit/s
fiber link is only possible at a length of 300m, as can be extracted from Tab. 2.1.

More experiments were performed using a 50µm core diameter OM4-type MMF,
however of 2.34 km length. According to the fiber specifications in Tab. 5.1, a
dispersion-limited maximum data rate of ≈ 2.4Gbit/s is expected. However,
for a 215 − 1 long NRZ PRBS signal with a unidirectional fiber alignment, up
to 4Gbit/s at −4.5 dBm received power could be achieved. At this power lev-
els up to 10Gbit/s were demonstrated for BTB transmission (see Fig. 5.3 (left)),
i.e., without the influence of dispersion. For bidirectional data transmission over
2.34 km long MMF, at least 3Gbit/s in half- and full-duplex mode were possible
for both channels. The main reason for the obtained 3Gbit/s compared to the
threefold data rate in case of the 555m long data link is the modal and chromatic
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dispersion, which particularly dominate in longer transmission links and scale
linearly with the fiber length. However, both OM4-type fibers with 555m and
2.34 km length might also simply have different B× L.

5.2.4 MMF with FC/PC Connector

So far, the 555m MMF experiment, as described in Subsect. 5.2.2, shows a con-
figuration as to be expected in an installed point-to-point link (see also Fig. 5.7
(top)). Unfortunately, such a “closed” setup prohibits to take BER curves. In
contrast, for many industrial applications, e.g., in the automotive sector, a flexi-
ble data link using two pigtailed TRx devices with at least two fiber connectors
in series is indispensable. For this reason, in the following experiments a short
patch cord of 1.5m length is deployed to examine possible disturbances origi-
nating from reflections and coupling losses at a standard FC/PC-type connector.
Additionally, a fiber-coupled variable optical attenuator4 with a minimum inser-
tion loss of 2.9 dB is inserted in the transmission line, as depicted in the schematic
of Fig. 5.9 (top), enabling to take BER curves.

MMF-coupled VOA in Half-Duplex Mode Operation

The relatively short MMF avoids any bandwidth penalties due to mode disper-
sion. Thus, trade-offs owing to misalignment coupling losses, optical crosstalk,
connector losses, modal noise, as well as bandwidth limitations of the TRx chips
themselves still remain. The peak-to-peak voltage for the large-signal modulation
of VCSEL 1 is changed to 0.74V at 5.9mA bias current and 0.77V at 6.5mA for
VCSEL 2. In Fig. 5.9 (bottom), BER data for the maximum achievable quasi error-
free data rates (BER≤ 10−12) in half-duplex mode are plotted for three different
NRZ PRBS word lengths per transmission channel. Unfortunately, the perfor-
mance of the link is slightly different for each transmission direction, most prob-
ably due to diverse coupling conditions of both TRx chips. The channel from
chip 2 to chip 1 in Fig. 5.9 (right) apparently carries more power than the op-
posite one. Thus, up to 12.5Gbit/s are obtainable for PRBS7 (blue dashed line),
10Gbit/s for PRBS15 (red solid line), both at ≈ −2 dBm received optical power,
as well as 9Gbit/s for PRBS31 at ≈ −3.5 dBm (black dotted line). Instead, the
peak data rate for 27− 1 word length signals in the opposite channel is limited to
11.5Gbit/s at around ≈ −3 dBm received optical power (blue dashed line). For
215− 1 (red solid line) and 231− 1 (black dotted line) long bit sequences, the low-
est obtainable BER is 6 · 10−12 at 10Gbit/s and 9Gbit/s data rate, respectively.

4Anritsu, model MN938A GI
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Figure 5.9: Schematic setup for BER investigations using a fiber-coupled VOA with an
initial insertion loss of 2.9 dB inserted in the transmission line (top). BER characteristics
for NRZ PRBS data transmission (bottom) for both transmission directions (left: 1→ 2,
right: 2→ 1) over a 1.5m long standard MMF at the maximum data rate for different
word lengths in half-duplex mode. The optical eye diagrams correspond to the lowest
BERs in the graphs above.

Especially PRBS31 with a reduced curve slope shows a rather limiting case of
operation in the 1→ 2 transmission direction.

The optical eye diagrams depict a quasi error-free state of a maximum data rate
at a minimum received optical power in the BER plots above and also show the
signal of the opposite, i.e., not operating channel. It corresponds to the crosstalk
of the busy channel and is around 8dB below the signal power in the 2→ 1 as
well as ≈ 4.8 dB in the 1→ 2 transmission direction. Thus, an obviously not op-
timized fiber alignment for VCSEL 1 and/or PD 2 results in a reduced signal
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power, higher crosstalk and accordingly worse performance compared to chan-
nel 2→ 1, even though the transmission of 10Gbit/s PRBS15 seems to be better
for the channel 1→ 2.

A lower optical crosstalk of 9.2 and 8.4 dB as well as up to 1Gbit/s higher peak
data rates in half-duplex mode were demonstrated for a 5m long point-to-point
fiber link, as described in Subsect. 5.2.1. In contrast, the much higher crosstalk of
the system in Fig. 5.9 (top) is attributed to the additional reflections at the FC/PC
connector, resulting in a higher bandwidth penalty in full-duplex operation.

MMF-coupled VOA in Full-Duplex Mode Operation

In Fig. 5.10 (top), BER measurements at peak bit rates in full-duplex mode (solid
lines) are presented for three word lengths and each transmission direction. Com-
pared with the maximum data rates in half-duplex operation in Fig. 5.9 (bottom),
a penalty of up to 2.5Gbit/s can be observed due to an increased noise level
through optical crosstalk. In the transmission direction from chip 1 to chip 2
(left), error-free operation is possible for all word lengths at −6 to −5dBm re-
ceived optical power. However, only 6.5Gbit/s are achievable with 231 − 1 NRZ
PRBS (black solid line), 8Gbit/s with 215 − 1 (red solid line), and 10Gbit/s with
the shortest sequence 27 − 1 (blue solid line). The dashed curves refer to trans-
mission in half-duplex mode for the same data rates. Here, 1.5 dB less power is
needed for 27 − 1, 4.5 dB less for 215 − 1, and 6.5 dB less for 231 − 1 long bit se-
quences. Hence, longer word sequences suffer the most from optical crosstalk
effects in full-duplex mode [48].

In the opposite transmission direction from chip 2 to chip 1 (right), sequences at
the same data rate require more receiver sensitivity. Here, PRBS31 at 6.5Gbit/s
and PRBS15 at 8Gbit/s are transmitted error-free with around −2 dBm received
optical power, whereas around −3.5 dBm are needed for PRBS7 at 10Gbit/s data
rate. For half-duplex operation, error-free signal detection is enabled with 1dB
less power for 27 − 1, 3 dB less for 215 − 1, and 5 dB less for 231 − 1 long bit se-
quences.

The optical eye diagrams at 10Gbit/s below the BER plots in Fig. 5.10 depict a
quasi error-free state of the maximum obtainable data rate with a PRBS7 signal
in full-duplex mode (bottom right). The eyes of the half-duplex transmission
(bottom left and center) show higher SNRs and a clear improvement of the noise
level compared to the full-duplex operation.

Summing up, all full-duplex curves in Fig. 5.10 and half-duplex curves in Fig. 5.9
characterize the system limit for the corresponding word length. The VOA in-
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Figure 5.10: BER characteristics for NRZ PRBS data transmission for both transmission
directions over a 1.5m long standard MMF with an inserted FC/PC-fiber-coupled VOA,
as depicted in Fig. 5.9 (top), at the maximum data rate for different word lengths in full-
duplex mode (solid lines). The dashed lines with the same color indicate half-duplex
mode operation at the same bit rates (from [48], © 2013 IEEE). The optical eye diagrams
for half- (bottom left and center) and full-duplex (bottom right) 27 − 1 word length bit
rates of 10Gbit/s correspond to the lowest BERs in the graphs above.

evitably changes the mode excitation in the MMF compared to butt-coupling.
Such mode-selective effects increase the modal noise [96], influence the EMB of
the MMF [97], and potentially lead to a difference in the MMF performance for
both transmission directions. Furthermore, the relatively high insertion loss of
the VOA of 2.9 dB can be essentially reduced using a standard FC/PC connector
with only 0.25 dB loss, as shown in the next experiment.

Standard FC/PC Connector

Both FC/PC patch cord fiber ends, each from one of the butt-coupled TRx chips
are adjusted and connected via an FCmating adapter, as indicated in the schematic
of Fig. 5.11 (top). The optical eye diagrams show a quasi error-free (BER ≤ 10−12)
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Figure 5.11: Optical eye diagrams including SNRs and corresponding received powers
for error-free half- (left and center column) and full-duplex (right column) NRZ PRBS
data transmission at maximum bit rate for different word lengths. All cases are for a
butt-coupled 1.5m long MMF patch cord with an FC/PC connection (top).

half-duplex mode operation (left and center column) at 12.5Gbit/s for 27− 1 (top
row), 10.4Gbit/s and 11Gbit/s for 215 − 1 (center row), as well as 10Gbit/s and
9.5Gbit/s for 231 − 1 word length (bottom row) NRZ PRBS signals. The differ-
ent values for the received optical power point out an unequal alignment of the
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butt-coupled fiber at the near and far end. The bit rates for PRBS15 and PRBS31
characterize the system limit for the corresponding word length and transmis-
sion direction, whereas the performance for PRBS7 is limited by the BERT mea-
surement equipment. The crosstalk of the operating channel is around 10.9 dB
below the signal power in the 2→ 1 as well as ≈ 7.3 dB in the 1→ 2 transmis-
sion direction. Thus, it is comparable to the point-to-point link with 5m MMF in
Fig. 5.7, however, it corresponds to approximately half of the optical crosstalk for
the setup with a 3dB insertion loss in the VOA in Fig. 5.9.

The maximum achievable data rate for full-duplex mode operation in Fig. 5.11
(right column) shows a penalty of only 1Gbit/s with 27 − 1 and up to 2Gbit/s
with 215 − 1 and 231 − 1 long NRZ PRBS signals compared to half-duplex trans-
mission. Similar trade-offs for longer word sequences were already observable
in the previous measurements in Figs. 5.9 and 5.10. Generally, the performance
of the link with a connector insertion loss of 0.25 dB is, as expected, much better
compared to the one with 3dB. On the one hand, the available power is higher
and on the other hand, the FC/PC connector generally introduces less modal
noise compared to the VOA. A bandwidth gain of 1–1.5Gbit/s in full-duplex
and 0.4–1Gbit/s in half-duplex mode operation can be identified. In contrast,
compared to the point-to-point link with a 5m long OM4 MMF, no bandwidth
penalty can be observed in the link with a 0.25 dB connection for PRBS7 signals
and at most 1Gbit/s lower data rate is obtained for PRBS15 and PRBS31, respec-
tively. Further improvements are expected using more expensive FC/APC con-
nectors, resulting in less back-reflections at the angled connector end-faces and
thus a reduced optical crosstalk.

TRx Link Optical Power Budget

Following the results in the preceding experiments, the receiver requires a cer-
tain amount of optical power to provide signal detection at a given BER. For the
optical power budget estimation of a bidirectional data link with two transceiver
chips and a single 555m long MMF with at least two integrated FC/PC connec-
tors, one needs to consider various loss mechanisms in order to determine the
available signal power at the PD. Table 5.2 lists these sources and the correspond-
ing amount of optical losses.

Beginning with the average VCSEL output power of, e.g., TRx chip 1 of 2.7mW at
5.9mA operating point, around 2.2 dB coupling losses originate from off-center
launching at x = −18µm at z0 = 30µm chip distance, as shown in Figs. 4.34
and 4.35, respectively. The coupled optical signal is subsequently attenuated in
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Table 5.2: Optical power budget in a bidirectional single-fiber MMF data link for ne-
glected dispersion effects.

Items Optical power Losses

VCSEL output power 4.3 dBm

VCSEL to MMF coupling 2.2 dB

OM4 MMF attenuation (555m with 2.2 dB/km) 1.3 dB

FC/PC in-line connection (2×) 2× 0.25dB

MMF to TRx PIN PD coupling (incl. 1.25 dB power
2.4 dB

penalty due to 25% occupying VCSEL area)

(SNR penalty for full-duplex mode operation ≈ 0.5 dB)

PIN PD received power (half-duplex) –2.1 dBm

(PIN PD received power (full-duplex) −2.6 dBm)

the 555m long OM4-type MMF with at least 2.2 dB/km at 850 nm wavelength,
according to the fiber specifications in Tab. 5.1. For use in industrial applications,
at least two standard FC/PC connectors with 0.25 dB insertion loss need to be
included in the data link. At the far end of the fiber, the PD detection efficiency of
around 2.4 dB is extracted from Fig. 4.34, including ≈ 1.25 dB power penalty ow-
ing to the reduced photoactive area occupied by the laterally integrated VCSEL
device. At last, around 0.5 dB more power is required for full-duplex operation
in order to overcome the crosstalk noise.

Summarizing all the contributions of optical losses in Tab. 5.2, around −2.1 dBm
of received signal power is available at the TRx photodetector for a quasi error-
free half-duplex operation. As an example, up to 12.5Gbit/s PRBS7 can be trans-
mitted at a BER ≈ 10−12 with a given received optical power, as shown in Fig. 5.2
(right). Usually, an additional system safety margin of ca. 6 dB, considering di-
verse environmental influences, such as temperature or humidity variations as
well as aging of the components, has to be defined to guarantee a reliable op-
eration under varying operating conditions [86]. In Fig. 5.2 (right), up to 2dB
and 3dB safety margin can be provided for lower data rates at 11 and 10Gbit/s
PRBS7, respectively. However, here, it is important to mention, that no fiber dis-
persion effects are considered in the calculations in Tab. 5.2.

5.2.5 Comparison of Peak Data Rates

After several optical data transmission experiments over different media, at the
end, an overview of themost essential results is given in Tab. 5.3. Formany indus-
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trial applications, a short bit sequence of 27 − 1 word length is fully satisfactory.
However, some of the peak bit rates of PRBS7 signals are limited by the BERT
equipment and not by the data link itself, thus hindering the comparison with
other results. Therefore, for the sake of convenience, only maximum achievable
data rates of a 215 − 1 long NRZ PRBS signal are presented in Tab. 5.3.

Table 5.3: Comparison of quasi error-free (BER ≤ 10−12) data transmission results pre-
sented in detail in the preceding sections at the maximum data rates for a 215 − 1 long
NRZ PRBS.

Transmission
medium

1→ 2
(Gbit/s)

1← 2
(Gbit/s)

1⇆ 2
(Gbit/s)

Centered VCSEL–MMF
alignment (Gbit/s)

5m OM4 MMF 11 11 10 11

555m OM4 MMF 9 9 8.5 10

2.34 km OM4 MMF 3.1 3 3 4

500m OM3 MMF 7 7 6 –

1.5m MMF with
FC/PC connection

10.4 11 9 –

BTB (free-space) 11 11 11 –

The half-duplex operation of a point-to-point link with a 5m long OM4 MMF is
limited by the TRx chips themselves, since also only 11Gbit/s could be achieved
in free-space mode. Even a required chip-to-fiber lateral misalignment has no
influence on the peak data rate. However, 1Gbit/s penalty is unavoidable in full-
duplex mode owing to more optical crosstalk in the fiber link compared to BTB
transmission. For an increased fiber length of 555m, both modal dispersion as
well as fiber attenuation play a role. The maximum obtainable data rate in half-
duplex mode decreases to 9Gbit/s, whereas up to 10Gbit/s are possible for a
centered fiber alignment. The probable reason is that more optical power is avail-
able at the receiver due to improved fiber coupling efficiency of the VCSEL. The
same applies to the point-to-point data link using a 500m long OM3 MMF with
a lower bandwidth–distance product as well as to the 2.34 km OM4 MMF with
a total fiber attenuation of 5.4 dB and an even stronger bandwidth limit. Fur-
thermore, longer fiber links are less sensitive to optical crosstalk in full-duplex
mode operation, since the portion of the optical signal which is reflected at the
far end back into the fiber also experiences higher attenuation losses. At last, the
employment of a low-loss connector in the transmission link has nearly no influ-
ence on half-duplex operation, however, higher bandwidth penalties (here: up to
2Gbit/s) are found for the full-duplex mode due to an increase of the crosstalk
noise.
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In the era of “green photonics”, it is also essential to consider the power con-
sumption of an optical interconnect. Similar to [121, 122], one can define a data-
to-electrical energy ratio. For a reverse biased PIN photodetector at 10V with an
average photocurrent of 0.5mA, 2 bit/pJ are achieved for a 10Gbit/s signal and
2.5 bit/pJ for 12.5Gbit/s. In contrast, a multimode VCSEL, as shown in Fig. 5.1
(bottom left), with an average operating current of IOP = 5.9mA and a voltage
drop of VOP = 2.3V shows a data-to-electrical energy ratio of around 0.74 bit/pJ
at 10Gbit/s and 0.92 bit/pJ for a 12.5Gbit/s signal. Although biased at relatively
high voltages, TRx PIN photodetectors seem to receive more data per pJ of con-
sumed electrical energy compared to the transmitted bits per energy unit for the
VCSELs. However, a good figure of merit for transmitters is the data-to-power
dissipation ratio [72] with units of Gbit/(s·mW) or bit/pJ. The dissipated power
of VCSEL 1 at its operating point for data transmission measurements can be cal-
culated using (2.5) as Pdiss = 10.9mW. Thus, the data-to-power dissipation ratio
for a 10Gbit/s bit rate is around 0.92Gbit/(s·mW) and ≈ 1.15Gbit/(s·mW) at
12.5Gbit/s. The most power-efficient high-speed 850 nm VCSELs were demon-
strated in [121, 122], with a data-to-power dissipation ratio of 10.1Gbit/(s·mW)
at 25Gbit/s and 14.5Gbit/(s·mW) at 17Gbit/s bit rate. However, the measure-
ments were carried out for singlemode devices with an active aperture diameter
of only 2µm, which are well-known to have reduced lifetimes due to high in-
jected current densities.

The peak results listed in Tab. 5.3 can be further improved by applying some
modifications to the data link configuration. A TRx chip design in which a VCSEL
is integrated in the center of a photodetector, as applied for large-area VCSEL–
MSM transceiver chips shown in Fig. 1.1, would substantially increase the cou-
pling efficiency between the transmitter and theMMF. In addition to the enhance-
ment of fiber alignment tolerances, a centered launch also improves themode dis-
persion [94] and modal noise in the MMF [86, 87]. Furthermore, a continuously
miniaturized VCSEL device would increase the photoactive-to-VCSEL area, thus
reducing the optical crosstalk and, more importantly, the modal noise [86]. How-
ever, the main reduction of optical crosstalk contribution would be achieved with
the use of an index-matching oil or gel at the fiber–chip interfaces. Hence, less re-
flections are expected at the near and far ends of the butt-coupled MMF. For data
links with several connectors in the transmission line, less power losses and back-
reflections are achieved with FC/APC-type connectors. Here, less crosstalk noise
and higher data rates are expected in full-duplex mode operation.





Chapter 6

Summary

The main goal of the present thesis is to demonstrate the feasibility of a mono-
lithical integration of vertical-cavity surface-emitting lasers with PIN-type pho-
todiodes. The project milestones comprise the chip and layer design of the trans-
ceiver device, its fabrication development, electro-optical characterizations, and
a successful operation as an optical link for bidirectional data transmission using
a single, two-side butt-coupled standard multimode fiber. The monolithic design
lowers the costs in the semiconductor technology as well as in packaging and
additionally avoids the use of external optics, even though it is employed with
a single 50 µm core diameter GI MMF. Thus, the very compact optical link saves
space, weight, and module cost.

A brief overview of the actual achievements in short-reach optical networks us-
ing VCSELs is given in Chap. 1. Especially GaAs-based 850nm wavelength de-
vices are already widely-used and have an excellent reputation in the industry.
Also the previous work on TRx chips in which metal–semiconductor–metal pho-
todetectors are monolithically integrated with VCSELs is introduced in Sect. 1.2,
since it pioneers the development of VCSEL–PIN devices for larger bandwidths
at longer link lengths.

Prior to the detailed description of TRx devices, it is first convenient to get in-
volved in the theory of VCSELs, PIN PDs, and the basic concepts of optical data
transmission. The first part of Chap. 2 deals with operation principles of VCSELs
and their properties. Here, the limitations of the small-signal modulation re-
sponse are of main interest for this thesis. It can be described by a three-pole
transfer function comprising intrinsic damping limit due to the resonant carrier–
photon interaction and the extrinsic limit which can be attributed to the parasitic
elements of the VCSEL device. In addition, temperature increases via current-
induced self-heating imposing thermal limit. For further improvements in the
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device design, a detailed understanding of the equivalent-circuit model is indis-
pensable. In Sect. 2.2, the theoretical background of the PIN photodetector is in-
troduced with the main focus on the dynamic properties of the device. Here, two
competing effects define the bandwidth of the PD — the intrinsic, carrier drift
time limited response and the extrinsic, parasitic cut-off frequency, which is de-
scribed by an equivalent-circuit model very similar to the VCSEL. Subsequently,
in Sect. 2.3, few evaluation instruments related to optical data transmission are
explained. They mainly include the influence of various noise sources on the eye
pattern, the signal-to-noise ratio and the bit error ratio.

Based on the theoretical background of PDs and VCSELs, an application specific
epitaxial layer design is presented in Chap. 3. For monolithic integration, the PIN
layers are grown in the same MBE run directly after the VCSEL cavity. The in-
herently present surface topology can only be minimized in this growth order. In
addition, the stacked layer structure necessarily needs to consider a reliable and
reproducible manufacturability of the integrated TRx chip while keeping it as
simple as possible in order to stay attractive for low-cost applications. Here, the
n-Al0.3Ga0.7As–i-GaAs–p-Al0.3Ga0.7As double heterostructure of the PD is sepa-
rated from the VCSEL layers by an etch stop layer with 90% aluminum content.
The first three lithographic steps define the mesa topography of the TRx device,
as shown in Sect. 3.2. Selective reactive-ion etching processes are used to achieve
steep mesa side walls of closely integrated and miniaturized devices. Neverthe-
less, twowet chemical etching steps are still necessary, since they provide the best
etching selectivity between AlxGa1−xAs layers with an Al content of 0 < x < 0.9.
Another challenging fabrication process is the planarization of the etched semi-
conductor surface with its height differences of up to 9 µm. Themain focus of sur-
face passivation with polyimide is to ensure crack-free transitions of evaporated
metal bondpads from the VCSEL and PD mesa, respectively, to the polyimide
layer. Thus, for a reliable electrical connection up to four consecutive planariza-
tion steps are necessary. The subsequent n- and p-contact evaporation as well as
the sputtering of a quarter-wave thick Al2O3 antireflection layer completes the
TRx chip manufacturing.

The electro-optical operation properties of PIN PDs and VCSELs as well as their
mutual influences due to the close monolithic integration are presented in de-
tail in Chap. 4. Here, the main focus are the small-signal modulation responses
of both devices for applications in optical data communication. In Sect. 4.1, the
maximum small-signal 3 dB bandwidth of the oxide-confined multimode VCSEL
is 12.5GHz at 6mA bias current, although its epitaxial layer structure for a de-
sign wavelength of 850 nm was negatively detuned with an emission at 823 nm.



127

The parasitics of the equivalent-circuit model extracted from microwave reflec-
tion measurements reveal an expected increase of the active layer capacitance
and a decrease of the series resistance for higher bias currents. The maximum ex-
trinsic 3 dB cut-off frequency is below 11GHz, indicating a parasitically limited
response of the VCSEL. On the other hand, in Sect. 4.2, PIN PDs with a maxi-
mum absorption region thickness of 3 µm show the largest 3 dB bandwidths of
more than 8GHz at a reverse bias voltage of −10V. Thus, the highest transmit-
table data rate supported by the transceiver chip is limited by the PIN PD. Its dark
currents are below 2nA and the estimated quantum efficiency is nearly 98%— in
case of an optimized Bragg mirror design underneath the PD, which results in an
ideal double-pass absorption of the incident light. The extracted parasitics from
the equivalent-circuit model confirm the expected decrease of the PD capacitance
for thicker absorption regions. Taking the extracted values of the bondpad capac-
itances into account, also the PD bandwidth is extrinsically limited by the device
parasitics.

In Sect. 4.3, the crosstalk properties of the integrated devices are investigated,
since they strongly affect the data transmission in full-duplex mode. The opti-
cal crosstalk is 11dB below the signal photocurrent level and originates from the
reflections at both fiber ends and at the opposite TRx chip as well as from spon-
taneous emission of the adjacent VCSEL. The electrical crosstalk between VCSEL
and PIN PD of the same chip is attenuated by around 50dB and can be rather
neglected. Fiber alignment tolerances along the chip surface using a 50µm core
diameter MMF are around ± 8 µm and ± 12µm in orthogonal directions, as pre-
sented in Sect. 4.4. The misalignment along the optical axis reaveals an optimized
chip–fiber distance at around 30 µm, where the etalon effect between the chip and
the fiber near end is negligible. In general, the MMF–TRx chip alignment is a
compromise between the VCSEL coupling and the PD detection efficiency.

The final goal of the present project was to demonstrate bidirectional optical data
transmission over a single butt-coupled standard MMF in half- and full-duplex
mode. In order to determine themaximum supported data rate of both TRx chips,
first, data transmission experiments were performed in free-space mode, as pre-
sented in Sect. 5.1. For a medium word length of 215 − 1 bits, a maximum quasi
error-free data rate of 11Gbit/s is transmitted in half- as well as in full-duplex
mode. An equal data rate for full-duplex operation indicates the absence of opti-
cal crosstalk in the free-space transmission. However, in Subsect. 5.2.1, 1Gbit/s
bandwidth penalty occurs for the full-duplex mode operation of a 5m long point-
to-point link, whereas 11Gbit/s are still possible for the half-duplex transmission.
As a result, for a fiber-coupled BTB transmission, only optical crosstalk has an
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impact on the maximum full-duplex bit rate and not the coupling losses. The
fiber length is subsequently increased to 555m in Subsect. 5.2.2. The maximum
obtainable data rate in half-duplex mode decreases to 9Gbit/s and 8.5Gbit/s in
full-duplex mode. Here, the influence of modal dispersion and MMF attenuation
are not negligible any more. Further experiments revealed 1Gbit/s bandwidth
penalty, which is attributed to the inherent coupling losses due to the off-centered
VCSEL integration in the TRx layout. In Subsect. 5.2.4, the employment of a low-
loss connector in the transmission link is investigated. Nearly no influence on
the half-duplex operation could be noticed, however, higher bandwidth penal-
ties of up to 2Gbit/s are observed for the full-duplex mode due to an increase
of the crosstalk noise. At last, the optical power budget has been estimated for
a 555m long single-fiber bidirectional link. The calculation considered the cou-
pling and detection losses at both fiber ends, 2.2 dB/km fiber attenuation as well
as 2× 0.25 dB losses for two fiber connectors and only 0.5 dB power penalty for
full-duplex transmission.

Although with the present work all project goals could be achieved and some
even outperformed, there is still room for further improvements. For low-cost
devices the yield on wafer and therefore the reliability and reproducibility of the
fabrication processes requires continuing improvements. Here, a thinner PIN PD
would dramatically simplify the planarization process and provide a crack-free
metal contact transition to bondpads. A larger PD capacitance due to the thin-
ner absorption layer has to be compensated by a smaller device area as well as
reduced bondpad dimensions. However, in case the PD active area diameter is
below the fiber core diameter of 50 µm, it would result in an increased partial
signal detection and a larger impact of modal noise for butt-coupled MMFs. In
principle, a lens can be used to focus the light on the smaller photodiode area,
however, in that case VCSEL should be integrated in the center of the PIN PD
to increase the fiber coupling efficiency. Moreover, a further miniaturization of
the VCSEL and its monolithic integration in the center of the PD would not only
rather simplify the polyimide planarization, but also increase the alignment toler-
ances. A centered launch would additionally decrease the mode dispersion and
modal noise of the MMF.

In summary, the demonstrated monolithic transceiver design based on a well-
established material system is well suited for low-cost and compact optical links
over distances of a few hundred meters. Capable to handle data rates of up to
10Gbit/s and above, these transceiver chips can be employed, e.g., to upgrade
existing standard multimode fiber networks to bidirectional operation or in mo-
bile, low-cost, automotive networks.



Appendix A

Measurement Setups and

System Characteristics

A.1 Characterization of VCSELs

For all electro-optical VCSEL measurements, a quarter of a two inch diameter
wafer was fixed on a vacuum copper heat sink in upright position and contacted
with a GSG microwave probe. Peltier elements are integrated together with a
temperature sensor from the back of the heat sink, establishing a closed feedback
loop for temperature control (TC). Devices are selected via a visual system con-
sisting of a CCD camera, monitor, halogen lamp for chip illumination and beam
splitters (all in gray/white in the top of Fig. A.1).

A.1.1 Light–Current–Voltage Measurement Setup

The contacted TRx VCSEL on the wafer is driven via a computer-controlled laser
driver/DC source1. The beam is collimated by the first lens2 with a numerical
aperture of NA = 0.5 and detected by a silicon photodetector on a moveable
stage, as indicated in Fig. A.1. The optical power meter3 and the current source
are connected to the personal computer (PC) via a general purpose interface bus
(GPIB). Thus, the measured data as well as the measurement parameters such as
current range and increment, emission wavelength as well as the background ra-
diation calibration of the sensor can be read and set directly by the computer.

1ILX Lightwave, model LDC-3724B
2Thorlabs, model C240
3Newport 1830-C
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Figure A.1: Schematic of the measurement setup for light–current–voltage and emission
spectra characterization of VCSELs presented in Subsect. 4.1.1.

After the current-dependent measurements of optical power and voltage, the
spectral analysis of the VCSEL emission can be performed. For this purpose, the
sensor of the optical power meter is removed from the optical path, thus enabling
to focus the collimated beam by the second lens of NA ≈ 0.25 which is similar
to the one of 50 µmMMF. The fiber is connected to an optical spectrum analyzer4

(OSA), which is also controlled by the PC.

A.1.2 Small-Signal Measurement Setup

Figure A.2 shows the experimental setup employed to measure the small-signal
modulation response of the VCSEL. The part of the schematic depicting the opti-
cal setup for device selection, as shown in gray/white in Fig. A.1, is neglected for
the sake of convenience in Fig.A.2, since it is equivalent to the LIV setup. The TRx
VCSEL devices are contacted with coplanar microwave probes5 with a frequency
range from DC to 40GHz, according to the manufacturer’s data. Its frequency
response in the range of interest of up to 20GHz can be found in Fig. A.3 (or-
ange dotted line). The VCSEL is driven by a constant current generated by the
aforementioned laser driver and a low-power RF modulating signal of −20 dBm

4ANDO Electric Corp., model AQ 6317
5GGB Industries Inc., model Picoprobe 40A-GSG-125-P
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Figure A.2: Schematic of the measurement setup for small-signal modulation characteri-
zation of VCSELs presented in Subsect. 4.1.2.

generated by a sweep oscillator6. A bias-tee7 with a bandwidth ranging from
8kHz to 20GHz is used to combine the RF and DC current signals. A 10dB RF
attenuator8 attenuates the backward microwave reflections due to the impedance
mismatch between the VCSEL and the 50Ω measurement system. The total elec-
trical supply line on the VCSEL side including the RF coaxial cables shows a
rather flat frequency response with a 3 dB bandwidth of around 12GHz, as can
be seen from the small-signal measurement in Fig. A.3 (brown dashed line).

Before the light modulated signal is coupled into a MMF, it has to pass a Glan–
Thompson polarizer9, which is positioned in the collimated laser beam and acts
as an optical isolator. Thus, optical feedback which might arise from the reflec-
tions on both ends of the MMF is blocked, preventing any unwanted oscillations
in the frequency response. Since multimode VCSELs usually do not have any
stable polarization direction in their output beam, the amount of transmitted op-
tical signal power through the Glan–Thomson polarizer has to be maximized by
rotating the allowed polarization direction. In order to decrease the amount of
reflected light from both fiber ends additionally, angled physical contact (APC)
connectors with a fiber facet tilted by 8 degrees with respect to the fiber axis are
used with the 50µm MMF.

6Hewlett Packard, model HP83620A
7Anritsu, model A3N1026
8Hewlett Packard, model HP8493C
9B. Halle GmbH, model PGT, long version, 60 dB extinction ratio
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Figure A.3: Small-signal response curves of the individual components of the measure-
ment setup used for the dynamic characterization of VCSELs. The frequency response
curve of the system (black solid line) shows a 3 dB bandwidth of 16.5 GHz

The transmitted optical signal is subsequently detected by a high-speed photo-
diode receiver10 connected to a scalar network/electrical spectrum analyzer11

(ESA) via a DC blocker. Both the frequency sweep oscillator and the network
analyzer are controlled by a PC using the GPIB. Knowing the frequency char-
acteristics of the photoreceiver shown in Fig. A.4 (red dashed line), the total fre-
quency response of the measuring system can be obtained, as depicted in Fig. A.3
(black solid line). The relatively flat response curve of the system is used to cali-
brate the small-signal measurements in Subsect. 4.1.2. It shows a 3dB bandwidth
in the worst case of 16.5GHz, which is mainly limited by the coaxial cables of the
electrical VCSEL supply line (brown dashed line).

10New Focus, model 1434, λ = 550 ... 1330nm, bandwidth up to 25GHz
11Hewlett Packard, HP70000 system

Figure A.4: Comparison of
small-signal frequency re-
sponse curves of two high-
speed receivers used for the
dynamic characterization of
VCSELs in Subsect. 4.1.2. Most
devices were characterized
with the faster New Focus
receiver (red dashed line).
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A.2 Characterization of PIN Photodiodes

For electro-optical measurements of PINphotodetectors, thewafer holder and the
equipment for device selection are nearly identical to the measurement setups for
VCSELs in Sect. A.1. The quarter wafer is fixed on the vacuum copper block in
upright position and contacted with a GSG microwave probe. The temperature
control is accomplished by a Peltier element and a coupled temperature sensor.
The device selection is obtained via visual system, similar to the VCSEL setup in
Fig. A.1.

A.2.1 Measurement Setup for Static Characterization

Figure A.5: Schematic of the measurement setup for static characterization of PIN PDs
presented in Subsect. 4.2.1.

Figure A.5 shows the experimental setup employed to measure static properties
of photodetectors. For responsivity measurements, a VCSEL12 is used as a ref-
erence light source. Although it is originally specified by the manufacturer as
a singlemode VCSEL for bias currents of up to 2mA, it is also a very suitable
laser source with multimode emission spectra for higher currents. At 1.5mA, the
VCSEL shows singlemode emission at 856.7 nm with a side-mode suppression
ratio of almost 30dB, as shown in Fig. A.6. Since the thermal roll-over point is
around 8mA, as depicted in Fig. A.7, in the experiment, it was biased at 4mA
resulting in 2mW optical power and multimode emission with two main peaks
at 857.4 and 858.2 nm.

12Philips Technologie GmbH U-L-M Photonics, model ULM850-OM-TN-S46XZP, 850nm SM
VCSEL TO46
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Figure A.6: Current-dependent emis-
sion spectra of the VCSEL from Fig. A.7.
The device is specified for singlemode
emission up to driving current of 2mA.
The multimode emission at around
858 nm at 4mA was used for responsiv-
ity measurements of PIN photodetec-
tors in Subsect. 4.2.1.
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The reference VCSEL is driven by a constant current source of a laser control
module13. The contacted PIN PD chip is reverse biased by a constant voltage
source incorporated inside a photocurrent measurementmodule14. Bothmodules
are part of a modular system platform15.

The laser beam of the reference VCSEL is collimated by the first lens (NA = 0.5)
and focused on the active area of the photodiode by the second lens (NA = 0.4).
The working distance of the focusing lens is chosen to be at least 1 cm in order to
have enough space for a large-area photodiode sensor16, which is mounted on a
moveable stage and can be placed between the focusing lens and the PD chip, as
indicated in Fig. A.5. Thus, an unaltered incident optical power is detected by the
calibrated power sensor and evaluated by the connected optical power meter17.
The amount of incident optical power is adjusted by a variable optical attenuator
(VOA) placed in the collimated laser beam between the first and the second lens.
Similar to the LIV setup for VCSELs in Fig. A.1, here, the focusing lens acts as an

13Thorlabs, model MLC8050-8CG
14Thorlabs, model PDA8000
15Thorlabs, model PRO800
16Thorlabs, model S130C
17Thorlabs, model PM100D

Figure A.7: Continuous-
wave LIV and conversion
efficiency characteristics
of the reference VCSEL in
Fig. A.5 at room tempera-
ture. The operating point
at 4mA for the responsivity
measurements of PIN pho-
todiodes in Subsect. 4.2.1 is
indicated.
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objective lens for the CCD camera. Therefore, it remains fix and cannot be used
to increase the usually small beam spot size of the laser on the PD surface. For
this reason, the collimating lens of the VCSEL is slightly moved along the optical
axis to defocus the beam for a fully illuminated photodiode. While defocusing, it
is important to ensure that the beam spot does not become larger than the PD’s
active diameter. For responsivity measurements, each measured value of the var-
ied optical power corresponds to a value of generated PIN photocurrent, which
is obtained after subsequently removing the power sensor from the laser beam.

A.2.2 Small-Signal Measurement Setup

Figure A.8: Schematic of the experimental setup for small-signal frequency response
measurements of PIN PDs presented in Subsect. 4.2.2.

Figure A.8 shows the experimental setup for small-signal characterization of pho-
todetectors. Different to the setup for static measurements in Fig. A.5, here, a
high-speed multimode VCSEL is used as a reference laser source. As can be seen
in Fig. A.9, it has a relatively high threshold current of 4mA and a maximum
output power of 4.3mW at the thermal rollover point of 17mA. Taking addition-
ally the dynamic properties of the reference VCSEL in Fig. A.11 into account,
an operating point of 9mA and 2.25mW output power was chosen for the dy-
namic characterization of the PDs. The large laser aperture diameter of 12 µm en-
ables multimode emission starting from the threshold point, as can be observed
in Fig. A.10. The emission spectrum at IOP = 9mA is located around 852nmwith
a spectral width ≤ 2 nm. In Fig. A.11, also the small-signal characteristics of the
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Figure A.9: CW LIV and
conversion efficiency cha-
racteristics at room tem-
perature of a multimode
VCSEL from U-L-M Pho-
tonics bonded on a SMA-
connector. The operating
point of 9mA for the small-
signal measurements of PIN
PDs in Subsect. 4.2.2 is indi-
cated.
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Dap = 12 µm

reference VCSEL are presented. A typical resonance peak for lower bias currents
almost disappears at 9mA (black solid line), giving a suitable 3 dB bandwidth of
around 8.2GHz and a relatively flat frequency response curve.

The reference VCSEL is driven by a constant current supplied by the aforemen-
tioned laser control module, as depicted in Fig. A.8. The low-power RF mod-
ulating signal of −20 dBm is generated by a frequency sweep oscillator and is
superimposed with a DC signal using the same bias-tee as in the setup for the
dynamic characterization of VCSELs in Fig. A.2. Also here, a 10dB RF attenuator
suppresses the backward microwave reflections due to the impedance mismatch
between the VCSEL and the 50Ω measurement system, thus reducing unwanted
oscillations in the frequency response.

The laser beam of the reference VCSEL is precisely focused via free-space optics
on the AR-coated active area of the photodiode in order to minimize any optical
feedback from the gold contacts of the chip toward the VCSEL. For this reason, an
optical isolator, employed in the setup for small-signal VCSEL measurements, is
not required. The tested PIN PD chip is reverse biased with the previously men-
tioned constant voltage source module using a bias-tee. It separates the modu-

Figure A.10: Current-dependent emis-
sion spectra of the multimode VCSEL
from Fig. A.9. At an operating point
of 9mA, multimode emission occurs at
around 852 nm.
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Figure A.11: Bias current de-
pendent small-signal frequen-
cy responses of the multimode
VCSEL from Fig. A.9. At
9mA it offers a relatively flat
response curve with a 3 dB
bandwidth of approximately
8.2GHz.
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lated and DC signals on the receiver side. The high-speed signal is then received
by an electrical spectrum/scalar network analyzer. Both the frequency sweep
oscillator and network analyzer are controlled by a PC using the GPIB.

With known frequency characteristics of the reference VCSEL (red dashed line),
the RF supply lines comprising the attenuator, coaxial cables, both bias-tees and
the microwave probe (orange dotted line) for the VCSEL side (brown dashed
line) and PD side (green dashed line), it is possible to obtain the total frequency
response of the measuring system, as depicted in Fig. A.12 (black solid line). The
relatively flat response curve of the system is used to calibrate the small-signal
measurements in Subsect. 4.2.2. It shows a 3dB bandwidth of 7.2GHz, which is
mainly limited by the response of the reference VCSEL (red dashed line). The
frequency response of the measuring system can be also obtained by just one
measurement. The modulated optical signal of the VCSEL is coupled in a MMF
and detected by the reference high-speed receiver, which has to be connected to
the network analyzer using the coaxial cables and bias-tee from the PD chip. The
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Figure A.12: Small-signal response curves of the components of the measurement setup
used for the dynamic characterization of PIN PDs. The frequency response curve of
the system (black solid line) is used to calibrate the small-signal measurements in Sub-
sect. 4.2.2 and shows a 3 dB bandwidth of approximately 7.2GHz, which is mainly lim-
ited by the used multimode VCSEL from Fig. A.11 (red dashed line).
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system calibration data for PIN PD characterization are obtained after subtraction
of the frequency response of the reference receiver from the measured data.

A.3 Setup for Digital Data Transmission and

Evaluation

The optical setup for dynamic characterization of PIN PDs in Fig. A.8 was further
expanded for bidirectional digital data transmission with two VCSEL–PIN PD
transceiver chips. The wafers of TRx chip 1 and 2 were mounted on two opposite
vacuum copper blocks in upright position, as can be seen in Fig. A.13 (top). Each
chip is contacted with two GSG microwave probes (bottom), also shown in a
close-up view through the microscope in Fig. 4.1.

RF probe
(VCSEL)

RF probe
holder

RF probe
holder

Bias tee
(PIN PD)

Wafer with
TRx devices

Vacuum copper block with

Fiber holder &

lation stage
3 axes trans−

Bias tee
(VCSEL)

an integrated Peltier element

50   m GI MMFµ
RF probe
(PIN PD)

Wafer with

TRx device
contacted

Figure A.13: Photographs of an on-wafer operated TRx chip in the experimental setup
for bidirectional digital data transmission over a single butt-coupled MMF.
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The schematic of the experimental setup for optical data transmission measure-
ments is shown in Fig. A.14. For half-duplex operation, the VCSEL is biased by a
constant current superimposed with a RF modulating signal, which is generated
by a bit pattern generator18 with a maximum bit rate of 12.5Gbit/s that itself is
driven by a signal generator19. Different to the small-signal measurements in the
previous subsections, no 10dB attenuator between bias-tee and bit pattern gen-
erator was used, since no performance degradation of the data link could be ob-
served. For BTB data transmission, the laser beam is focused via free-space optics
on the TRx PIN photodetector at the far end of the link, as shown in Fig. 5.1 (top).
In order to perform bit error measurements, a variable optical attenuator (VOA)

18Anritsu, model MP1763B
19Rohde & Schwarz, model SMR40

Figure A.14: Schematic of the large-signal experimental setup for digital data transmis-
sion measurements in half- and full-duplex mode presented in Chap. 5.
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Figure A.15: Frequency-dependent
gain and noise figure of three wide-
band amplifiers of the same model
used for signal amplification at the
photodetector side in the digital
data transmission setup. 28 dB gain
and 4.5 dB noise figure are guaran-
teed for a bandwidth from 3kHz to
10GHz according to manufacturer’s
specifications.
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was used to adjust the optical output power of the VCSELs. In case of fiber-based
data transmission, as shown schematically in Fig. 5.9 (top), a MMF is aligned at
x0 = −18µm and y0 = 0 to both TRx chips, as indicated by the solid circles in
Fig. 4.32 and butt-coupled with about 30µm distance. Here, the optical power
can be varied with a fiber-coupled optical attenuator20 for BER experiments.

The PIN photodiode is reverse biased by a constant voltage of−10V using a bias-
tee, which separates the RF and DC signals also on the receiver side. The RF sig-
nal is subsequently amplified by awideband amplifier21 with 10GHz bandwidth,
≈ 28dB gain, and ≈ 4.5 dB noise figure, as presented in Fig. A.15 for three am-
plifiers of the same model. The amplified high-speed signal can be subsequently
analyzed with a wide-bandwidth oscilloscope22 or BER detector23.

For full-duplex operation, in order to build an equivalent transmission link in the
opposite direction, the inverted output of the bit pattern generator is used for
the second channel. The free-space as well as the fiber-coupled variable optical
attenuators also operate in the opposite signal transmission direction. As shown
in Fig. A.14, only one input is available at the bit error detector, hence, BERs of
both channels are obtained successively. In contrast, the analysis of the signal via
the oscilloscope can be executed simultaneously, due to the availability of two
signal ports.

20Anritsu, model MN938A GI
21Anritsu, model A3HB3102
22Agilent, model 86100B
23Anritsu, model MP1764A



Appendix B

Transceiver Epitaxial Layer Structure

The following table gives a detailed epitaxial design description of the layer struc-
ture for a transceiver chip with 3 µm thick PIN photodiode absorption layer. The
table starts with a first layer grown on the GaAs substrate listing all layer mate-
rials in the growth order (first column) and finishing with the last grown layer
corresponding to the wafer surface. The thickness of each layer is depicted in
the second column. The total depth (third column) gives the thickness measured
from the last grown wafer surface, whereas the total thickness (fourth column)
is measured from the substrate surface, i.e., in the growth direction. The fifth
column depicts the doping concentration in cm−3. For this purpose, the number
of activated free carriers was measured at room temperature in a GaAs layer ex-
posed to the same flux of dopants. Therefore, the doping level relates to GaAs. It
corresponds to n or p for values between 10 16 and 10 18 cm−3, n+ or p+ for val-
ues between 10 18 and 10 19 cm−3, and p++ for > 10 19 cm−3, as shown in the last
column.

↓Growth direction ↓

GaAs-substrate
Crystal surface (100)

GaAs

Al 0.20Ga 0.80As

Al 0.27Ga 0.73As
→ Al 0.47Ga 0.53As

38× ↓

Al 0.47Ga 0.53As
→ Al 0.90Ga 0.10As

Thick-

ness

(nm)

Total

depth

(nm)

Total

thickness

(nm)

Doping

in GaAs

(cm−3)

Doping

type

200.0 12205.6 200.0 1.7·10 18 n+

49.1 12156.5 249.1
1.4·10 18

→ 2.4·10 18 n+

12.4
2.2·10 18

→ 2.5·10 18 n+

19.2
2.5·10 18

→ 2.9·10 18 n+

141
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↓Growth direction ↓

Al 0.90Ga 0.10As

Al 0.90Ga 0.10As
→ Al 0.47Ga 0.53As

Al 0.47Ga 0.53As
→ Al 0.27Ga 0.73As

Al 0.20Ga 0.80As ↑

Al 0.27Ga 0.73As
→ Al 0.47Ga 0.53As

Al 0.47Ga 0.53As
→ Al 0.90Ga 0.10As

Al 0.90Ga 0.10As

Al 0.90Ga 0.10As
→ Al 0.47Ga 0.53As

Al 0.47Ga 0.53As

Al 0.47Ga 0.53As

Al 0.47Ga 0.53As
→ Al 0.27Ga 0.73As

Al 0.27Ga 0.73As

GaAs 2× ↓
Al 0.27Ga 0.73As ↑
GaAs

Al 0.27Ga 0.73As

Al 0.27Ga 0.73As
→ Al 0.47Ga 0.53As

Al 0.47Ga 0.53As

Al 0.47Ga 0.53As

Al 0.47Ga 0.53As
→ Al 0.90Ga 0.10As

AlAs

Thick-

ness

(nm)

Total

depth

(nm)

Total

thickness

(nm)

Doping

in GaAs

(cm−3)

Doping

type

29.7
2.9·10 18

→ 1.6·10 18 n+

19.2
1.6·10 18

→ 1.4·10 18 n+

12.4
1.4·10 18

→ 1.2·10 18 n+

36.8 7231.5 5174.2
1.3·10 18

→ 2.4·10 18 n+

12.4 7219.1 5186.5
2.2·10 18

→ 2.5·10 18 n+

19.2 7199.9 5205.7
2.5·10 18

→ 2.9·10 18 n+

29.7 7170.3 5235.4 2.9·10 18 n+

19.2 7151.1 5254.6
2.9·10 18

→ 1.3·10 18 n+

12.5 7138.6 5267.1
1.3·10 18

→ 3.0·10 17

n+

→ n

44.3 7094.3 5311.3
3.0·10 17

→ 1.1·10 17 n

36.5 7057.8 5347.8

9.9 7047.9 5357.8

7.9

9.9 7012.1 5393.5

7.9 7004.2 5401.4

9.9 6994.3 5411.4

37.1 6957.2 5448.5

25.8 6931.3 5474.3
8.8·10 16

→ 1.2·10 18

p
→ p+

61.5 6869.8 5535.8
1.2·10 18

→ 1.7·10 18 p+

19.2 6850.6 5555.0
1.7·10 18

→ 1.1·10 19

p+

→ p++

32.0 6818.7 5587.0 1.2·10 19 p++
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↓Growth direction ↓

Al 0.90Ga 0.10As
→ Al 0.47Ga 0.53As

Al 0.47Ga 0.53As

Al 0.47Ga 0.53As
→ Al 0.90Ga 0.10As

Al 0.90Ga 0.10As

Al 0.90Ga 0.10As
→ Al 0.47Ga 0.53As

Al 0.47Ga 0.53As
→ Al 0.27Ga 0.73As

Al 0.20Ga 0.80As 23× ↓
Al 0.27Ga 0.73As
→ Al 0.47Ga 0.53As

Al 0.47Ga 0.53As
→ Al 0.90Ga 0.10As

Al 0.90Ga 0.10As

Al 0.90Ga 0.10As
→ Al 0.47Ga 0.53As

Al 0.47Ga 0.53As
→ Al 0.27Ga 0.73As

↑

Al 0.20Ga 0.80As

GaAs

GaAs

Al 0.90Ga 0.10As

Al 0.30Ga 0.70As

Al 0.30Ga 0.70As
→ Al 0.05Ga 0.95As

GaAs

Al 0.05Ga 0.95As
→ Al 0.30Ga 0.70As

Al 0.30Ga 0.70As

GaAs

Thick-

ness

(nm)

Total

depth

(nm)

Total

thickness

(nm)

Doping

in GaAs

(cm−3)

Doping

type

19.2 6799.5 5606.2
1.1·10 19

→ 1.7·10 18

p++

→ p+

31.0 6768.5 5637.1 1.7·10 18 p+

19.2 6749.3 5656.3
1.7·10 18

→ 2.0·10 18 p+

29.7 6719.7 5686.0
2.0·10 18

→ 3.0·10 18 p+

19.2 6700.5 5705.2
3.0·10 18

→ 2.6·10 18 p+

12.4 6688.1 5717.5
1.7·10 18

→ 1.5·10 18 p+

36.8 1.6·10 18 p+

12.4
1.5·10 18

→ 1.7·10 18 p+

19.2
1.7·10 18

→ 2.2·10 18 p+

29.7
2.2·10 18

→ 3.0·10 18 p+

19.2
3.0·10 18

→ 4.0·10 18 p+

12.4 3707.1 8698.5
4.0·10 18

→ 1.5·10 18 p+

9.7 3697.4 8708.2
1.6·10 18

→ 4.0·10 18 p+

8.4 3689 8716.6 5.0·10 18 p+

29 3660 8745.6
8.0·10 19

→ 1.6·10 20 p++

150 3510 8895.6

200 3310 9095.6 1.7·10 18 p+

50 3260 9145.6
1.7·10 18

→ 1.5·10 18 p+

3000 260 12145.6

50 210 12195.6 1.7·10 18 n+

200 10 12395.6 1.7·10 18 n+

10 0 12405.6 1.7·10 18 n+
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Figure B.1: Calculated energy band diagram for an unbiased state of a complete transceiver layer structure presented in the preceding table.
The calculation was performed with a one-dimensional semiconductor device simulation software [101].



Appendix C

Lithographic Masks

Figure C.1: Eight superposed lithographic masks consisting of 6 × 6 unit cells from
Fig. C.2 for the exposure of a quarter of a 2-inch wafer.
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Figure C.2: One unit cell with eight superposed lithographic masks from Fig. C.1.



Appendix D

Details of Technological Processes

1. Definition of PIN PD Plateaus —Mask “1–PD”

• Cleaning: immersing the sample in acetone and then in iso-
propanol for 5min each,

• Drying: using N2, and then on hotplate for 3min at 120 °C,
• Spin coating: photoresist “Clariant AZ 4533”, 6000 rpm for 40 s,
• Edge-bead: removing of the accumulated photoresist on the sam-

ple edges by the solvent “AZ EBR”,
• Softbake: 10min on hotplate at 90 ◦C,
• Exposure: mask “1–PD” for 90 s,
• Developing: immersing the sample in “Clariant AZ 400K” : H2O

solution with a ratio of 1 : 4 for 90 s, stopping the re-
action with an H2O bath for at least 15 s,

• Drying: N2,
(• O2-plasma: 2min, optional)

2. Formation of PIN PD Plateaus by Dry (RIE) and Wet Etching

• Dry etching: RIE with SiCl4 for ≈ 30min for a 3 µm thick PD
(≈ 20min for a 2µm thick PD) followed by SiCl4 : SF6
with a ratio of 2 : 1 for 1min to reach the p-
Al0.3Ga0.7As layer with a total etching depth of ≈ 3.26
– 3.51 µm for a 3µm thick PD (≈ 2.26 – 2.51 µm for a
2µm thick PD),
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(• Oxide removal: 15 s in buffered hydrofluoric acid (NH4F : HF with a
ratio of 87.5 : 12.5) — “HF dip” — removes the ox-
ide from the p-Al0.3Ga0.7As (needed only if the time
between dry and wet etching is & 1 day),)

(• Preparation of citric acid solution [C6H8O7 ·H2O]:
solving citric acid monohydrate in H2Owith a ratio of
1 g : 1ml (prepared the day before),)

•Wet etching: immersing the sample in citric acid solution : hydro-
gen peroxide ([C6H8O7 ·H2O] : H2O2) with a ratio of
15 : 1 until the Al0.9Ga0.1As etch stop layer is reached
— visually identified by the green appearance allover
the sample surface, afterwards keep the sample for an-
other ≈ 1min in the etchant,

• Etch stop layer removal:
15 s HF dip in buffered hydrofluoric acid removes the
150 nm thick Al0.9Ga0.1As layer, stopping the reaction
with a H2O bath for at least 15 s,

• Photoresist removal: immersing in a 1-methyl-2-pyrrolidone (MP) bath for
> 1 h at 120 ◦C and 1min in an ultrasonic bath,

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2,
(• O2-plasma: 5min, optional)

3. Definition of p-ContactMesa for PINPDs—Mask “2–P-REGION”

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2 and for 3min on hotplate at 120 °C,
• Spin coating: image reversal photoresist “TI 35 ES”, 6000 rpm for

40 s,
• Edge-bead: removing the accumulated photoresist on the sample

edges by the solvent “AZ EBR”,
• Softbake: 3min on hotplate at 90 ◦C,
• Exposure: mask “2–P-REGION” for 36 s, afterwards keeping the

sample for 10min in the dark,
• Image reversal bake: 2min on hotplate at 125 ◦C,
• Flood exposure: 2min (no mask),
• Developing: immersing the sample in “AZ 726 MIF” for 30 s, stop-

ping the reaction with a H2O bath for at least 15 s,
• Drying: N2,
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(• O2-plasma: 2min, optional)

4. Formation of p-Contact Region for PIN PDs by RIE

• Dry etching: RIE with SiCl4 for ≈ 26min for a 3 µm thick PD
(≈ 16min for a 2µm thick PD) followed by SiCl4 : SF6
with a ratio of 2 : 1 for 1min 40 s to reach the p-
Al0.3Ga0.7As layer with a total etching depth of ≈ 3.2
– 3.4 µm for a 3µm thick PD (≈ 2.2 – 2.4 µm for a 2 µm
thick PD),

• Photoresist removal: 3min O2/CF4 plasma with a concentration of 20%/
10%, afterwards immersing in an MP bath for > 1 h
at 120 ◦C and 1min in an ultrasonic bath,

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2,
(• O2-plasma: 5min, optional)

5. Definition of VCSEL Mesa —Mask “3–VCSEL”

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2 and for 3min on hotplate at 120 °C,
• Spin coating: image reversal photoresist “Clariant AZ 4533”,

6000 rpm for 40 s,
• Edge-bead: removing the accumulated photoresist on the sample

edges by the solvent “AZ EBR”,
• Softbake: 10min on hotplate at 90 ◦C,
• Exposure: mask “3–VCSEL” for 96 s,
• Developing: immersing the sample in “Clariant AZ 400K” : H2O

with 1 : 4 for at least 120 s while observing the sample
surface, after the developed patterns are clearly visible
on the surface keep the sample for another 20 s in the
solution, stopping the reaction with an H2O bath for
at least 15 s,

• Drying: N2,
(• O2-plasma: 2min, optional)
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6. Formation of VCSEL Mesa by RIE

• Dry etching: RIE with SiCl4 for ≈ 50min with a total etching depth
of ≈ 3.5 µm in the trench between PD and VCSEL

• Photoresist removal: 3min O2/CF4 plasma with a concentration of 20%/
10%, afterwards immersing in an MP bath for > 2 h
at 120 ◦C and 1min in an ultrasonic bath,

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2,
(• O2-plasma: 5min, optional)

7. Oxidation of the VCSEL Current Aperture

• Preparation: switching on the oxidation machine at least 2 h before
processing the sample,

• Cleaving: 2 to 3 test dummies from the sample along the wafer
radius for oxidation tests,

(• Cleaning: acetone for 5min at 50 ◦C, optional,)
• Oxidation: keeping the samples in the oxidation chamber for an

estimated amount of time,
• Checking: measuring the aperture size of dummies after the oxi-

dation process using the infrared microscope:

VCSEL mesa
diameter (Dmesa)

max. allowed oxide aper-
ture diameter (Daperture)

≈ 22 µm (S-size) 4.5 µm
≈ 25 µm (M-size) 6.7 µm
≈ 28 µm (L-size) 8.9 µm

• Oxidation: repeating the entire process for the original sample
considering the oxidation rate of the test dummies

8. Polyimide Passivation/Planarization—Masks “4A–” and “4C–
POLYIMIDE”

• Preparation: taking the polyimide “Durimide 7505” out of the re-
frigerator 2 h before processing in order to warm it up
to room temperature,

• Cleaning: acetone and isopropanol, 5min each,
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• Drying: N2 and 3min on hotplate at 120 °C,
• Spin coating: polyimide “Durimide 7505”, 9900 rpm for 40 s,
• Softbake: 3min on hotplate at 100 ◦C,
• Exposure: mask “4A–POLYIMIDE” (and “4C–POLYIMIDE”) for

16 s,
• Postbake: 1min on hotplate at 100 ◦C immediately after expo-

sure,
• Developing: immersing the sample in “HTRD” for 85 s, stopping

the reaction with an isopropanol bath for 1min,
• Drying: N2,
• Hardbake with “Opto-Annealer”:

set of programs “KERN.905”→ program 3,
(or (if done manually)
• Hardbake on the hotplate:

heat ramp from 100 ◦C to 300 ◦C in steps of 20 ◦C every
3min, 1 h at 350 ◦C and 15min at 370 ◦C, the sample
remains on hotplate for another 1 h after switch off),

• Further planarization:
repeating the steps above with the mask “4C–
POLYIMIDE” 2 to 4 times

9. Evaporation of p-Contacts for VCSELs and PIN-PDs — Mask
“5P–RF-CONTACT”

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2 and 3min on hotplate at 120 °C,
• Spin coating: negative photoresist “AZnLOF 2070”, 9900 rpm for

40 s,
• Edge-bead: removing of the accumulated photoresist on the sam-

ple edges by the solvent “AZ EBR”,
• Prebake: 2min on hotplate at 110 ◦C,
• Exposure: mask “5P–RF-CONTACT” for 8 s,
• Postbake: 90 s on hotplate at 110 ◦C,
• Developing: immersing the sample in “AZ 826 MIF” for 100 s (or

“AZ 726MIF” for 150 s), stopping the reaction with an
H2O bath for at least 30 s,

• Drying: N2,
• O2-plasma: 3min,
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• Oxide removal: HCl : H2O in a ratio of 1 : 1 for 30 s, stopping reaction
with an H2O bath for at least 15 s,

• Drying: N2,
• Evaporation: transferring the sample inside the (left) metallization

chamber of the “Balzers” machine on the angled rotat-
ing mount, p-contact metallization with Ti (20 nm), Pt
(30 nm), Au (150 nm),

• Lift-off: immersing the sample in an MP bath for > 30min at
120 ◦C and 1min in an ultrasonic bath, accelerating
the lift-off process using a syringe,

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2

10. Sputtering of Antireflection Coating for PIN PDs—Mask “6–
AR-COATING”

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2 and 3min on hotplate at 120 °C,
• Spin coating: negative photoresist “AZnLOF 2070”, 9900 rpm for

40 s,
• Edge-bead: removing of the accumulated photoresist on the sam-

ple edges by the solvent “AZ EBR”,
• Prebake: 2min on hotplate at 110 ◦C,
• Exposure: mask “6–AR-COATING” for 8 s,
• Postbake: 90 s on hotplate at 110 ◦C,
• Developing: immersing the sample in “AZ 826 MIF” for 100 s (or

“AZ 726 MIF” for 150 s), stopping the reaction with an
H2O bath for at least 30 s,

• Drying: N2,
• O2-plasma: 3min,
• Sputtering: transferring the sample together with a reference Si

sample inside the ion-beam sputter deposition ma-
chine “Miss Pinky”, sputtering of aluminum oxide
(Al2O3) with a thickness of ≈ 130 nm,

• Lift-off: immersing the sample in an MP bath for > 30min at
120 ◦C and 1min in an ultrasonic bath, accelerating
the lift-off process using a syringe,

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2
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11. Evaporation of n-Contacts for VCSELs and PIN-PDs — Mask
“7N–RF-CONTACT”

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2 and 3min on hotplate at 120 °C,
• Spin coating: negative photoresist “AZnLOF 2070”, 9900 rpm for

40 s,
• Edge-bead: removing of the accumulated photoresist on the sam-

ple edges by the solvent “AZ EBR”,
• Prebake: 2min on hotplate at 110 ◦C,
• Exposure: mask “7N–RF-CONTACT” for 8 s,
• Postbake: 90 s on hotplate at 110 ◦C,
• Developing: immersing the sample in “AZ 826 MIF” for 100 s (or

“AZ 726MIF” for 150 s), stopping the reaction with an
H2O bath for at least 30 s,

• Drying: N2,
• O2-plasma: 3min,
• Oxide removal (1): 15 s HF dip in buffered hydrofluoric acid removes the

oxide from the n-AlxGa1−xAs layers, stopping the re-
action with a H2O bath for at least 15 s,

• Oxide removal (2): HCl : H2O in a ratio of 1 : 1 for 30 s, stopping the reac-
tion with a H2O bath for at least 15 s,

• Drying: N2,
• Evaporation: transferring the sample inside the right Balzers met-

allization chamber on the angled rotating mount, n-
contact metallization with Ge (17 nm), Au (50 nm), Ni
(10 nm), Au (50 nm),

• Lift-off: immersing the sample in an MP bath for > 30min at
120 ◦C and 1min in an ultrasonic bath, accelerating
the lift-off process using a syringe,

• Cleaning: acetone and isopropanol, 5min each,
• Drying: N2,
• Annealing: with RTA, program “cj.4” (heat ramp with a last step

of 400 ◦C for 10 s) or “cj.2” (last step of 350 ◦C for 15 s)





Appendix E

Index of Symbols, Constants, and

Acronyms

Mathematical Symbols

A list of Greek symbols follows below.

|z| Absolute value of z
〈z〉 Average value of z
A1, A2 VCSEL device- and bias-current-dependent constants
APD PIN PD area
B Bit rate
B× L Bandwidth–distance product
Ca VCSEL active region capacitance
Ca, j VCSEL junction capacitance (under oxide aperture) in the

active region
Ca, depl VCSEL depletion capacitance (over the junction and under the

oxide layer) in the active region
Cj PIN PD junction capacitance
Ca, ox VCSEL oxide layer capacitance (over the oxide layer) in the

active region
Cpad VCSEL/PIN PD bondpad capacitance
d Differential operator
∂ Partial differential operator
D D-factor, intrinsic laser modulation efficiency factor
Dap VCSEL aperture diameter
Dmesa VCSEL mesa diameter
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dAR Antireflection layer thickness
dn−dop PIN PD n-doped layer thickness
dp−dop PIN PD p-doped layer thickness
dPD PIN PD absorption layer thickness
dPD, op PIN PD optimized absorption layer thickness
dpoly Polyimide layer thickness
E Electric field
E Energy
∆Ea Energy difference between the acceptor level and Ev

Ec Energy of conduction band edge
∆Ed Energy difference between the donor level and Ec

EF Fermi energy
EFc Quasi Fermi energy for the conduction band
EFv Quasi Fermi energy for the valence band
Eg Bandgap energy
Ev Energy of valence band edge
f PIN PD electrical frequency
f3 dB PIN PD total 3 dB cut-off frequency (combination of all contri-

butions)
fdrift, 3 dB PIN PD drift time limited 3 dB cut-off frequency
fp, 3dB PIN PD parasitic 3 dB cut-off frequency
∆ f Receiver bandwidth
HLD VCSEL total transfer function
HLD, ext VCSEL parasitic (extrinsic) transfer function
HLD, int VCSEL intrinsic transfer function
HPD, ext PIN PD parasitic (extrinsic) transfer function
I Electric current
I0 Photocurrent for a logical zero
I1 Photocurrent for a logical one
Idark PIN PD dark current
Ion VCSEL maximum driving current in digital data transmission
Ioff VCSEL minimum driving current in digital data transmission
IOP VCSEL driving current at operating point
IPD1, 2 PIN PD photocurrent of chip 1, 2
Iph PIN PD photocurrent
IS PIN PD signal current
Isat PIN PD saturation current
Ith VCSEL threshold current
IVCSEL VCSEL driving/bias current
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δIN PIN PD current noise amplitude
δIN,dark PIN PD dark current shot noise amplitude
δIN,ph PIN PD current shot noise amplitude
δIN,RL PIN PD current thermal noise amplitude
K K-factor, intrinsic laser damping rate
Lpad VCSEL or PIN PD track and/or bondpad inductance
HLD VCSEL (intrinsic + extrinsic) transfer function
HPD PIN PD intrinsic (carrier drift time limited) transfer function
N0 Standard deviation of the electric noise amplitude at logical

zero level
N1 Standard deviation of the electric noise amplitude at logical

one level
nd Density of deep impurities of donor type
n̄AR Material refractive index of an antireflection coating
n̄sc Material refractive index of a semiconductor
Pabs Absorbed optical power
Pdiss Dissipated electrical power
Pon VCSEL maximum optical power in digital data transmission
Poff VCSEL minimum optical power in digital data transmission
POP VCSEL optical power at operating point
Popt Optical power
Popt, i Incident optical power
PPD Optical power received by the PD
Ra VCSEL oxide aperture resistance
Rdiff VCSEL differential resistance
Rj PIN PD junction resistance
RL Load resistance
Rm VCSEL series/Bragg mirror resistance
Rs PIN PD series resistance
Rcavity Optical reflection coefficient of the VCSEL cavity
RPD PIN PD (optical) reflection coefficient
Rph Photodiode responsivity
R̂ph Maximum possible photodiode responsivity for ηPD = 1
Rph,meas Measured photodiode responsivity
Rph, theor Calculated/theoretical photodiode responsivity
Rph, xµm Photodiode responsivity for x µm thick absorption region
S Scattering parameter
S11 First element of the scattering parameter matrix describing the

electrical microwave reflection coefficient at the input (port 1)



158 APPENDIX E — SYMBOLS, CONSTANTS, AND ACRONYMS

S21 Third element of the scattering parameter matrix describing
the electrical transfer/transmission coefficient from the input
(port 1) to the output (port 2)

S1−0 Electric signal amplitude between logical one and logical zero
levels

sinc(x) sin(x)/x
T Temperature
t Time
tS Sampling time in an eye diagram
V Voltage
V0 Voltage value (oscilloscope) for a logical zero
V1 Voltage value (oscilloscope) for a logical one
Va Small-signal modulating voltage reaching the active region of

the VCSEL
Vbias PIN photodiode reverse bias voltage
Vc PIN photodiode characteristic voltage
VD−Th Decision threshold voltage in an eye diagram
Vg Equivalent voltage of the material bandgap energy, Vg = Eg/q
Vk VCSEL kink voltage of the IV curve
VOP VCSEL voltage at operating point
VPD Small-signal modulated voltage generated by the photodiode
Vpp Peak-to-peak voltage
Vs Small-signal modulating voltage generated by the RF source
VVCSEL VCSEL bias voltage
Z Impedance
ZLD VCSEL parasitic input impedance
ZPD PIN PD parasitic input impedance
Z0 Characteristic microwave impedance, here: 50Ω

Z1 Total impedance of Ra ‖ Ca

Z2 Total impedance of Rm & Lpad
Z3 Impedance of the VCSEL bondpad Cpad

Z′1 Total impedance of Rj ‖ Cj

Z′2 Total impedance of Rs & Lpad
Z′3 Impedance of the PD bondpad Cpad

Greek Symbols

α Material absorption coefficient
αp−dop Absorption coefficient of p-doped material
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αi Absorption coefficient of intrinsic (undoped) material
γ Laser damping factor
γ0 Laser damping factor offset
ηLD, c VCSEL conversion or wallplug efficiency
ηLD, dq VCSEL differential quantum efficiency
ηPD PIN PD quantum efficiency
λ Optical wavelength
λg Material bandgap wavelength, λg = hc/Eg

λp Peak material gain wavelength
λn̄ Refractive index dependent (cavity) wavelength
ν VCSEL electrical modulation frequency
νdamp, 3 dB VCSEL damping-limited intrinsic 3 dB cut-off frequency
νp, 3 dB VCSEL parasitic 3 dB cut-off frequency
νMCEF, 3 dB VCSEL thermally limited intrinsic 3 dB cut-off frequency
νr VCSEL resonance frequency
τd Carrier lifetime of the deep impurities of donor type
τdrift Carrier drift time in a PD absorption region
ω Electrical angular frequency, ω = 2π f = 2πν

ωopt Optical angular frequency, ωopt = 2πc/λ

Physical Constants

αi−GaAs Absorption coefficient of intrinsic GaAs,
αi−GaAs = 9000 cm−1 at λ = 850 nm [59,85]

c Vacuum velocity of light, c = 2.99792 · 108m/s
e Euler number, e = 2.718281828
ǫ0 Dielectric constant, ǫ0 = 8.85418 · 10−12As/(Vm)
ǫr Relative permittivity/dielectric constant (static)

in vacuum, ǫr = 1
ǫGaAs Relative permittivity/dielectric constant (high-frequency)

in GaAs, ǫGaAs = 10.89 [62, 63]
h Planck’s constant, h = 6.62617 · 10−34Ws2

h̄ Reduced Planck’s constant, h̄ = h/(2π)

i Imaginary unit, i =
√
−1

k Boltzmann’s constant, k = 1.38066 · 10−23Ws/K
n̄air Refractive index of air at 850 nm, n̄air = 1.000275
n̄Al2O3 Refractive index of Al2O3 at 850 nm, n̄Al2O3 = 1.662
n̄GaAs Refractive index of GaAs at 850 nm, n̄GaAs = 3.64 [59]
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π pi, π = 3.141592654
vs Saturation drift velocity of electrons in GaAs, vs = 107 cm/s
q Elementary charge, q = 1.60218 · 10−19As

Acronyms

A list of chemical formulae and nomenclatures follows below.

10GBASE-SR 10-Gigabit Ethernet short reach standard by IEEE [95]
APC Angled physical contact fiber connector
APD Avalanche photodiode
AR Antireflection
BCB Benzocyclobutene
BTB Back-to-back, free-space
BTJ Buried tunnel junction
BER Bit error ratio
BERT Bit error ratio tester
CCD Charge-coupled device
CW Continuous wave
DBR Distributed Bragg reflector
DC Direct current
DJ Deterministic jitter
DMD Differential mode delay
DUT Device under test
e–h Electron–hole (e.g., e–h pair)
EEL Edge-emitting laser
EMB Effective modal bandwidth
ESA Electrical spectrum analyzer
FC/APC Fiber-optic connector with angled physical contact

(8° polish of the fiber end)
FC/PC Fiber-optic connector with physical contact

(0° polish of the fiber end)
FWHM Full-width at half-maximum
GI Graded-index
GPIB General purpose interface bus
GSG Ground–signal–ground
HDMI High definition multimedia interface
RIBSD Reactive ion-beam sputter deposition
IEEE Institute of Electrical and Electronics Engineers



APPENDIX E — SYMBOLS, CONSTANTS, AND ACRONYMS 161

ISI Intersymbol interference
IV Current–voltage relation
LED Light-emitting diode
LI Light–current relation
LIV Light–current–voltage relation
MBE Molecular beam epitaxy
MCEF Modulation current efficiency factor
MMF Multimode fiber
MSM Metal–semiconductor–metal
NA Numerical aperture
NRZ Non-return-to-zero coding
OFL Over-filled launch
OMn Optical mode of type n (= 1, 2, 3, 4) is a class of MMF,

see Tab. 2.1 for more details
OP Operating point
OSA Optical spectrum analyzer
PC Personal computer
PCS Polymer-clad silica
PD Photodetector
PIN P-doped–intrinsic–n-doped
PN P-doped–n-doped
PRBS Pseudorandom bit sequence
PRBSn PRBS of a 2n − 1 (n ≥ 1) bits long binary signal
QW Quantum well
RC Resistor–capacitor time constant
RCPD Resonant-cavity photodetector
RF Radio frequency
RIE Reactive-ion etching
RJ Random jitter
rms Root-mean-square value
RTA Rapid thermal annealer
Rx Receiver
SMA Subminiature version A (coaxial RF connector with 50Ω im-

pedance and a typical bandwidth of 18GHz)
SMF Singlemode fiber
TC Temperature control
SNR Signal-to-noise ratio
TIA Transimpedance amplifier
Tx Transmitter
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TxRx, TRx Transceiver
VCSEL Vertical-cavity surface-emitting laser
VI Voltage–current relation
VOA Variable optical attenuator
WDM Wavelength division multiplexing

Chemical formulae and nomenclatures

AlAs Aluminum arsenide
AlF3 Aluminum fluoride
AlGaAs Aluminum gallium arsenide
Al2O3 Aluminum oxide
AsH3 Arsine
Au Gold
C Carbon
CF4 Tetrafluoromethane, carbon tetrafluoride
C6H8O7 Citric acid
GaAs Gallium arsenide
Ge Germanium
H2O Water
H2O2 Hydrogen peroxide
HCl Hydrochloric acid
HF Hydrofluoric acid
InP Indium phosphide
MP 1-methyl-2-pyrrolidone (C5H9NO)
N2 Nitrogen
NH4F Ammonium fluoride
Ni Nickel
O2 Oxygen
Pt Platinum
SF6 Sulfur hexafluoride
Si Silicon
SiCl4 Silicon tetrachloride
SiO2 Silicon dioxide
Ta2O5 Tantalum pentoxide
TiO2 Titanium dioxide
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