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Abstract

The green gap problem refers to the lack of high-efficacy LEDs in the green–yellow

range of the visible spectrum. From the side of the III–nitride LEDs, it is caused mainly

by the increase of the efficiency droop, but also in part by the increase of the electrical

losses, with respect to shorter-wavelength LEDs. This study clarifies some points

about the causes of the green gap. Empirical measurements of the recombination rate

coefficients show that the droop aggravates with increasing wavelength mainly due to

the increase of the radiative carrier lifetime with increasing wavelength. Being clear

that the problem of the droop could be overcome by operating the quantum wells at

lower carrier injection rates, the possibility of using an InGaN phosphor to convert the

blue light of a more efficient blue LED into green light was considered. A device based

on this concept was realized and its efficacy surpassed that of a traditional green LED.
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1 Introduction

Since the introduction of Nichia’s first white light-emitting diodes (LEDs) into the

market in 1995 [Nak91, Ban98], high-power white LEDs have been gradually replac-

ing other traditional light sources, such as incandescent and fluorescent lamps, thanks

to their fast and steady advances in efficacy and luminous output. White LEDs have

now reached an efficacy of 248 lmW−1 [Nar10], thus surpassing by a great extent

fluorescent (105 lmW−1), metal halide (122 lmW−1) and high-pressure sodium vapor

lamps (150 lmW−1) [Pat11]. Besides, LEDs are being continuously improved [Hai11],

whereas most of the competing technologies have not shown significant improvements

in years. Solid-state lights are therefore finding their way into more and more power-

hungry application fields: general-purpose luminaries, LCD display and video projec-

tor backlights [Ana08, Ros12, Ess12], automotive and aviation exterior lighting [Luc05,

Mac04], etc. For most purposes, high efficacy, high luminous output, and a low cost

per lumen are all critical factors. Furthermore, LEDs are being promoted as green and

ethical light sources due to the power savings that they will potentially allow when

they are more widely adopted. Today, 6–7% of the world’s human energy consump-

tion is used for illumination purposes [Tsa10], a significant portion of which could be

saved (depending on market penetration and further technology advancements) with

corresponding carbon footprint reductions.

A typical characteristic of LEDs is that they have a spectrum much narrower than

the range of visible light, so a single LED is not able to produce the white light

required by most applications. This limitation can be overcome, for example, by

covering a blue LED with a yellow phosphor, so that the mix of the LED’s light and

the downconverted light may be perceived by the human eye as white. This solution,

despite being the cheapest and most commercially adopted, restricts the maximum

attainable efficacy (due to Stokes’ shift losses) to about 280 lmW−1 [Kra07], much

less than the theoretical limit1 of 375 lmW−1 [Žuk02]. Besides, the color-rendering

index (CRI) (a figure of merit that roughly assesses how the colors perceived under

1For a CCT of 4870K and a CRI of 80.
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This work
A. Loeffler et al. (2012)

Y.Narukawa et al. (2010)
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D. Steigerwald et al. (1997)
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M.Peter (2008)
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Figure 1.1: Efficacy of III–nitride (green markers) and III–phosphide (red markers) LEDs
with different wavelengths. The data has been taken from § 4.5.1, A. Loeffler
et al. [Loe12, Sch13a], Y.Narukawa et al. [Nar10], M.Peter [Pet08a] and
D. Steigerwald et al. [Ste97]. The blue lines represent the CIE 1924 luminosity
function multiplied by the corresponding value of the WPE (see § 2.2). The
green–yellow range, which is not adequately covered by either the III–nitrides
or the III–phosphides, is marked in yellow.

the LED resemble those under an ideal light source) is typically limited to less than 80

and the correlated color temperature (CCT) to no less than 4000K [Kra07]. Another

option would be to cover the visible spectrum with three LEDs emitting blue, green

and red light. This would allow for higher efficacy, higher CRI and lower CCT than

the phosphor-converted solution. Of course, a key component of such a solution would

be a highly efficient green LED, which is unfortunately not available with current

technology.

The most widely used material systems for LEDs emitting visible light are the III–

nitrides and the III–phosphides. The III–nitrides are the ideal solution for the blue

part of the visible spectrum, whereas the III–phosphides are very efficient in the red

part. However, while the efficiency of the III–nitride LEDs decreases with increasing

wavelength, the III–phosphide LEDs suffer from the mirrored problem (Fig. 1.1). As a

consequence, both material systems present low efficiency in the green–yellow range of

the spectrum. Note that the LEDs perform so badly in that range that their efficacy

is also low, despite the fact that the luminosity function (i.e., the spectral sensitivity

of the human eye) in the same range is at its apex. The lack of high-efficacy LEDs in

2



1.1 Content outline

the green–yellow range is universally known as the green gap problem [Ste97, Pet08a,

Sch11], and its resolution has become one of the most important objective in the

development of high brightness LEDs. Although several hypotheses have been put

forward by the scientific community to explain the green gap, there is still no clear

consensus about which one of them plays the most decisive role.

The purpose of the work behind this dissertation was to analyze the problem of the

green gap from the side of the III–nitrides, and to identify the causes and the possi-

ble solutions. In particular, the properties of a series of highly optimized LEDs with

different wavelengths were measured to look for evidence for or against the proposed

hypotheses. The results of this study are supposed to help and direct the develop-

ment of the next generation of green and yellow LEDs. The problem of the green

gap (among others) was also addressed by the “Hi-Q-LEDs” project financed by the

German federal ministry for education and research (Bundesministerium für Bildung

und Forschung) under the grant number 13N9974. This study was carried out as part

of that project.

1.1 Content outline

This chapter has the purpose of explaining the motivation that led to the start of this

doctoral research. The problem of the green gap has been just shortly described, but

it will be described more in-depth in Chap. 2, together with those physical theories

about the green gap that have the most supporters in the scientific literature. Still

in Chap. 2, we will also propose an overview of the III–nitride-based LED technology

that should clarify the reasons why these specific issues appear in the III–nitrides but

not in other material systems. By the end of Chap. 2, we will identify some open

questions that can shed light about the origin of the green gap and will be subject of

a thorough investigation in the following chapters.

Chap. 3 will conclude the theoretical part of the dissertation with a complete math-

ematical analysis of the efficiency and carrier lifetime curves. In that chapter, we will

introduce some terminology and concepts that will prove useful in the analysis carried

out in the empirical part of the work, such as the asymptotes of the curves and whether

they univocally define a complete set of recombination rate coefficients (RRCs).

The rest of the dissertation will be more focused on the experiments devised to in-

vestigate those open questions that have been identified in the end of Chap. 2. Chap. 4

3



1 Introduction

will deal with the integral (as opposed to spatially resolved) measurements carried

out on LEDs with different wavelengths (the so-called wavelength series). The main

purpose of this chapter will be to determine the wavelength dependence of the RRCs

A, B and C, to assess the contribution of the Auger losses on the green gap problem.

Chap. 5 will focus on the spatially resolved microscope-based measurement method

employed to study the brightness homogeneity throughout the surface of the LEDs,

also in a wavelength-dependent way. That will enable us to draw conclusions about

the influence of the bandgap energy fluctuations on the green gap. In Chap. 6, inte-

gral measurements will be carried out on LEDs with different threading dislocation

densities (TDDs) (the defect series), to judge whether dislocations have a substantial

effect on the high-current efficiency.

Since one of the reasons of the green gap appears to be the limited number of

quantum wells (QWs) that can be brought to emit light under electroluminescence

(EL) operation, in Chap. 7 a different approach based on photoluminescence (PL)

excitation will be considered. Conclusions about this study and interesting ideas for

future research are finally discussed in Chap. 8.

4



2 Theories about droop and green

gap

In this chapter, the problems of the droop (§ 2.5) and the green gap (§ 2.6) will be

introduced and the most popular theories about them will be reviewed. We start

nonetheless with a short revision of the working principle of light-emitting diodes

(LEDs), the requirements for the realization of green LEDs, and an analysis of the

most salient characteristics of the III–nitrides that set them apart from the other

materials used in optoelectronics (and especially from the III–phosphides). This will

help the reader to understand why the III–nitrides present original issues that are not

otherwise found in the other materials.

2.1 Principle of operation of LEDs

LEDs bear strong similarities with common diodes, in that they also consist of a

junction of two semiconductor layers with opposite doping, called p-side and n-side.

Between them, and overlapping with part of both of them, there is a region completely

depleted of mobile carriers called space-charge region (SCR). The SCR is negatively

charged in the p-side and positively charged in the n-side, and is characterized by an

electric field with a peak absolute value of ~Escr (Fig. 2.1a). In an unbiased diode, the

diffusion current and the drift current are in perfect equilibrium. Upon application of

an external voltage Vf , the balance between diffusion and drift current is disturbed

and a non-zero net current starts to flow. Electrons and holes from each side move

toward the other side until they recombine with the carriers of the opposite type. The

current I is an exponential function of the voltage:

I = Isat

(

exp
qVf

nidkbT
− 1

)

(2.1)

5
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Figure 2.1: Charge, electric field ~E and band edges Ec and Ev in a simple p–n junction (a)
and in a p–i–n junction with MQW confinement and EBL (b) under equilibrium
with no voltage bias. The coordinate z, in this picture, is in the direction normal
to the stacking of the layers. NA and ND are the doping levels in the p-side
and n-side, respectively. F indicates the Fermi level.

where Isat is the saturation current, q the elementary charge, nid the ideality factor,

kb the Boltzmann constant and T the temperature at which the diode is operated.

Assuming that the carriers mostly recombine outside the SCR, the so-called Shockley

ideal diode model predicts an ideality factor nid = 1 [Sho49] (as long as Vf is sufficiently

lower than the built-in voltage). A later, more detailed model has shown that, if the

carriers recombine non-radiatively through traps inside the SCR, an ideality factor

nid = 2 is expected [Sah57], whereas values in the range 1–3 occur in case of radiative

recombination [Mas11]. Lastly, ideality factors as high as 7 have been observed in

presence of tunneling currents [Lee11].

The peculiarity of the LEDs resides in their purpose, which is to produce light. It

is therefore desirable that as many recombination events as possible be radiative in

6



2.2 Energy losses

nature. For this to happen, materials with a direct bandgap are preferred, and it is

also necessary, for reasons that will be made clear in § 2.2, that the carriers recombine

in a region where both the electron density and the hole density are high. LEDs

must therefore have a layer structure that confines the carriers in a small region inside

the SCR (called active region), where they accumulate up to a high density before

recombining.

The simplest way to accomplish the confinement is to add a layer made of a mate-

rial with narrower bandgap, so that the carriers are confined in it by the two energy

barriers at the heterojunctions. The resulting structure is called double heterostruc-

ture (DH). The barrier height in the conduction band ∆Ec and in the valence band

∆Ev, called band offsets, do not necessarily have the same value: ∆Ec is given by the

difference in electron affinity between the two materials, and −∆Ev is ∆Ec plus the

difference in bandgap energy. It is customary to indicate how the bandgap difference

is subdivided between ∆Ec and ∆Ev with two percentages: for instance, 50% : 50%

(conduction band : valence band) means ∆Ec = ∆Ev. A DH with a thickness compa-

rable to the de Broglie wavelength of the carriers is called quantum well (QW).

In some conditions, the confinement provided by these structures might not be

enough to prevent the carriers from traversing the SCR and recombining in the opposite

doped side, a problem called carrier spill-over (§ 2.5.2). This is more likely to happen

for electrons than holes, because of their smaller effective mass. To make this scenario

less probable, an additional layer with a wider bandgap, called electron blocking layer

(EBL), is often inserted between the active region and the p-side. A p–i–n LED

junction with a DH structure and an EBL is outlined in Fig. 2.1b.

2.2 Energy losses

The energy losses in LEDs can be distinguished into different categories. It is possible

to think of LEDs as devices that transform electron–hole pairs into photons. The

number of extracted photons divided by the number of injected electron–hole pairs is

called external quantum efficiency (EQE). It can therefore be calculated as

EQE =
Φe/Eph

I/q
(2.2)

where Φe is the radiant flux emitted by the LED (optical power per unit time), q the

elementary charge, Eph the average energy of the emitted photons, and I the applied

7



2 Theories about droop and green gap

current. Note that Eph differs from the bandgap of the active region because of both

the thermal excitation of the carriers and the quantum-confined Stark effect (QCSE)

(see § 2.4.6).

The EQE does not represent the overall efficiency of the LED. In fact, the emitted

photons have an average energy Eph which is different from the energy of the individual

electron–hole pairs. The ratio will be called electrical efficiency (EE).

EE =
Eph

qVf

(2.3)

where Vf is the voltage applied to the LED. The overall efficiency, called wall-plug

efficiency (WPE), is given by the product of the EQE and the EE.

WPE = EQE× EE =
Φe

IVf

(2.4)

The EQE and the EE will be discussed in detail in the next two sections.

2.2.1 Quantum efficiency

The EQE can be separated into three components: the carrier injection efficiency

(CIE), the internal quantum efficiency (IQE) and the light extraction efficiency (LEE).

The EQE is the product of its components:

EQE = CIE× IQE× LEE (2.5)

Carrier injection efficiency. The correct operation of an LED requires that the re-

combination of the electron–hole pairs take place inside the active region. The

carriers may either be generated directly in the quantum wells through the absorp-

tion of photons (case of photoluminescence (PL) excitation), or be transported

there from the electrodes (electroluminescence (EL) operation, which is of course

the typical case of LEDs).

The pairs that recombine outside the active region do not typically generate

photons. The ratio between the electron–hole pairs that recombine in the active

region and all those injected into the LED is called CIE:

CIE =
Ginj

I/qVa

(2.6)

8



2.2 Energy losses

where Va is the volume of the active region and Ginj is the carrier injection rate,

i.e., the amount of electron–hole pairs injected into the active region, per unit time

and unit volume, that are successfully confined until they recombine.

One possible cause for a less-than-unity CIE is carrier spill-over, although its oc-

currence in LEDs is sometimes disputed (§ 2.5.2). At low currents, a second cause

is represented by parasitic currents, which can be modeled in a first approximation

as the current flowing through a resistance in parallel to the LED. Besides, the

CIE is not necessarily homogeneous throughout the active surface of the LED. In-

homogeneity can result, for example, from a non-uniform current density (e.g., due

to current crowding phenomena), or, in case the active region has bandgap fluctu-

ations, from the migration of the carriers toward areas with a narrower bandgap

(§ 2.5.3).

Internal quantum efficiency. Not all the recombination processes that occur in the

active region actually result in the emission of photons. There are, in fact, compet-

ing recombination processes which are non-radiative in nature. The fraction of the

electron–hole pairs in the active region that recombine radiatively is called IQE,

and can be expressed as

IQE =
Rrad

R
(2.7)

where Rrad and R are the radiative and total recombination rates, respectively.

The IQE of an LED is dependent on the carrier density at which it is operated.

All LEDs are inefficient at low carrier densities because most of the carriers recom-

bine via a non-radiative trap-assisted recombination process called Shockley–Read–

Hall (SRH) recombination. The traps can be caused by a wide variety of crystal

defects, such as impurities and dislocations. The mechanism typically results in

the emission of phonons. The recombination rate Rsrh for the SRH recombination

has been calculated from first principles to be [Sho52, Sze81]

Rsrh =
pn− ni

2

τtp(n+ nt) + τtn(p+ pt)
(2.8)

where p is the density of holes, n the density of electrons, ni the intrinsic carrier

density, τtp and τtn the capture lifetime of electrons and holes into the traps (in-

versely proportional to the density of traps), and pt and nt are functions of the

occupancy probability of the traps. Assuming p = n ≫ ni, which is justified

9



2 Theories about droop and green gap

by the presence of confinement structures in LEDs, we can simplify Eq. 2.8 into

Rsrh = An, where A is the recombination rate coefficient (RRC) that groups all

the other parameters.

The radiative recombination rate Rrad, on the other hand, can be expressed as

[Hal59]

Rrad = B
(
pn− ni

2
)

(2.9)

where B is the RRC for the radiative recombination. Applying to Eq. 2.9 the

same simplification done to Eq. 2.8, we obtain Rrad = Bn2. We note, therefore,

that Rsrh is proportional to n while Rrad varies with the square of n. The intu-

itive explanation for this difference is that the radiative recombination requires the

mutual, simultaneous interaction of the two particles (the electron and the hole),

whereas in the SRH recombination they interact with the trap in two distinct and

successive moments. The SRH recombination is therefore the dominant recombina-

tion process at low carrier densities (n ≪ A/B), while the radiative recombination

dominates at high carrier densities (n ≫ A/B). This explains the need for carrier

confinement in the active region of the LEDs (§ 2.1).

Finally, one further non-radiative recombination mechanism is the Auger recom-

bination [Bea59]. In this case, one electron and one hole recombine, and their

energy is transferred to a third carrier (either an electron or a hole), which gets

promoted to an excited state (Fig. 2.9). The latter carrier typically releases the

excess energy shortly afterwards by thermalization (i.e., a quick sequence of energy

drops through carrier–phonon interactions until the carrier reaches the band edge),

without emitting photons. The recombination rate Raug has been estimated to be

[Gru11]

Raug = (Cpp+ Cnn)(pn− ni
2) (2.10)

which can be simplified for p = n ≫ ni into Raug = Cn3, where C = Cp + Cn is

the Auger RRC. The Auger recombination is not significant at low carrier densi-

ties, but dominates over the SRH recombination and the radiative recombination

at very high carrier densities (n ≫ B/C). Excessively high carrier densities can

therefore be deleterious to LED performance. The confinement structures shown

in § 2.1 are necessary to avoid the SRH recombination but can promote the Auger

recombination when the active volume is too small. Therefore, an ideal carrier

10
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Refr. Critical angle

Material index (to air) (to sil.)

Al2O3 1.77 34.4° 60.5°

AlN 2.17 27.4° 45.2°

GaN 2.44 24.2° 39.1°

InN 2.6 23° 36°

AlP 3.18 18.3° 29.0°

GaP 3.34 17.4° 27.5°

InP 3.51 16.6° 26.0°

Table 2.1: Refractive indices and crit-
ical angles (to air and silicone) of some
materials at room temperature for light
at λ = 500 nm.
Data from refractiveindex.info, except
for InN [Dju99].

density exists, that gives the optimal working conditions for the LED, and that

dictates how large the active region needs to be.

Considering the recombination mechanisms discussed so far, Eq. 2.7 can be rewrit-

ten as

IQE =
Rrad

Rsrh +Rrad +Raug

≈ Bn2

An+Bn2 + Cn3
(2.11)

The modeling of the recombination rates in the case of p = n ≫ ni constitutes the

basis for the ABC model, the rate equation model typically used to simulate and

predict efficiency and carrier lifetime curves. The ABC model will be discussed in

detail in Chap. 3.

Light extraction efficiency. Finally, the emitted photons have to be successfully ex-

tracted from the LED. Light is generated inside the LED chip, where the refractive

index n̄(chip) is high (see Table 2.1 for some examples), and has to travel outside,

where n̄(air) = 1. The fraction that succeeds divided by the total amount generated

in the active region is the LEE.

Photons are confined in the LED chip by total reflection until they meet its

surface with an angle of incidence smaller than the critical angle arcsin n̄(air)/n̄(chip).

During the time in which they are confined, they incur the risk of being absorbed.

Absorbed photons are typically lost, as they generate electron–hole pairs that most

likely recombine by SRH. Some photons may also be reabsorbed in the active

region itself: in this case, a mechanism called photon-recycling occurs, by which

the absorbed photons may be reemitted one more time (with a probability equal

to the IQE, though).

To improve the LEE, the chips are roughened, so as to provide them with sev-

eral inclined outcoupling faces, and then immersed into transparent domes made

11
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2 Theories about droop and green gap

of high-refractive-index materials (e.g., silicone with n̄ = 1.54), so that the criti-

cal angle is augmented. The LEE is expected to have no significant wavelength-

dependence, and therefore no significant contribution to the green gap problem.

2.2.2 Electrical efficiency

Ideally, LEDs should require a voltage Vf equal to the average energy of the emitted

photons Eph divided by q. This guarantees that the energy of the electron–hole pairs

corresponds to that of the extracted photons (and therefore EE = 1). In practice,

however, LEDs are operated at high current densities to minimize the cost of light in

$/lm. This leads to Vf > Eph/q, so the EE is always suboptimal.

Part of the electrical losses are due to series resistances caused, for instance, by

the metal–semiconductor junctions at the contacts, or by the natural resistivity of the

employed materials, so that the effective voltage applied to the p–n junction of the

LED is lower than that applied to the device. This is not the only source of loss,

though, as even an ideal p–n junction requires a voltage proportional to the logarithm

of the current. When the voltage applied to the p–n junction is greater than Eph/q,

the excess energy is being wasted in the thermalization of the carriers.

At low enough current densities, the voltage applied to the p–n junction can be

lower than Eph/q, resulting in EE > 1. This situation is apparently absurd, because

it would allow an ideal LED with EQE = 1 to reach a WPE higher than one. The

principle of conservation of energy, however, is not violated, as the LED would employ

its own thermal energy to supply the process with the extra energy. Since only the

most energetic carriers, in the tail of the Boltzmann distribution, are able to reach the

QW and recombine, the LED cools down [Hei09]. This phenomenon has never been

observed in practice, because LEDs operated at such low current densities typically

have EQE ≪ 1.

2.3 Requirements for green–yellow LEDs

The realization of LEDs emitting in the green–yellow spectral range (500–570 nm),

which is the primary interest of this dissertation, requires suitable semiconductor ma-

terials. Quite clearly, a semiconductor with a bandgap Eg corresponding to the desired

wavelength λ must be employed for the active region. The necessary bandgap can be

12
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calculated from

Eg ≈ Eph =
hc

λ
(2.12)

where Eph is the average energy of the emitted photons, h the Planck constant, and

c the speed of light in vacuum. This corresponds to a bandgap in the range between

2.17 eV (for yellow light) to 2.48 eV (green). Secondly, a second semiconductor with

a wider bandgap is required to provide band offsets suitable for confinement. The

minimum band offsets to avoid carrier spill-over are not precisely known, because they

depend on the chosen materials, structure, operative current and temperature. To give

a sense of scale, ∆Ec ≈ 0.4 eV is about the conduction band offset in most commercial

green LEDs.

The III–nitrides constitute one class of materials that fulfills the requirements. The

III–nitrides are III–V compound semiconductors where the group-V sites are occupied

by nitrogen atoms. As group-III species, at least in the applications of our interest, are

considered aluminum, gallium and indium atoms. Aside of the binary semiconductors

(AlN, GaN and InN), ternary alloys (AlxGa1−xN, GaxIn1−xN and AlxIn1−xN) and

quaternary alloys (AlxGayIn1−x−yN) may be conceived. In most commercial LEDs,

the active region is realized out of Ga1−xw
Inxw

N with the proper amount of indium xw

(§ 2.4.2), whereas AlxGa1−xN is used for the EBL (§ 2.1) and simple binary GaN for

all the other layers. This particular choice, as we will see in § 2.4.4, is made necessary

by issues with miscibility gaps and growth limitations.

Other materials suitable to the realization of green LEDs include the III-phosphides

(with low efficiency, as seen in Chap. 1), SiC [Mor94], and various II–VI compound

semiconductors such as the II–selenides [Mor94]. However, all SiC polymorphs are

known to have an indirect bandgap, which does not allow for a high IQE, and the

II–VI candidates have proven to be hard to p-dope [Bak10, Haa10], or have shown

short device lifetimes [Mor94]. III–nitride LEDs have always been brighter than the

SiC counterparts since the first demonstration in 1991 [Nak91], and did not present

the device lifetime issues of the II–selenides [Mor94].

2.4 Peculiarities of the III–nitrides

According to the needs for the LEDs to be realized here (§ 2.3), the III–nitrides were

found to be the most promising material system. However, the III–nitrides have many

13
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Figure 2.2: Axonometric projections of the primitive cell of the Ga-polar wurtzite poly-
morph of GaN.

particular traits that distinguish them from the semiconductors typically used for

longer wavelengths, and especially from the III–phosphides. These are discussed in

the following sections.

2.4.1 Crystal structure

GaN, AlN, InN and their alloy AlxGayIn1−x−yN can exist in several crystal structures

(i.e., they exhibit polymorphism). The most stable polymorph, and therefore also the

most frequently occurring, has the wurtzite structure (Fig. 2.2) [Juz38]. In particular

situations, the III–nitrides can also assume other less stable structures, such as the

zincblende structure [Nov11] or the rocksalt structure [Xia08].

The wurtzite structure can be described as two interpenetrating close sphere pack-

ings of group-III and group-V atoms. The group-III and group-V atoms form sheets

that alternate along the z axis, and the distance between two adjacent sheets alter-

nates between uc and (1/2− u)c, so that there is no symmetry plane perpendicular to

14



2.4 Peculiarities of the III–nitrides

the z axis. The lattice parameters a, c and the internal parameter u of the III–nitrides

are reported in Table 2.2.

The wurtzite structure distinguishes the III–nitrides from the other III–V semicon-

ductors, such as the III–phosphides and III–arsenides, which preferentially crystallize

in the zincblende structure. For example, the alternating distances between the group-

III and the group-V sheets give rise to strong spontaneous and piezoelectric polariza-

tions (§ 2.4.6), whose sign depends on whether the structure appears as in Fig. 2.2

(Ga-polar) or mirrored along the z axis (N-polar). In comparison, the III–phosphides

and the III–arsenides have no spontaneous polarization and much smaller piezoelectric

coefficients.

2.4.2 Electronic band structure

The III–nitrides have a direct bandgap that allows the efficient radiative recombination

of electrons and holes without the support of trap states. The bandgap can be tuned

with the composition of the group-III species within a very wide range: from 6.16 eV

in AlN, to 3.44 eV in GaN, to 0.76 eV in InN (at room temperature) [Vur03]. Since the

two extremes correspond to the emission wavelengths of about 1700 nm and 200 nm,

the III–nitrides may be the ideal solution for the realization of LEDs covering near

infrared, visible light, and type-A, B and C ultraviolet as well.

In comparison, the bandgap of the III–phosphide material system only covers the

range from 2.5 eV in AlP, to 2.28 eV in GaP, to 1.36 eV in InP [Vur01]. However,

the bandgaps of AlP and GaP are indirect, so they are not suitable to the efficient

emission of photons. The largest direct bandgap attainable with the III–phosphides

(or any known III–V semiconductor but the III–nitrides) is 2.35 eV in Al0.44In0.56P

[Vur01], corresponding to green emission with a wavelength of 527 nm.

In the ternary alloys, the dependence of the bandgap Eg with the composition can be

estimated in a first approximation with a second-order interpolation of the bandgaps

of the two binary components with a bowing parameter b. The bandgap Eg of the

ternary alloy AxB1−xN (where A and B are two different group-III species) is described

by:

Eg = xEg(AN) + (1− x)Eg(BN) − x(1− x)b(ABN) (2.13)
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where Eg(AN) and Eg(BN) are the bandgaps of the binary components, and b(ABN) is the

bowing parameter for the ternary alloy. The bowing parameters have been measured

for the three ternary alloys AlGaN, GaInN and AlInN to be 0.7 eV, 1.4 eV and 2.5 eV,

respectively [Vur03]. These values, however, are still controversially discussed. In

some cases, a dependence of the bowing parameter on the composition has been found

[Ili08]. A correlation between the bowing parameter and the presence of indium-rich

clusters have also been proposed [Gor11]. For lack of more precise measurements,

the bandgap of the quaternary alloy AlGaInN is typically estimated by averaging the

bandgaps of the three closest ternary alloys [Wil78, Vur01].

We now want to establish the amount of indium necessary to produce green LEDs.

Light with wavelength included between 500 nm to 570 nm is considered green. Ac-

cording to Eq. 2.13, we therefore need an active region with a bandgap of 2.48 eV to

2.17 eV, which can be obtained with a Ga1−xw
Inxw

N DH with xw = 0.26–0.35. If QWs

are employed, as will be discussed in § 2.4.5, subband level quantization will take place,

and a higher indium content will be necessary to obtain the same wavelength. Other

effects, such as the QCSE (see § 2.4.6), may instead decrease this required indium

content.

2.4.3 Lack of low-cost native substrate

Epitaxial growth is preferably performed on substrates made of the same material as

the material to be deposited. This concept is known as homoepitaxy. Most substrates

are fabricated with liquid-phase bulk growth techniques, such as the growth from

the melt (with the Czochralski or the Bridgman process), because they allow for fast

growth rates and little waste of the source materials.

Unfortunately, the growth of the III–nitrides from the melt is impractical because of

their exceedingly high melting temperatures. Even if such temperatures are reached,

high N2 pressures are required to counterweight the tendency of the III–nitrides to

decompose into group-III metals and N2 gas at the melting temperature (Table 2.2)

[Mac70]. Vapor-phase growth techniques are slow and more indicated for epitaxial

growth than bulk growth. For this reason, GaN substrates (generally grown by hydride

vapor-phase epitaxy (HVPE), as it allows for cheaper precursors and higher growth

rates than other deposition techniques [Ric11]) have only been available at high prices

for a long time, and many researchers had to rely on heteroepitaxy, i.e., the epitaxial
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Table 2.2: Room temperature lattice constants a and c, the internal parameter u [Ber97,
Vur03], bonding energies, melting temperatures and N2 vapor pressures at melt-
ing temperature [Por97] for the III–nitride binary alloys in the wurtzite crystal
structure.

Lattice constants Bonding Melting N2 vapor

Material a c u energy temperature pressure

AlN 0.3112 nm 0.4982 nm 0.380 11.5 eV 3200℃ 0.02GPa

GaN 0.3189 nm 0.5185 nm 0.376 8.9 eV 2500℃ 4.5 GPa

InN 0.3545 nm 0.5703 nm 0.377 7.7 eV 1900℃ 6.0 GPa

growth on foreign substrates, except for products with high added value such as laser

diodes [Avr10].

A relatively new bulk growth technique has been developed to fabricate GaN wafers

with threading dislocation densities (TDDs) below 104 cm−2 without the need of the

extreme temperatures and pressures required by the growth from the melt: the am-

monothermal growth achieves these results thanks to a supersaturated GaN solution

in supercritical ammonia that condenses on a pre-existing GaN seed [Ehr10, Dwi11].

However, the process still requires expensive crucibles, and the high price of the

ammonothermal-grown substrates is discouraging their use for commercial device fab-

rication today. This situation might change in the future if the majority of the LED

manufacturers make the switch to GaN substrates for mass production. Some compa-

nies have already introduced III–nitride-based devices grown on native GaN substrates

into the market [Cic12].

Most manufacturers, however, have based their processes on the heteroepitaxial

growth on sapphire or SiC. Moreover, interest is growing considerably in the growth

on silicon, because this would allow the use of cheap large-area substrates (30 cm wafers

are already on the market, and 45 cm wafers arriving soon) which could be processed

in the standard silicon processing lines of many established foundries, thus cutting

costs considerably [Ni09, Tin11].

Heteroepitaxial growth has some inconveniences [Liu02]:

Chemical contamination. The III–nitrides are grown at high temperatures, at which

many substrates are not chemically stable. By desorbing, they can contaminate

the growth environment with unwanted species that may be incorporated in the

III–nitride layers as impurities. The requirement of the thermal stability severely

limits the choices about the materials to be used as substrates.
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Lattice mismatch and high TDD. The substrate should ideally have an in-plane lat-

tice constant similar to that of the layers to be grown. The distance from this ideal

situation is measured by the lattice mismatch ∆a/a, calculated as [Fre03]

∆a

a
=

a(epi)
a(sub)

− 1 (2.14)

where a(epi) and a(sub) are the in-plane strain-free lattice constants of the epitaxial

film and the substrate, respectively.

If the film grows in a strained state to conform to the lattice constant of the

substrate, the growth is said to be pseudomorphic and the strain of the layer

corresponds to
(
∆a/a + 1

)−1 − 1. In this situation, the film accumulates strain

energy (i.e., elastic potential energy) until it becomes more energetically favorable

to relieve the strain by developing new misfit dislocations [Mat74, Peo85, Fre90,

Fis94]. The formation of dislocations requires itself a given amount of energy, but

this energy does not increase in linear proportion to the thickness of the film, like

the strain energy does, so there will be a critical thickness at which the strain

energy exceeds the dislocation energy. At this point, the film relaxes and the TDD

increases substantially.

Considering the extremely high strain present in the heteroepitaxy over foreign

substrates, pseudomorphic epitaxy appears unrealistic even for thin films. To avoid

that the strain energy be released in the form of misfit dislocations, the following

epitaxial trick is used [Ama86, Nak91]. A thin nucleation layer is grown first on the

substrate at low temperatures (about 600℃). Then, the temperature is increased,

and the nucleation layer separates into several separate islands on the substrate’s

surface. These islands are then overgrown until they coalesce. The resulting film is

not pseudomorphically strained. Even in this case, many dislocations form at the

borders of the coalescing grains, but the TDD is generally lower than in the case

of the pseudomorphic epitaxy.

CTE mismatch. Another disadvantage is given from the difference between the co-

efficients of thermal expansion (CTEs) of the substrate and that of the epitaxial

film [Zha10]. The CTE (indicated with the symbol α) is defined as the fractional

change in lattice constant per unit temperature relative to the lattice constant at

the reference temperature T0 (typically 0℃) [Oka84]:

α =
1

a(T0)

da

dT
(2.15)
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The lattice constant a at the temperature T is then given by

a(T ) = a(T0)

(

1 +

∫ T

T0

α(T ′) dT ′

)

(2.16)

After the deposition of the epitaxial film, the cool-down phase begins, during

which a high amount of strain is introduced as the film and the substrate contract

with different rates. If the film has a higher CTE than the substrate, it would

attempt to contract faster than the substrate does. However, being the film bound

to the substrate, it becomes tensilely strained. On the other hand, if the CTE

of the film is lower than the substrate’s, it becomes compressively strained. This

strain bows the wafer and complicates the subsequent processing steps (e.g., lift-off

[Dem93] and dicing). In extreme cases, the introduced strain can cause cracks in

either the substrate or the epitaxial film [Liu02].

Other issues. Aside of the above considerations, other factors come into play in the

choice of the substrate if no flip-chip technology is used. For example, thermal con-

ductivity, electrical conductivity, transparency and refractive index at the wave-

length of interest may all be important points for the design of the LED chip.

The homoepitaxy on native GaN substrates, on the other hand, is exempt from

these problems. GaN substrates offer perfect lattice and CTE match, thereby avoid-

ing the formation of misfit dislocations. The TDD in the LED structure would

be just as high as in the substrate (6× 105 cm−2 for HVPE-grown wafers [Ric11],

5×103 cm−2 for ammonothermal-grown ones [Dwi11]). Furthermore, GaN has good

thermal (1.3Wcm−1K−1 [Lev01]) and electrical conductivity (if doped), and is trans-

parent at all visible wavelengths.

The main characteristics of some substrates used for (0001) GaN or (0001) AlN

growth are reported in Table 2.3. Most commercial LEDs at the present day are

grown on sapphire (Al2O3) substrates because of their good chemical stability and

its acceptably low cost. The samples grown and analyzed in this doctoral work were

therefore also grown on sapphire.

The growth of GaN on c plane sapphire results in c plane oriented epitaxial films, but

with a rotation of 30° around the c axis [Liu02]. The rotation occurs because it reduces

the effective lattice constant by a factor 1/
√
3, thus decreasing (in absolute value) the

lattice mismatch from −33.1% to 15.9%. This notwithstanding, the mismatch causes

the formation of a huge number of misfit dislocations (mostly, but not exclusively,
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Table 2.3: Main characteristics of some possible substrates for (0001) GaN or (0001) AlN.
The lattice constants are shown at both room temperature (Tc = 20℃) and
growth temperature (Th ≈ 1100℃). The CTE is averaged in the Tc–Th temper-
ature range.

Surface lattice param. Avg.CTE Lattice mismatch

Substrate (20℃) (1100℃) (20–1100℃) (to GaN) (to AlN) Source

Si 3 0.3840 nm 0.3853 nm 3.1×10−6K−1 −16.7% −18.8% [Oka84]

ZnO 2 0.3248 nm 0.3278 nm 8.5×10−6K−1 −2.2% −4.5% [Ore12]

GaN 2 0.3189 nm 0.3209 nm 5.8×10−6K−1 0.0% −2.4% [Ore12]

6H-SiC 2 0.3081 nm 0.3097 nm 4.8×10−6K−1 3.6% 1.1% [Li86]

Al2O3
1 0.4758 nm 0.4795 nm 7.2×10−6K−1 15.9% 13.1% [Yim74]

1 (0001) plane of the trigonal crystal structure
2 (0001) plane of the wurtzite crystal structure
3 (111) plane of the diamond crystal structure

edge-type dislocations). The higher CTE of sapphire compared to GaN results in the

introduction of high compressive strain in the GaN layers during cool-down and the

upward bowing of the center of the wafer.

In order to reduce the TDD in the layers of the LED structure, a thick GaN layer

called buffer is grown between them and the substrate. The underlying idea is that,

when two dislocations with opposing Burgers vectors [Cha51] meet, they recombine

and do not propagate further. The buffer has the purpose of providing the disloca-

tions with enough space to meet. However, the dislocations tend to propagate in the

direction almost normal to the crystal plane along which the layer is being grown, so

two dislocations belonging to the same plane seldom meet, unless the film is grown

extremely thick. This possibility is only viable if epitaxial techniques that can achieve

particularly high growth rates are employed (e.g., HVPE).

Several techniques can be used to overcome this problem. One possible technique

consists in growing the buffer in two stages. In the first stage, the growth condi-

tions are chosen so that high three-dimensional structures develop. During this phase,

the growth takes place on several different planes (the sides of the three-dimensional

structures) at the same time. Many dislocations will propagate against one another

and disappear. In the second stage, the growth conditions are changed to favor a

two-dimensional growth, so that the three-dimensional structures coalesce and a pla-

nar surface is achieved. The higher the three-dimensional structures are grown, the

more time the second phase needs for the planarization, and the more the TDD is
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reduced. Once the surface is flat, the buffer is complete and the LED structure can

be grown next. With the use of a buffer of this kind, the TDD can be lowered below

2×108 cm−2 (§ 6.2). Note that even this low TDD would be high enough to nullify the

IQE of any LED produced with any other compound semiconductor. Anyway, GaInN

LEDs appear to be particularly resilient to such high TDD, possibly thanks to an

energy barrier surrounding the defects, which prevent the carriers from recombining

non-radiatively inside them (§ 2.4.7).

Finally, other epitaxial tricks can be used to reduce the TDD even further: among

them we mention epitaxial lateral overgrowth (ELO) techniques using SiO2 masks

[Nam97, Mar98], SiN masks [Kap07, Her08, For11, Dre12] or pendeoepitaxy [Lin99],

which have the purpose of switching once again to the three-dimensional growth and

performing a second planarization; and the use of low-temperature interlayers [BC01]

or superlattices [Wan02, Wu07], which can temporarily bend the propagation direction

of the dislocations.

2.4.4 Practical limitations in alloying

Not all possible compositions of the III–nitride semiconductors can actually be grown

with a satisfying quality. This results partly because many ternary and quaternary

alloys tend to separate into their components instead of forming a random alloy, and

partly from the fact that the optimal growth conditions for each binary alloy are

different and incompatible, so a compromise must be found for each specific case.

GaN was the first III–nitride semiconductor to have been grown by vapor-phase

epitaxial means (HVPE [Mar69] and metal-organic vapor-phase epitaxy (MOVPE)

[Man71]). It is the easiest to grow among the III–nitrides, so it is typically preferred for

the thickest layers such as the buffer. The growth of AlN and AlGaN can be achieved

with a good quality, for instance by MOVPE [Tha07]. However, high temperatures

are necessary to overcome the low mobility of the group-III species in the adlayer (in

particular when growing AlN) and obtain flat surfaces.

InN, instead, is the III–nitride semiconductor that presents the greatest challenges

[Bhu03, Mey11, Ata12]. The growth of InN films is complicated by the low dissociation

energy of InN [Bai91], resulting in the desorption of N2 and the back-etching of the

layer being grown. This can only be avoided by using low growth temperatures and,

when applicable, high N2 and NH3 pressures. The low temperature causes problems

21



2 Theories about droop and green gap
−
14
%

−
12
%

−
10
%

−
8%

−
6%

−
4%

−
2% 0% 2% 4% 6%

Pseudomorphic strain on GaN

0

1

2

3

4

5

6

7

B
an

d
ga
p
[e
V
]

AlN

GaN

InN

Alloys used
in practice

0.
31

0.
32

0.
33

0.
34

0.
35

0.
36

Strain-free lattice constant [nm]

200

250

300
350
420
520
700

1700 E
m
is
si
on

w
av
el
en
gt
h
[n
m
]

Figure 2.3: Bandgap as a function of
the pseudomorphic strain ǫ11 = ǫ22 =
a(GaN)/a(layer)−1 on a relaxed GaN buf-
fer. The alloys used in practice for the
fabrication of blue and green LED are
marked in red. This figure illustrates
the inability to choose bandgap and
strain independently.

on its own: the surface mobility of the indium species at low temperatures is low, so

that thick InN films tend to grow in grains [Kel03, Mey11].

GaInN epitaxial films are also subject to the separation of the GaN and InN phases

when neither the gallium content nor the indium content in the alloy is negligible.

The existence of a miscibility gap has been predicted on the base of the largely dif-

ferent chemical properties of GaN and InN [Ho96, Mat97] and has been shown to

form indium-rich quantum dots [Tes11]. However, it has also been observed that the

presence of biaxial strain in the pseudomorphically grown GaInN layers (§ 2.4.5) can

suppress phase separation in some conditions [Tab02].

AlInN and the quaternary AlGaInN are much less studied than the other III–nitride

alloys, but are believed to be subject to alloy decomposition to an even greater degree

than GaInN [Yam00, Luk01]. For this reason, the only III–nitride semiconductors

that are actually used in practical applications are GaN, AlN, AlGaN, and GaInN

with the bare minimum amount of indium necessary to reduce the bandgap down to

the value that allows the emission at the target wavelength (i.e., about Ga1−xw
Inxw

N

with xw ≈ 30% to obtain green light). AlInN and AlGaInN, instead, are typically

avoided. As long as we are limited to these alloys, we are not able to choose bandgap

and stress-free lattice constant independently (Fig. 2.3). This has the consequences

described in the next section.
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2.4 Peculiarities of the III–nitrides

2.4.5 Necessity for multiple quantum well structures

All the layers of the LED epitaxial structure should be grown pseudomorphically on

top of each other, so that they all have the same in-plane lattice constant a as the

buffer. Note that the lattice constant of the buffer is typically decoupled from that of

the substrate because it is grown on a nucleation layer (§ 2.4.3). Since it is not possible

to control the bandgap and the stress-free lattice constant separately (§ 2.4.4), every

layer with a different bandgap than the buffer will be strained.

In § 2.4.3, we have explained that strained layers that exceed the critical thickness

will be subject to strain relaxation. Of course, it is desirable that no strain relaxation

take place. Reasons for that include:

Misfit dislocations Strain relaxation generates new misfit dislocations. Even though

we will see that dislocations in the III–nitrides are not as effective non-radiative

recombination centers as they are in other material systems (§ 2.4.7), they still play

a significant role at low currents.

Phase separation The strain in a layer made of a ternary alloy such as GaInN may be

a factor preventing phase separation to occur [Tab02]. Therefore, strain relaxation

may actually cause phase separation to occur.

In § 2.4.2, we have determined that the active region of a green LED must be a

Ga1−xw
Inxw

N layer with indium content xw ≈ 0.3. However, given the very small crit-

ical thickness of Ga0.7In0.3N over GaN, only QWs can be deposited without incurring

in strain relaxation. An active region consisting of a single QW is also called single

quantum well (SQW). A SQW structure, however, reduces the active region to a vol-

ume much smaller than the optimum (§ 2.2.1). Therefore, a superlattice comprised of

many QWs separated by GaN layers called barriers has to be grown. Such a structure

is known as multiple quantum well (MQW) structure. The barriers cannot be grown

arbitrarily thin. The concept of critical thickness applies also for a superlattice such

as the MQW, and corresponds to the critical thickness of a uniform GaInN layer with

the same average indium content [Hul86, Nis12]. To keep the average indium content

low, the MQW must be grown with thin QWs and thick barriers.

These restrictions make it difficult to realize an active region with a large volume.

If each single QW has to be thin, the active volume can only be increased by growing

a large number of them (i.e., a MQW). The thick barriers, however, make resistance

against the carriers’ flow. Since the (heavy-)hole effective mass of 1.4m0 (where m0
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2 Theories about droop and green gap

is the electron rest mass) is much higher than the electron effective mass of 0.2m0

[Qua08], the holes are the carriers most affected by the resistance of the barriers. This

results in the unbalanced distribution of the holes: only the QWs closest to the p-side

have a significant population of holes [Mna03]. Those are therefore the only QWs

where electron–hole recombination can take place. David et al. [Dav08] have found

out with angle-resolved far-field measurements that only the top-most QW is active,

but this matter is very sensitive to the design of the MQW. Other color-coded MQW

structures have clearly shown emission from more than one QW [Pet08b, Liu08]. From

this, we learn that increasing the number of QWs over a certain limit does not bring

any carrier density reduction if the barriers are thick.

To make the barriers thinner without changing either the indium content of the QWs

(to preserve the emission wavelength) or the average indium content of the MQW (to

avoid strain relaxation), we could try to grow the QWs correspondingly thinner. For

instance, we could multiply barrier thickness and QW thickness by the same factor

k < 1. However, a thin QW is subject to a greater quantization of the energy levels, so

the effective bandgap increases. To compensate for the energy level quantization, the

indium content of the QWs has to be increased. This has two undesired consequences:

1. The average indium content of the MQW must not increase. Therefore, if the

indium content of the QWs is increased, we must compensate by growing the

barriers thicker (although not necessarily as thick as they originally were).

2. The higher indium content of the QW can cause phase separation due to the

immiscibility gap, or worsen the crystal quality anyway.

In practice it is found that, for each intended emission wavelength, there is an optimal

QW thickness (and a corresponding indium content) that maximizes the active volume

without compromising the crystal quality. This issue is exacerbated as the wavelength

is increased from blue toward green. Green MQW structures are required to have

thicker barriers and/or thinner QWs than blue MQW. The number of active QWs

at long wavelengths is typically lower than at short wavelengths, and so is the active

volume [Siz11] (see also § 4.5.2).

One way to circumvent the whole problem would be to resort to a GaInN buffer,

as opposed to a GaN one. In this case, the MQW would grow pseudomorphically

on a larger lattice constant a, so the QWs could be grown thicker and the barriers

thinner, and a larger active volume could be realized. However, GaInN buffers with a

low defect density, good electrical characteristics and a good surface morphology are
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This is formalized as a polarization ~Psp =

ε ~Eavg, where ε indicates the permittivity.

difficult to grow. Furthermore, as mentioned above, unstrained QWs may be more

subject to phase separation.

Another solution consists in optically pumping the QWs. Since the limitation in the

number of active QWs comes from the electrical resistance of the barriers, it is possible

to overcome the problem by resorting to resonant PL excitation. The pumping light

can be emitted, for instance, by a shorter-wavelength (and therefore more efficient)

GaInN/GaN LED. We will show in Chap. 7 that this is a viable work-around and

allows the realization of light-emitting devices at least as efficient as conventional

GaInN/GaN LEDs. However, it comes at the expense of a much higher manufacturing

effort.

2.4.6 Spontaneous and piezoelectric polarization

As seen in § 2.4.1, the wurtzite crystal structure does not have an inversion plane

perpendicular to the c direction. The structure of the III–nitrides consists of atomic

sheets of charged group-III and group-V species that succeed each other along the c

direction. The distance between two adjacent sheets is alternately uc and (1/2 − u)c

(e.g., 0.195 nm and 0.064 nm in GaN). This gives place to a spontaneous polarization
~Psp along the c direction [Ber97, Ber00]. The spontaneous polarizations of the binary

alloys have been measured and are reported in Table 2.4. For a general quaternary alloy

AlxGayIn1−x−yN, it is conveniently interpolated from the spontaneous polarizations of
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2 Theories about droop and green gap

the binary components:

~Psp = x~Psp(AlN) + y ~Psp(GaN) + (1− x− y)~Psp(InN) (2.17)

The biaxial strain in the layers due to the lattice mismatch at the heterojunctions

(§ 2.4.5) and the different thermal expansion of the substrate (§ 2.4.3) affects the lattice

constant c (through the Poisson effect) thus causing an additional contribution to the

polarization (called piezoelectric polarization) [Ber97, Ber00, Spe09]. Noting that the

biaxial strain implies ǫ22 = ǫ11, ǫ33 = −νbǫ11 and ǫij = 0 ∀i 6= j (where νb = 2C13/C33

is the Poisson’s ratio under biaxial strain), and that the symmetry of the wurtzite

structure implies that the stiffness tensor C and the piezoelectric tensor e (in Voigt

notation) are [Iba09]

C =













C11 C12 C13 0 0 0

C12 C11 C13 0 0 0

C13 C13 C33 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C66













, σ = Cǫ, (2.18a)

e =






0 0 0 0 e15 0

0 0 0 e15 0 0

e31 e31 e33 0 0 0




 , ~P = eǫ, (2.18b)

the piezoelectric polarization ~Ppz results:

~Ppz = (2e31 − νbe33)ǫ11~z (2.19)

where ~z is the unit vector pointing in the c direction. In the case of a quaternary alloy

AlxGayIn1−x−yN, for simplicity, the values of C13, C33, ~Psp, e31 and e33 are all linearly

interpolated between those of the binary alloys (similarly to Eq. 2.17, by substituting
~Psp each time with the right parameter). The values for the binary alloys are reported

in Table 2.4. The total polarization is the sum of its two components:

~P = ~Psp + ~Ppz (2.20)
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2.4 Peculiarities of the III–nitrides

Table 2.4: Stiffness coefficients C11, C12, C13, C33, C44 and C66 = (C11 − C12)/2 in GPa
[Vur03], biaxial Poisson’s ratio νb = 2C13/C33, spontaneous polarization ~Psp in
µCcm−2 [Vur03] in the c direction, piezoelectric polarization coefficients e31
and e33 in µCcm−2 along the c direction [Vur01] and relative permittivity ε/ε0
[Lau10a, Lev01, BC01] for the III–nitride binary alloys in the wurtzite crystal
structure.

Material C11 C12 C13 C33 C44 C66 νb ~Psp e31 e33 ε/ε0

AlN 396 137 108 373 116 130 0.58 −9.0 −50 180 8.5

GaN 390 145 106 398 105 123 0.53 −3.4 −35 130 8.9

InN 223 115 92 224 48 54 0.82 −4.2 −57 100 15.3

Note that the polarization has no component perpendicular to the c direction: this

result is always valid as long as no shear strain is present (i.e., ǫ23 = ǫ13 = ǫ12 = 0

everywhere).

The polarization of a single isolated layer does not form a long-lasting potential

difference between the two surfaces because surface charges accumulate to neutralize it.

Therefore, if only one layer is present, the internal electric field will be zero. In a stack

of layers with different polarizations and low carrier densities, however, the interfaces

are not able to retain enough charge to neutralize the electric field (unless a two-

dimensional electron or hole gas can be formed). As a consequence, the polarization

changes abruptly at those interfaces. The effect of the non-constant polarization is

equivalent to assuming the presence of a fictitious fixed polarization charge Qp at the

discontinuities. Between two layers A and B, there would be the sheet of polarization

charge

Qp =
(

~P (A) − ~P (B)

)

· ~n (2.21)

where ~n is the unit vector normal to the interface at which the discontinuity in ~P

occurs (i.e., the interface between the layers). The absolute value of the polarization is

unimportant: what matters is the difference in polarization between adjacent layers.

It is evident from Eq. 2.21 that no polarization charges are present if ~P is perpen-

dicular to ~n. In this case, the epitaxial structure is said to be non-polar. In the case

discussed above, instead, in which ~P is parallel to ~n, the structure is called polar. It

is possible to fabricate non-polar structures by growing layers along the 〈101̄0〉 or the
〈112̄0〉 directions, which are perpendicular to the c direction. Semipolar structures,

which are characterized by a weaker polarization than fully polar structures, can be
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grown, for instance, along the 〈11̄01〉 directions. Note, however, that the discussion

of semipolar structures is complicated by the presence of shear strain [Rom06]. Even

though non-polar and semipolar structures may reduce or eliminate the issues related

with the polarization, this dissertation will focus on polar structures.

The spontaneous and piezoelectric polarization coefficients of the III–nitrides are

high in comparison with the other III–V and II–VI semiconductors. Furthermore, the

large lattice mismatch between GaN and InN (§ 2.4.5) leads to a strong polarization

in strained layers, such as the QWs of a GaInN/GaN MQW. As an example, we

now consider the case of a polar Ga0.7In0.3N QW. We obtain Qp,sp = −0.24 µCcm−2

and Qp,pz = 5.0 µCcm−2. The spontaneous contribution has a sign opposite to the

piezoelectric one, and is almost negligible. Assuming Ga-polar GaN, there will be a

polarization charge of Qp = 4.8 µCcm−2 at the upper side of the QW and −Qp =

−4.8 µCcm−2 at its lower side (in N-polar GaN, instead, the polarization charges are

swapped in position).

The piezoelectric charges are responsible for a strong electric field ~P/εw in the QWs,

where εw is the permittivity in the QW (Table 2.4). This electric field adds to the

electric field ~Escr of the SCR of the p–n junction, so that the total electric field ~Ew in

the QW is:

~Ew =
~P

εw
+ ~Escr (2.22)

In Ga-polar c plane GaInN/GaN QWs, ~P/εw and ~Escr have opposite signs, and
∣
∣~P/εw

∣
∣

is typically much higher than
∣
∣ ~Escr

∣
∣ at typical voltage, so ~P/εw dominates the total

internal electric field. This has the following consequences:

Reduction of wavefunction overlap. The strong internal electric field pushes elec-

trons and holes to the opposing sides of the QW. From a quantum mechanical

point of view, this corresponds to a reduction of the overlap between the electron

and hole wavefunctions (Fig. 2.5a). The radiative and the non-radiative recombi-

nation rates are consequently decreased in such a way that the IQE is negatively

affected (see § 3.1.1).

QCSE. The QCSE is a reduction of the effective bandgap E⋆
g in a QW due to strong

internal electric fields. This happens because the band edges in the QW are strongly

tilted, so the difference between the minimum energies of the electrons and the

holes is smaller than the bandgap (Fig. 2.5a). The emitted photons have therefore
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Figure 2.5: Sketch of the conduction and valence bands in the active region, illustrating
the consequences of the internal electric field. On the left (a): Reduction of
the wavefunction overlap and the effective bandgap E⋆

g due to QCSE. On the
right (b): Influence on transport of the increase of ∆E and ballistic transport.

a smaller energy Eph ≈ E⋆
g , i.e., a longer wavelength [Tak98, Tak04]. The QCSE

may be beneficial if the intent is to reach long wavelengths, because it reduces the

necessary amount of indium in the QWs. The effect is proportional to the product

of the thickness of the QW dw and the strength of the internal electric field ~Ew.

Reduction of photon-recycling. The tilt of the band edges reduces the overlap be-

tween the emission spectrum and the absorption spectrum in the QWs. This

reduces the chances that the emitted photons may be reabsorbed before they es-

cape the crystal, thereby reducing the so-called photon-recycling problem. This is

evidently advantageous for LEDs, although photon-recycling has never been con-

clusively shown to be a serious issue in LED structures with such a small number

of QWs.

Carrier transport issues. Finally, the tilt of the band edges increases the difference

between the energy maximum in the barrier and the energy minimum in the QW,

thereby possibly increasing the resistance of the barrier to the carriers. In a MQW,

this might decrease the number of active QWs and thus reduce the IQE at high

currents (§ 2.4.5). This possibility needs to be researched more thoroughly.
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An opposite effect can instead be expected if ballistic transport is considered: the

internal electric field would help the carriers to fly over the quantum well without

being captured in it [Ni10b, Ni10a]. Ballistic transport is likely to be effective only

on electrons, as the holes have a much higher effective mass. If this were the case,

we would observe two effects:

1. The unbalance between electron and hole mobility is exacerbated and the

number of active QWs further reduced.

2. It can promote carrier spill-over (see § 2.5.2).

All these effects are attenuated at high carrier densities because the carriers would

distribute themselves inside the QW so as to shield the electric field [Sal99]. However,

extremely high carrier density are necessary to remove the electric field completely.

Some of the listed effects are beneficial to LEDs (QCSE and reduction of photon-

recycling) and some others are deleterious (reduction of wavefunction overlap and

carrier transport issues).

It is not clear whether these piezoelectric fields are desirable. It is agreed that the

reduction of wavefunction overlap is deleterious to the IQE. However, without the

QCSE, more indium would be needed to reach the same wavelength, and QWs with

a higher indium content may be less efficient for reasons other than the piezoelectric

fields (see § 2.6). Therefore, there still is the concrete possibility that the simultaneous

removal of the piezoelectric fields and increase of the indium content will actually

reduce the overall efficiency. The consensus in the scientific community seems to be

that the performance of the III–nitride LEDs would improve if the piezoelectric fields

were removed [Wal00], and this has driven a lot of research on the growth of GaN in

non-polar and semipolar directions [Rom06, Spe09, Mas10, Sch12b].

2.4.7 V-pits

When the III–nitrides are grown at low temperatures, and with a carrier gas composed

of more N2 than H2 [Sch00], characteristic holes called V-pits or V-defects appear on

the growth surface. These have a the shape of an inverted hexagonal-based pyramid

where the sides correspond to {101̄1} crystal planes [Kim98, Che98], which form an

angle of 62° with the (0001) plane (Figs. 2.6 and 2.7). The V-pits always form in

correspondence with the dislocations in the underlying layers, so the V-pit density is

a lower bound to the TDD [Sán05]. Their depth and width, instead, are found to be
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Figure 2.6: Axonometric projections of a V-pit (a) and its evolution during growth, where
the blue lines represent the growth surface at different times (b).
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Figure 2.7: SEM
micrograph of some
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of a 1 µm-thick epi-
taxial layer grown at
low temperature by
MOVPE.

proportional to the thickness of the layer being deposited at low temperature. The

V-pits increase in size because the growth rate on the {101̄1} planes is lower than on

the (0001) plane. The exact ratio between the growth rates depends on many factors,

and especially from the growth temperature. It can be estimated to be about 1 : 3

with the growth conditions used for the barriers of the MQW. The ratio is reversed at

high temperatures, so the V-pits gradually disappear when they are overgrown with a

high-temperature layer.

The GaInN/GaN MQW is always grown at low temperature, so it is typically char-

acterized by the presence of V-pits. The QWs inside the V-pits emit light with a

different wavelength because of the following factors:
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2 Theories about droop and green gap

Subband level quantization. The lower growth rate of the {101̄1} planes means that

the QWs are thinner inside the V-pits than outside. The more pronounced quan-

tization of the energy levels determines an increase of the bandgap.

QCSE. Since the QWs inside the V-pits are thin, the QCSE is lower and the effective

bandgap higher.

Polarization. The fact that the {101̄1} planes are semi-polar (§ 2.4.6) allows a reduc-

tion of the electric field and the QCSE inside the QWs. As a consequence, the

effective bandgap increases.

Lateral strain relaxation. The V-pits might allow for some lateral strain relaxation

[Son05]. This would decrease the piezoelectric polarization and therefore the

QCSE. The effective bandgap would increase.

Indium content. Another characteristic of the {101̄1} planes is that the indium in-

corporation of the GaInN layers is typically higher than on the (0001) plane

[Wun11], despite previous discordant claims [Kim07a]. This leads to a decrease

of the bandgap, i.e., the opposite trend than the previous points.

It has been empirically determined that the V-pits in a MQW have a wider effective

bandgap and emit light at a shorter wavelength [Wu98, Mey11, Dan12b]. This must

result from the cumulative effect of the five factors described above, so the higher

indium content inside the V-pits only has a minor effect. Note however, that the

overall result depends, among other things, on the QW thickness. In a thick GaInN

layer, only the last point would be meaningful, so the V-pits would emit at a longer

wavelength in that case.

The presence of dislocations in the active region typically causes non-radiative re-

combination centers that decrease the IQE. The formation of the V-pits in corre-

spondence with the dislocations is thought to be the reason of the high IQE of the

III–nitride LEDs despite the high TDD [Dav00, Han05, Chi06, Hit08]. The higher

bandgap in the V-pits pushes the carriers away from the dislocations and reduce the

probability of their non-radiative recombination.

2.5 Efficiency droop

As seen in § 2.2.1, the IQE of an LED typically present a maximum at a specific carrier

density, and decreases monotonically as the carrier density is increased (due to Auger
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Figure 2.8: WPE of a green LED (emitting at 505 nm) as a function of current density at
room temperature, plotted with either linear (a) or logarithmic (b) axes.

recombination) or decreased (due to SRH recombination). The same can be said with

the current in place of the carrier density, as the carrier density is a monotonous

function of the current.

The decreasing trend of the IQE at high currents has been called efficiency droop

(or simply droop), and can be observed under both EL operation [Muk99] and PL

excitation [She07, Lau09]. Although it can be explained as the effect of Auger recom-

bination, this explanation is not accepted by everyone, and many alternative theories

have been formulated [Pip10]. Three in particular, Auger recombination (§ 2.5.1),

carrier spill-over (a.k.a. carrier escape, overflow or leakage, see § 2.5.2) and carrier

delocalization (a.k.a. carrier-density-activated defect recombination, see § 2.5.3), have

a significant following in the scientific community.

It is still a matter of discussion to determine which of the three is the dominating

mechanism behind the droop, because it is very difficult to devise experiments that

would conclusively confirm or falsify one of them [Li10]. In the following sections, we

will review the theories about the droop that can be found in the literature, and we

will try to point out the relative strengths and flaws.
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Figure 2.9: Dispersion diagram of the three main energy bands (C = conduction band,
HH = heavy-hole band, LH = light-hole band) with the transitions of direct p–
n–n (a), direct p–n–p (b), and phonon-assisted p–n–p (c) Auger recombination.
The involved states are marked 1, 1′, 2 and 2′.

2.5.1 Auger recombination

As already explained in § 2.2.1, the Auger recombination is a non-radiative electron–

hole recombination process in which the released energy is transferred to a third carrier

(either an electron or a hole), which assumes an excited state (Fig. 2.9). The third car-

rier typically releases the excess energy shortly afterwards by thermalization processes,

so that that energy is lost as heat.

Four energy states are involved: those of the recombining electron–hole pair (1 and

1′), and the origin (2) and destination (2′) states of the carrier receiving the energy

difference between 1 and 1′. For the recombination to take place, 1, 1′ and 2 must be

occupied and 2′ must be available. The state 2′ is much more energetic than 2 (for the

type of carrier involved), so it can always be assumed unoccupied. The occupation

probability of the other three states is proportional to the carrier density n. The Auger

recombination rate Raug is therefore proportional to n3 (as seen in § 2.2.1). Because

of its dependence on the third power of n, even though Raug is lower than both Rsrh

and Rrad at low currents, it will exceed both of them at a high enough carrier density.

This may justify the existence of the droop, so a great deal of empirical and theoretical

research on the Auger recombination in the III–nitrides has been carried out in the
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2.5 Efficiency droop

past years, and new results are continuously being published. In this section, a short

summary of the current understanding of the phenomenon will be given.

There are several types of competing Auger processes, which may be classified de-

pending on which energy states are involved. One first criterion is whether the carrier

in the state 2 is an electron or a hole. The first situation is called p–n–n (Fig. 2.9a)

and the second p–n–p (Fig. 2.9b). Furthermore, one can distinguish between direct

(or band-to-band, as in Figs. 2.9a and b), phonon-assisted (Fig. 2.9c) and trap-assisted

Auger recombination.

In the direct Auger recombination, since both energy and crystal momentum must

be conserved, the states are required to be in a particular relation:

E(1)− E(1′) = E(2′)− E(2) (2.23a)

h̄~k(1)− h̄~k(1′) = h̄~k(2′)− h̄~k(2) (2.23b)

where E(·) indicates the energy of the state in parentheses and h̄~k(·) its crystal mo-

mentum. The direct Auger RRC depends on the number of sets of states that fulfill

these requirements and their occupancy status. Carrying out the calculations, it can

be shown that these constraints lead to an exponential temperature-dependence of the

direct Auger RRC Cdirect with a characteristic threshold energy Eth [Hal59]:

Cdirect ∝
(
kbT

Eth

)3/2

exp

(

−kbT

Eth

)

(2.24)

where Eth corresponds to E(2′)−E(2) [Dut82] and has been shown to be approximately

proportional to the bandgap (at least, as far as the bandgap is direct) [Wol54, Dut82,

Wil96]. This proportionality is intuitively justified by the fact that Eth corresponds to

the ionization energy of the semiconductor. After all, impact ionization is the inverse

process to direct Auger recombination, so the thresholds for these two processes must

be equal [Wil96]. From this, we can conclude that the direct Auger RRC in direct

bandgap semiconductors decreases monotonously with increasing bandgap. Such a

decreasing trend has indeed been verified with experiments [Bul08, Pip10].

The theory of Auger recombination as the cause of the droop has often been criticized

because it requires Auger RRCs many orders of magnitude higher than otherwise

expected from the above considerations. The first simulations have also predicted low

values for the Auger RRC, which were incompatible with the empirical determinations.
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2 Theories about droop and green gap

However, these analyses considered only direct Auger recombination, so they could not

rule out other Auger processes.

In the phonon-assisted Auger recombination, the constraint about the conservation

of the crystal momentum (Eq. 2.23b) is removed because the extra momentum is re-

leased by the emission of a phonon. The phonon-assisted Auger recombination does

not have a threshold energy, nor any significant temperature-dependence [Dut82], and

it typically dominates only at low temperatures (because direct Auger recombination

is less efficient, see Eq. 2.24). It is essentially the threshold energy that determines

whether the dominating type of Auger recombination is direct or assisted. As it is

very high in the III–nitrides, the phonon-assisted Auger recombination probably dom-

inates even at high temperatures. The trap-assisted Auger recombination, on the other

hand, is the least studied among the Auger processes and it is usually considered of

minor importance.

The latest theoretical estimations of the Auger RRC in the III–nitrides [Kio11,

Ber12] have shown that the phonon-assisted Auger recombination has the greatest

contribution to the total Auger RRC and the obtained values are close to the Auger

RRCs measured.

2.5.2 Carrier spill-over

In all generality, an LED consists of a p–n junction where the carriers are forced

to recombine in a region inside the SCR, called active region, that has the bandgap

corresponding to the desired emission wavelength. The active region (let’s assume

it to be a single QW, for the moment), has a narrower bandgap than the adjacent

layers, so that the injected carriers are confined inside it until they recombine. The

confinement is given by the two energy barriers that delimit the QW: the one from

which the carriers are injected will be called entry barrier, the other one will be called

exit barrier.

If the confinement does not work properly, some carriers may escape the active

region. It can be assumed that the majority of them will leave the SCR and recombine

non-radiatively in the opposite side of the p–n junction (the electrons with the holes

of the p-side and the holes with the electrons of the n-side). Therefore, the spill-over

of each single electron prevents the injection of the corresponding hole.

There are some reasons for which the confinement can fail:
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Figure 2.10: On the left (a): band diagram of the conduction band edge (thick blue line)
and the electron quasi-Fermi level Fq (dashed line), illustrating the problem
of the thermionic spill-over in a MQW. On the right (b): band diagram of
the conduction band edge, illustrating the ballistic spill-over and the Auger-
induced spill-over.

Thermionic spill-over. Since the carriers in the active region have energies distributed

approximately in accordance with the Maxwell–Boltzmann statistics, a portion of

them, no matter how small, will have an energy higher than the ground state on top

of the exit barrier (Fig. 2.10a). Their amount is about proportional to exp Fq−Eexit

kbT
,

where Eexit is the energy of the exit barrier, Fq the quasi-Fermi level [Pie96, Mul02]

(which typically presents pronounced drops just before the QWs [Kiv12]), kb the

Boltzmann constant and T the temperature. These carriers are able to escape the

active region by either drift or diffusion [Lin12a].

Ballistic spill-over. Carriers with a sufficiently high momentum can traverse a thin

QW without thermalizing enough to remain confined there [Ni10b, Ni10a]. This

process is sketched in Fig. 2.10b.

Auger-induced spill-over. The Auger recombination increases the energy of many

carriers by an amount equal to the bandgap (§ 2.5.1). The excited carriers have

a good probability of escaping the active region (Fig. 2.10b) [Cas84, Pip10]. In

the worst case, Auger-induced spill-over can double the losses attributed to the

Auger recombination alone (as if the Auger RRC were doubled) [Dep12]. In fact,
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2 Theories about droop and green gap

each Auger event expels one carrier out of the active region, which will recombine

non-radiatively outside the active region.

In a MQW, many narrow disconnected active regions are present (the QWs). In

this situation, the spill-over from one QW to the next is actually desirable if it leads

to a uniform distribution of the carriers among the QWs. However, no carrier should

be able to escape the last QW. This is not an issue for holes because of their relatively

high effective mass. Electrons, on the other hand, tend to heap up in the last QW and

can spill over the topmost exit barrier. This can be countered by inserting an EBL

(see Fig. 2.10a and § 2.1) to make the exit barrier higher, although this countermeasure

may not be enough to preclude the possibility of carrier spill-over altogether (because

of side-effects due to the polarization [Roz07]). Finally, if we take into account that

only about one third of the Auger recombination events is of p–n–n type [Kio11], we

may expect that the Auger-induced spill-over might play a marginal role in the droop,

or may rather have beneficial effects for improving the distribution of the holes among

the QWs.

By increasing the current, the voltage is also increased, which has the effect of

lowering the exit barrier in comparison with the entry barrier (note that, even though

the voltage variation with current may be small at high currents, the carrier density

at the exit barrier has an exponential dependence on it). Carrier spill-over becomes

therefore more pronounced at high currents and can justify the droop [Lin12a]. This

issue is also aggravated by the Auger-induced spill-over, which increases with current.

However, even though the carrier spill-over can explain the droop under EL conditions,

it fails in the case of PL excitation. PL excitation of an LED is known to cause carrier

spill-over in the opposite direction, which then generates an inverse current known as

photocurrent. This phenomenon is also the working principle of photoelectric devices.

If the LED is left in an open circuit, the photocurrent will accumulate charges at the

two sides, thus polarizing the LED with a voltage that opposes the photocurrent. In

a steady-state regime, the photocurrent cannot continue to exist, therefore no carrier

spill-over may be taking place. This notwithstanding, the droop can still be measured

under PL excitation [She07, Lau09] (despite previous claims that it cannot [Kim07b]),

a result that discredits the spill-over hypothesis as the main cause of the droop.

To the defense of the spill-over theory, it is argued that the presence of leakage

current paths through the LED structure can result in a steady state photocurrent

even in an open-circuit LED [Sch09b]. Such leakage paths are known to exist, and

evidence of their existence has been found in this work as well (§ 4.6.3). However, the
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2.5 Efficiency droop

reverse spill-over under PL excitation would be expected to present differences from

the forward spill-over under EL operation. Instead, the tight correlation between PL

and EL IQE curves and the similarity of the temperature trends strongly suggest that

the droop is caused by an internal loss process [Lau10b].

Furthermore, numerical band-structure simulations do not normally show signifi-

cant spill-over, unless the band offset ratio is reduced to 50% : 50% from the more

commonly used value of 70% : 30% [Kim04]. However, this is in contradiction with em-

pirical evidence, which has more or less clearly demonstrated the presence of spill-over

phenomena in III–nitride LEDs [Kna09, Vam09, Ive13]. Unfortunately, these works

were unable to distinguish between thermionic, ballistic and Auger-induced spill-over

[Ber13].

2.5.3 Carrier delocalization

One more possibility to explain the droop is through a strongly current-dependent RRC

for the SRH recombination. Even if the interplay between the SRH and the radiative

recombination should lead to an IQE increase with increasing carrier density or current

(§ 2.5), the situation can be different if the density of non-radiative recombination

centers (i.e., the SRH traps) increases substantially with current. This idea is based

on the non-uniform distribution of the carriers in the QWs because of the bandgap

fluctuations. These can be caused by both the indium content inhomogeneities in

GaInN layers (§ 2.4.4), and the V-pits present in correspondence with the dislocations

(§ 2.4.7).

If we suppose that the non-radiative recombination centers are concentrated in the

regions where the bandgap is higher than average, we have the following situation.

At low currents, the carriers are confined in the energy minima, far from the non-

radiative recombination centers (Fig. 2.11a). At high currents, the low-energy areas

are overcrowded (band-filling effect), so that the carriers spread out more uniformly

and reach the SRH traps (Fig. 2.11b) [Muk99, Han05, Hit08, Had10]. This mechanism

implies that the SRH RRC would not be equal to An (as seen in § 2.2.1) but rather to

A(n)× n, where A is a monotonously increasing function of n. To cause a decrease of

IQE with current, A must increase superlinearly with the carrier density.

Even regardless of the distribution of the non-radiative recombination centers, the

confinement of the carrier at low current densities increases the local carrier density

and therefore promotes the radiative recombination over the SRH recombination even
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Figure 2.11: Sketch illustrating (a) the localization of the electrons in the minima of the
conduction band edge at low currents, and (b) their delocalization at high
currents, which allows them to reach the traps. The traps are concentrated
near the maxima or in correspondence with the dislocations.

further. This effect could make the IQE decrease with current even faster than other-

wise.

In Chap. 5, the microscopic brightness inhomogeneities will be characterized in a

series of LEDs. It will be shown that the energy barriers of the V-pits are very

high and are overcome only at unreasonably high currents (§ 5.2.1). Other types of

inhomogeneities have also been observed, but they were only visible at low currents

and cannot possibly play any role at the high currents at which the droop is observed.

2.6 Green gap

One of the most pressing issues of the solid-state lighting industry is the resolution

of the so-called green gap problem. As already mentioned in Chap. 1, the green gap

consists in the lack of high-efficacy LEDs operating at high currents in the green–yellow

range of the visible light spectrum, in particular at the current density of 45A cm−2

typically used for 1W 1mm2-sized chips (Fig. 2.12). Note that the green gap problem

has been defined at high currents. Since the issues at low currents are of a different

nature than those at high currents, it makes sense to focus our investigation to one of

the two regimes.

40



2.6 Green gap

0 50

10
0

15
0

20
0

25
0

Current density [A cm−2]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

E
x
te
rn
al

q
u
an

tu
m

effi
ci
en
cy

Operative current

430 nm
440 nm
445 nm
505 nm
515 nm
525 nm
535 nm

(a) Linear axes.

10
−
3

10
−
2

10
−
1

10
0

10
1

10
2

Current density [A cm−2]

10−1

100

E
x
te
rn
al

q
u
an

tu
m

effi
ci
en
cy

Operative current

(b) Logarithmic axes.

Figure 2.12: EQE of GaInN/GaN LEDs emitting at different wavelengths as a function of
current density at room temperature, plotted with either linear (a) or loga-
rithmic (b) axes.

While the III–nitrides enable efficient solutions for short emission wavelengths [Nar10],

their WPE decreases with increasing wavelength for reasons that are still subject of de-

bate. At the other side of the spectrum, the III–phosphides are the de-facto standard

for red and amber LEDs, but their WPE decreases with decreasing wavelength, so

that there are no devices in the region around 550–580 nm with an acceptable efficacy

[Pet08a], despite the fact that the luminosity function is so high in that wavelength

range.

In this section, we will analyze some possible reasons for the wavelength-dependence

of the WPE in the III–nitrides. In the following chapters (Chaps. 4 to 6), we will

conduct experiments to collect proof for or against these theories. Some hints to the

problem of the green gap from the side of the III–phosphides will be given in § 2.6.5.

2.6.1 Increase of Auger recombination

As visible in Fig. 2.12, the green gap in the III–nitrides appears to be strictly related

to the droop. In fact, the majority of the commercial high-power LEDs are designed

to operate at the current of about 45A cm−2 (or sometimes more [Cic12]). At those
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2 Theories about droop and green gap

currents, the LEDs are already affected by the droop, and the green gap is caused by

the fact that the droop becomes more pronounced as the wavelength is increased. The

causes of the green gap must therefore be sought among the possible reasons that may

cause an increase of droop with wavelength.

One possibility is that the fraction of electron–hole pairs recombining by Auger

increases as the wavelength is increased. This can happen in different ways:

Increase of C. If the RRC C were a decreasing function of the bandgap, the amount

of carriers recombining by Auger would intuitively increase with wavelength. The

relation between the efficiency and the RRCs will be analyzed in much more detail

in Chap. 3.

Decrease of B. It is likewise possible to show that a decrease of the RRC B would

lead to a decrease of Rrad and an increase of Rsrh and Raug. So, if B were an

increasing function of the bandgap, the green gap would be justified. Actually,

this hypothesis has good theoretical grounds, because the phonon-assisted Auger

recombination is expected to have a weak dependence on the bandgap, while the

radiative recombination should be proportional to the bandgap. In fact, the fol-

lowing formula gives a first-principles estimation of the radiative RRC in a QW

[Bas03]:

B =
q2n̄Eph

memh

me+mh

π2m0
2ε0dwc3h̄4

〈
|pcv|2

〉
|Seh|2

π2h̄4

memhkbT
(2.25)

where memh

me+mh
is the reduced electron–hole mass, m0 the electron rest mass, dw the

QW thickness, pcv the matrix element of the electron–photon coupling Hamilton-

ian between electron and hole wavefunctions, Seh the electron–hole wavefunction

overlap, and me and mh the electron and hole effective masses.

Reduction of electron–hole wavefunction overlap. In § 2.4.6, it was explained that

the polarization discontinuities at the borders of the QWs displace the electron

and hole wavefunctions in two opposite directions, so that their overlap is reduced.

The wavefunction overlap Seh is formally defined as:

Seh =

∫ +∞

−∞

Ψe
⋆ Ψh dz (2.26)

where Ψe and Ψh are the ground-state wavefunctions of the electrons and of the

heavy holes, respectively, and the star (⋆) indicates complex conjugation. The

reduction of Seh decreases the recombination rates. From Eq. 2.25, it can be seen
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that B is proportional to |Seh|2. Kioupakis et al. [Kio12] have explained that the

RRCs A and C depend on Seh in exactly the same way:

A = A0|Seh|2 B = B0|Seh|2 C = C0|Seh|2 (2.27)

where A0, B0 and C0 are the RRCs in the case of perfectly overlapping wave-

functions. The polarization discontinuities have therefore the effect of reducing all

RRCs by the same multiplicative factor. This results in a decrease of the IQE: in

fact, lower RRCs require a higher carrier density n so that the total recombination

R remains unvaried. Since Raug is more sensitive to variation of n than Rsrh and

Rrad, the Auger recombination rate increases with respect to the others.

Since the polarization discontinuities become greater with increasing indium con-

tent (decreasing bandgap, increasing wavelength), this trend agrees with the ob-

served wavelength-dependence of the droop. The results of David and Grundmann

[Dav10b] would have shown that the droop could be fully explained by the effect

of the polarization. However, they incorrectly assumed a linear dependence be-

tween the wavefunction overlap and the RRCs, rather than a quadratic one, so

their results should be re-examined.

Reduction of the number of active QW. The number of active QWs influences the

relation between the current and the carrier injection rate (Ginj = I/qVa). An

increase of the injection rate would cause an increase of the carrier density, and

consequently of all the recombination rates. But, like before, the Auger recombi-

nation rate increases more than the radiative recombination rate. So reducing the

number of active QWs leads to more Auger recombination.

We have already had the occasion to discuss that the number of active QWs must

decrease with wavelength due to the deeper QWs, the thicker barriers necessary

(§ 2.4.5), and the higher strains (§ 2.4.6). So, as for the wavefunction overlap,

this trend is compatible with the observed wavelength-dependence of the droop

(however, this part, as opposed to the others, only applies to MQW structures).

If the number of active QWs were forcibly increased by allowing strain relaxation,

the crystal quality would suddenly become so bad that the efficiency loss due to

the higher non-radiative recombination rate would be higher than the gain due to

the enlarged active volume.

Recognizing the main reason behind the increase of the droop with wavelength

has been a major open question motivating the scientific studies of this thesis. The
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wavelength-dependence of the RRCs, as well as the reduction of the wavefunction

overlap, will be analyzed in § 4.7.3. The wavelength-dependence of the number of

active QWs will be discussed in § 4.5.2.

2.6.2 Increase of carrier spill-over

Another reason of an increase for the droop with wavelength could be sought in the

carrier spill-over (§ 2.5.2). We would however expect the thermionic spill-over to de-

crease with wavelength because the depth of the QWs increases with increasing indium

content. This actually improves the confinement that the QWs are able to provide.

It is possible to argue that the uneven distribution of the carriers in a MQW (and, in

particular, their accumulation in the topmost QW) would raise the quasi-Fermi level

in the last QW and increase the chances of thermionic spill-over. However, we will see

in § 4.5.2 that the droop increases with wavelength in both SQW and MQW structures

(Fig. 4.6). Still, the increase in the MQW is greater than in the SQW. These results

suggest that the thermionic spill-over is not the main cause of the droop, but leaves

the possibility that it may have a marginal role.

The theory of the ballistic spill-over, on the other hand, can provide a more plausible

explanation. In fact, since long-wavelength III–nitride LEDs have bigger polarization

charges (and often also have thinner QWs) than the short-wavelength LEDs, the bal-

listic spill-over might be more pronounced in the former than in the latter.

2.6.3 Worsening of crystal quality

The difficulty of growing high-quality GaInN layers increases with increasing indium

content. This partly depends on the low temperatures used, as it does not lead to a

flat morphology and favors the incorporation of impurities such as carbon, and the

tendency of the indium-rich layers to undergo phase separation and become inho-

mogeneous. If the QWs are grown so thick that they relax their strain, new misfit

dislocations are generated. However, this can be avoided by choosing the QW and

barrier thicknesses carefully. If no strain relaxation takes place, no new dislocations

appear: the TDD corresponds to that of the buffer layer.

The crystal quality is expected to correlate with the density of non-radiative re-

combination centers. Therefore, among the RRCs, it would affect mainly A. It is
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normally assumed that the dominant non-radiative recombination centers are those

caused by the dislocations that cross the active region [Sug98, Dai09]. The role of

point defects like impurities, vacancies (e.g., gallium vacancies [Chi05]) and intersti-

tials as non-radiative recombination centers is not as well known and would need more

exhaustive research than is dealt with in this dissertation.

Only the high-current efficiency is of interest to the droop and therefore to the

green gap. At high currents, the SRH recombination plays a negligible role, unless

the defect density is particularly high. This does not typically happen in modern-day

commercial LEDs. The aforementioned defects are not supposed to have an influence

on the radiative recombination, and, even if they may cause defect-assisted Auger

recombination, this has been estimated to be significant only for very high defect

concentrations (of the order of 3×1020 cm−3 [Kio11]).

There is however the possibility that larger-area defects, such as strong inhomo-

geneities or clusters caused by phase separation, may open leakage paths across the

active region and cause parasitic currents. Furthermore, these inhomogeneities may

form quantum dots [Shi03, Mey11], which may be purposely exploited to emit long-

wavelength light, but are normally undesired. In Chap. 5, we will investigate the

brightness inhomogeneity in GaInN/GaN QWs.

2.6.4 Increase of voltage relative to bandgap

In an ideal LED with no efficiency losses, each injected electron–hole pair would result

in the emission of a photon. The principle of conservation of energy requires that the

electrical power flowing into the LED equal the optical power flowing out of the LED,

i.e., the voltage Vf be equal to the average photon energy Eph (approximately equal

to the bandgap) divided by the elementary charge q. Any excess voltage Vf − Eph/q,

which may be necessary to keep the desired current flowing, corresponds to a loss of

EE. Electrical losses also include voltage drops at the contacts, but these are typically

small and, at any rate, wavelength-independent.

It is clear that the long-wavelength LEDs, which have a smaller Eph/q, should require

a lower voltage to operate than the short-wavelength LEDs. However, this is not always

the case. As a matter of fact, blue GaInN/GaN MQW LEDs typically have a voltage of

2.9–3.0V at 45A cm−2, while green LEDs grown in similar conditions have 2.9–3.2V

(§ 4.5.1). So the excess voltage Vf − Eph/q increases with wavelength. This evidently

contributes to the problem of the green gap.
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It is possible to formulate some hypotheses as to the origin of the excess voltage:

Barrier thickness. Thick barriers in a MQW may considerably increase the electrical

resistance to the carrier flow, thus hindering the transport of the carriers from one

QW to the next [Liu08] and increasing the forward voltage necessary to support

the desired current [Kiv12]. Thin barriers, on the other hand, may additionally

favor the tunneling of the carriers through the barrier, thereby decreasing the

excess voltage. Long-wavelength LEDs typically have thicker barriers than short-

wavelength LEDs (§ 2.4.5), so this factor may play a role in the green gap problem.

QW depth. The large band offset of indium-rich QWs hinders the transport of the

carriers from one QW to the next [Siz11], thus increasing the electrical resistance

to the carrier flow (as in Point 1).

Polarization. The polarization of the QWs becomes stronger with increasing indium

content. Since the polarization also increases the electric field ~Escr of the p–n

junction (§ 2.4.6), it tilts the band edges not only in the QWs but also in the

barriers (in the opposite direction). As a consequence, the distance between the

least energetic point of the QW and the most energetic point of the barrier increases

even more than expected from the previous point alone.

These points concern primarily the MQW structures. While these often have more

excess voltage than SQW structures, it is found that also SQW structures do not

show a decrease of voltage proportional to the bandgap. In § 4.5.1, we will show the

measurement of the voltage in series of SQW and MQW LEDs and we will evaluate

the corresponding effect on the EE. It will result that the electrical losses contribute to

the green gap about as much as the other losses, so they should not be underestimated.

2.6.5 Green gap from the III–phosphides’ side

Even though AlP has a bandgap of 2.5 eV, the bandgap is indirect and not effi-

cient at emitting photons. The widest direct bandgap that can be obtained with

the III–phosphides has an energy of about 2.35 eV, which corresponds to an emission

wavelength of 527 nm and is obtained with Al0.44In0.56P [Vur01]. However, given the

high sensibility of the efficiency of the III–phosphides to the TDD, it is desirable to

grow only layers that are lattice matched to the substrate. In the case of GaAs sub-

strates, this may be accomplished by using exclusively (AlxGa1−x)0.52In0.48P alloys, as

they have about the same stress-free lattice constant as GaAs and still allow tuning
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the bandgap in the range from 1.89 eV to about 2.36 eV by varying the Al/Ga ratio

(through the parameter x). Nevertheless, some strain may be introduced during cool-

down due to the CTE differences between the binary III–phosphide semiconductors.

In comparison with the III–nitrides, the III–phosphides do not normally show the

problem of the droop, except at currents so high that the radiative recombination

saturates (§ 3.2 and [Shi11]) or at cryogenic temperatures [Shi12]. Reasons for the

lack of the droop include:

Larger critical thickness. As the layers of the MQW are almost lattice-matched,

thicker QWs and thinner barriers may be grown. This prevents the typical problem

of the III–nitride MQW structures, where only the topmost few QWs are reached

by holes (§ 2.4.5). It is therefore possible to grow III–phosphide MQW structures

with 20 or more QWs. This difference leads to an order of magnitude difference in

active volume between III–phosphide and III–nitride LEDs. The huge active vol-

ume reduces both the Auger recombination and the carrier overflow. The thicker

QWs may also be less subject to the ballistic spill-over. If the III–phosphide LEDs

were grown with an epitaxial structure similar to that of the III–nitride LEDs, they

would probably present some droop as well.

No polarization issues. Since the III–phosphides crystallize in the zincblende struc-

ture, there is no spontaneous polarization. Besides, piezoelectric polarization can

only be produced in them by introducing shear strain, which will not happen as

long as the LED is grown along the (001) direction. Therefore, there cannot be

the deleterious effects described in § 2.4.6. The electron and hole wavefunctions

are perfectly overlapping and the carrier lifetime is shorter than in the III–nitrides.

Like the previous point, this also has the effect of decreasing the carrier overflow

and reducing the influence of the Auger recombination.

Low TDD. The III–phosphide LEDs have a low TDD, so, unlike the III–nitride LEDs,

they are efficient even in absence of bandgap fluctuations and V-pits. There is no

reason to suspect a dependence of the RRC A with the carrier density as was done

in § 2.5.3.

There is however one more situation in which the III–phosphide LEDs exhibit

droop due to carrier spill-over. When the band offsets are too low, the carrier con-

finement in the QWs cannot be effective. Consider, for example, the case of an

(AlxGa1−x)0.5In0.5P/Al0.5In0.5P MQW LED with x tuned for an emission wavelength

of 532 nm (corresponding to a bandgap of 2.33 eV in the active region). In this case,
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2 Theories about droop and green gap

we have ∆Ec +∆Ev = 0.03 eV, which is in the same order of magnitude as the ther-

mal excitation kbT . In this situation, the carriers are not confined in the active region.

They would traverse the entire SCR and recombine non-radiatively in the doped layers

like in a common p–n junction diode.

This problem of the III–phosphides is also present in GaInN/GaN MQW LEDs

emitting below 400 nm. In this case, ∆Ec + ∆Ev is smaller than 0.3 eV, which is

evidently not enough to prevent the spill-over of the electrons. The efficiency of the

III–nitride LEDs decreases as the wavelength is decreased from 400 nm toward the

UV wavelengths, exactly like the efficiency of the III–phosphide LEDs below 600 nm

(corresponding to the bandgap of Al0.5In0.5P minus 0.3 eV). This is therefore the main

cause of the green gap from the III–phosphides side.

The III–phosphides, however, are not completely free of material growth issues. Al-

rich alloys, which are necessary to produce short-wavelength LEDs, typically result

in a worse crystal quality [Nar91], and the IQE of the III–phosphides is much more

sensitive to crystal defects than that of the III–nitrides (§ 2.4.7).

2.7 Summary

In this chapter, we reviewed the most important characteristics of the III–nitrides that

set them apart from the other materials employed for the fabrication of optoelectronic

devices. This material system presents issues especially because of the difficult growth

conditions that it requires (§ 2.4.4). For instance, the growth from the melt, which is

generally used with the other semiconductors to produce high-quality bulk substrates,

would require impractically high temperatures and pressures, so the III–nitrides are

grown only by vapor-phase epitaxial techniques on foreign substrates and with a con-

sequently high TDD (§ 2.4.3). When growing by MOVPE, the binary alloys AlN,

GaN and InN require different, quite incompatible growth conditions, which makes

the growth of the ternary and quaternary alloys more difficult (§ 2.4.4). Moreover,

since there is little freedom in choosing bandgap and strain independently for each

layer, highly strained and polarized layers are the norm (§§ 2.4.5 and 2.4.6). All these

limitations force GaInN/GaN LEDs to have a much smaller active volume than LEDs

based on other material systems.

The III–nitride LEDs present a decrease of efficiency with current, an inconvenience

known as droop. Several controversial theories have been formulated to explain it, such
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as Auger recombination (§ 2.5.1), carrier spill-over (§ 2.5.2), and carrier delocalization

(§ 2.5.3). Furthermore, the droop becomes more and more problematic with increasing

wavelength, to the point that green LEDs have a distinctly lower efficiency (and also a

lower efficacy) than blue LEDs. Since the III–phosphide LEDs are efficient at emitting

red light but lose efficiency and efficacy as the wavelength is decreased, the green–

yellow range is not covered by either material system. This problem is called green

gap (§ 2.6). The purpose of this dissertation is to solve some of the still open questions

about the green gap problem.

The following topics have not been thoroughly researched before this work and will

be dealt with in the following chapters of this dissertation:

Wavelength-dependence of the Auger recombination rate. The Auger recombina-

tion rate at a given current depends on both the RRC B and the RRC C (§ 2.6.1).

Assuming that the EQE contribution to the green gap is given by an increase of

the Auger recombination rate, finding out whether this is caused by a decrease of

B or an increase of C can provide more insight into the green gap problem and

give a clear direction to future research. This will be the topic of § 4.7.2.

Wavelength-dependence of the EE. The EE is expected to be higher in blue LEDs

than in green LEDs, so it contributes to the green gap problem (§ 2.6.4). Whether

this contribution is significant or negligible has not been clearly stated yet. This

will be done in § 4.5.1.

Number of active QWs. The number of active QWs in a MQW is often unknown.

Furthermore, this number is believed to depend on the band offsets and therefore

on the emitted wavelength of the LED. Its variation can contribute to the green

gap problem and should be quantified (see § 4.5.2).

Inhomogeneity of the CIE. Even though the carrier delocalization theory (§ 2.5.3)

does not seem to be as supported by the scientific community as the Auger and

spill-over theories, more research would actually be necessary to confirm it or rule

it out definitely. We will deal with it in Chap. 5.

Influence of the TDD. Dislocations are known to act as non-radiative recombination

centers (SRH traps), and they should therefore affect the RRC A. However, their

effect on the high-current asymptote has not been studied as much. In Chap. 6,

these aspects will be investigated.
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2 Theories about droop and green gap

Finally in Chap. 7, noticing that the problem of the droop can be overcome by

operating the active region under PL excitation, we will discuss the possibility of

producing a III–nitride-based light-emitting device using an efficient blue GaInN/GaN

LED and a GaInN phosphor to convert the blue light into green.
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3 Analysis of efficiency and lifetime

curves with the ABC model

The ABC model, already introduced in § 2.2.1, is a valuable mathematical tool to

interpret, fit and predict efficiency and lifetime curves of a light-emitting diode (LED).

In this chapter, the main properties of these curves will the presented and discussed,

so that they can be taken for granted in the following chapters.

3.1 IQE curves

As explained in § 2.2.1, the internal quantum efficiency (IQE) at a particular car-

rier density originates from the particular interplay between the Shockley–Read–Hall

(SRH), radiative and Auger recombination at the carrier density under consideration.

The IQE is therefore assumed to depend exclusively on the carrier density and the

three recombination rate coefficients (RRCs) A, B and C, and plots of the IQE as a

function of carrier density can be derived from Eq. 2.11, reported below as Eq. 3.1 for

convenience.

IQE =
Bn2

An+Bn2 + Cn3
(3.1)

The obtained graph is known as an IQE curve and can be drawn as a function of

carrier density, but also of applied current or emitted radiant flux, if desirable. Since

the carrier density is not a quantity that can be measured directly, it is more customary

to work with IQE curves as functions of current. It is therefore necessary to understand

the relation between the carrier density and the current. In steady-state equilibrium,

we must have

dn

dt
= Ginj +G−R = 0 (3.2)
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3 Analysis of efficiency and lifetime curves with the ABC model

from which, assuming pure electroluminescence (EL) operation (G = 0), we obtain

Ginj = An+Bn2 + Cn3 (3.3)

where Ginj = I/qVa indicates the carrier injection rate (in the ideal case of unitary

carrier injection efficiency (CIE)), and A, B and C are the RRCs for the SRH, radiative

and Auger recombination, respectively. The same formula would also be valid under

photoluminescence (PL) excitation, substituting Ginj with the generation rate G.

Eq. 3.3 is a third-order polynomial, and its roots can be found with Ferrari’s method.

The discriminant ∆ is defined as

∆ =

(
A2

108C4
+

BGinj

24C4

)
(
4AC − B2

)
+

B3Ginj

216C4
+

Ginj
2

4C2
(3.4)

The three complex roots nk of Eq. 3.3, where k ∈ {0, 1, 2}, are then obtained from

nk = − B

3C
+mk −

1

mk

(
A

3C
− B2

9C2

)

(3.5)

with mk = exp

(
i2kπ

3

)

3

√

AB

6C2
− B3

27C3
+

Ginj

2C
+

2
√
∆ (3.6)

where i =
√
−1 is the imaginary unit. If ∆ ≥ 0, the positive real root that we

are looking for is n0; otherwise it is given by either n1 or n2. Even though Eq. 3.5

can be used to find the carrier density from the carrier injection rate, the numerical

calculation is often affected by considerable rounding errors. Better numerical results

are obtained using Newton’s method directly on Eq. 3.3. (Newton’s method is an

iterative algorithm that attempts to find successively better approximations of the

root using the derivative as a guide.)

Eq. 3.1 and Eq. 3.3 (or its inverse Eq. 3.5) constitute the foundation of the ABC

model. Using them, it is possible to draw the IQE curve for any specified set of RRCs.

Fig. 3.1 shows two IQE curves. As will be seen in the next section, the representa-

tion on logarithmic axes has the advantage of providing a simple interpretation for

its shape, which proves useful to draw conclusions about the interplay between the

recombination mechanisms in LEDs. For this reason, from this point on, we will make

use of logarithmic plots exclusively.
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Figure 3.1: IQE curves obtained from the ABC model with two different RRC sets. The
axes are logarithmic and the asymptotes are shown. The current density refers
to an active region with a thickness of 10 nm.

3.1.1 Logarithmic asymptotes

Every IQE curve has a single peak of height IQEpk at the carrier injection rate Gpk,

found by taking the derivative of Eq. 3.1 and setting it to zero. The peak divides the

IQE curve in two sides: one for currents lower than the peak, and one at currents

higher.

IQEpk =
B

B + 2
√
AC

Gpk =
A(B + 2

√
AC)

C
(3.7)

The IQE increases with current in the left side and decreases in the right side. It is

characterized by a set of asymptotes when represented on a logarithmic scale. For low

currents, the logarithmic IQE curve tends to the asymptote

IQE(low currents) = lim
{

An≫Bn2

An≫Cn3

IQE =
Bn

A
=

BGinj
+1

A2
(3.8)
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3 Analysis of efficiency and lifetime curves with the ABC model

which has a slope of +1 IQE-decade per current-decade, as denoted by the exponent

+1 on Ginj, and a height (i.e., vertical position) related to the RRC ratio B/A2. For

high currents, the asymptote is

IQE(high currents) = lim
{

Cn3
≫Bn2

Cn3
≫An

IQE =
B

Cn
=

BGinj
−1/3

C2/3
(3.9)

with a slope of −1/3 IQE-decades per current-decade, and a height given by B/C2/3. The

ABC curve can therefore be thought as inscribed underneath these two asymptotes

and the horizontal line IQE = 1, which is obviously the upper limit for the IQE.

3.1.2 Droop intensity

Having identified the asymptotes of the IQE curve, we now have the opportunity to

define, quantitatively and unambiguously, the intensity of the droop (§ 2.5) as the

inverse of the height of the high-current asymptote:

Droop intensity =
C2/3

(qVa)
1/3B

(3.10)

so that

IQE(high currents) =
I−1/3

Droop intensity
(3.11)

With this definition, reducing the droop basically means increasing B, reducing C,

and/or increasing the active volume Va, as was also discussed in § 2.6.1. Other re-

searchers have estimated the droop through other parameters, such as the current at

which the efficiency peaks [Li07, Ni08] or the slope of the IQE curve at high currents

in a linear (i.e., non-logarithmic) plot [Tu11, Lin12b]. Those practices, however, may

lead to wrong conclusions: a shift of the peak to higher currents can be caused by

either a rise of the high-current asymptote or a drop of the low-current asymptote.

Eq. 3.10 shows the interesting property that the droop merely depends on the cube

root of the active volume Va, meaning that, to obtain a twofold improvement in ef-

ficiency, Va must be increased by a factor eight. In § 2.6.1, it was pointed out that

an improvement in the wavefunction overlap change the RRCs B and C in a linearly

proportional way. Therefore, by Eq. 3.10, it influences the droop in the same measure

as the active volume (cube root).
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3.1 IQE curves

Clearly, Eq. 3.11 is not a good predictor of the high-current efficiency if the Auger

recombination is not the dominating recombination mechanism. Note that the high-

current asymptote at the current density of 45A cm−2 approximates the effective IQE

quite well, for example, in Fig. 3.1b, but not as well in Fig. 3.1a. This results from the

fact that the high-current asymptote in Fig. 3.1b crosses the other asymptotes at low

currents (i.e., at about 0.1A cm−2), but not so in Fig. 3.1a. However, the agreement

of Eq. 3.11 from the real efficiency curve can typically be improved by reducing the

RRC A (e.g., using buffers with a lower threading dislocation density (TDD) or native

GaN substrates). The high-current asymptote, on the other hand, is not expected

to depend strongly on the TDD, so its optimization is not as trivial. This study is

therefore focused on the high-current asymptote, even when it does not approximate

the efficiency well.

3.1.3 RRC transformations

In this section, we clarify how a change in the RRCs affects the position or the shape

of the IQE curves. Instead of considering the effect of each single RRC individu-

ally, we will analyze the effect of the three following independent transformations

(Eqs. 3.12a–3.12c), where k can assume any real value greater than zero. Note that,

since the RRCs lie in a vector space with three degrees of freedom (A, B and C),

the transformations under discussion cover all possible alterations of the RRCs. This

analyses will allow us to find out some interesting properties of the efficiency curves.







A 7→ k1/2A

B 7→ kB

C 7→ k3/2C

(3.12a)







A 7→ kA

B 7→ kB

C 7→ kC

(3.12b)







A 7→ A

B 7→ kB

C 7→ C

(3.12c)

If the IQE curves are represented as a function of the current I (or the current

density J), the same curve may be described by different (A,B,C) sets. In fact, it

can be shown that the transformation of Eq. 3.12a does not change the height of the

asymptotes,

B

A2
7→ kB

(k1/2A)2
=

B

A2

B

C2/3
7→ kB

(k3/2C)2/3
=

B

C2/3
(3.13)

55



3 Analysis of efficiency and lifetime curves with the ABC model

10
2
1

10
2
2

10
2
3

10
2
4

10
2
5

10
2
6

10
2
7

10
2
8

10
2
9

10
3
0

10
3
1

10
3
2

10
3
3

Carrier injection rate [cm−3 s−1]

10−1

100

IQ
E

10
−
6

10
−
5

10
−
4

10
−
3

10
−
2

10
−
1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

Current density [A cm−2]

Figure 3.2: IQE curves obtained from the transformation of Eq. 3.12b with A = k×106 s−1,
B = 2k×10−12 cm3 s−1 and C = k×10−31 cm6 s−1, where k = 10−5 (violet line),
1 (blue line), 105 (green line) and 1010 (red line). The dashed colored lines
represent the asymptotes. This figure demonstrates that this transformation
does not change the shape of the IQE curves.

nor does it change the shape of the IQE curve whatsoever (e.g., it also does not change

Eqs. 3.7). This fact points out that the relation between (A,B,C) sets and efficiency

curves is not one-to-one. The knowledge of the efficiency curve does not give enough

information to determine the RRCs univocally.

The transformation of Eq. 3.12b shifts the crossing point of the asymptotes toward

lower or higher currents without changing its height. In fact, the asymptotes cross

each other at the height IQEcross, which does not change, and the carrier injection

rate Gcross, which changes by a factor k:

IQEcross =
B√
AC

7→ kB√
kAkC

=
B√
AC

(3.14a)

Gcross =

√

A3

C
7→

√

(kA)3

kC
= k

√

A3

C
(3.14b)

This transformation shifts the IQE curve toward lower or higher currents, but, like the

transformation of Eq. 3.12a, it does not alter the shape (i.e., it accomplishes a rigid

translation toward the left or the right of the plot). This can be observed visually in

Fig. 3.2.
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Figure 3.3: On the left (a): IQE curves obtained from the transformation of Eq. 3.12c
with A = 106 s−1, B = k×10−12 cm3 s−1 and C = 10−31 cm6 s−1, where k =
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colored lines represent the asymptotes. The concept of logarithmic FWHM
is also illustrated. On the right (b): Correlation between peak IQE (Eq. 3.7)
and logarithmic FWHM (Eq. 3.15). The points corresponding to the curves of
Fig. 3.3a are marked.

Finally, the transformation of Eq. 3.12c shifts the crossing point up and down with-

out varying Gcross. This is the only transformation that actually changes the shape of

the IQE curve, as can be seen in Fig. 3.3a.

3.1.4 Correlation between peak IQE and logarithmic FWHM

One way to evaluate quantitatively the shape of a IQE curve is to measure its full

width at half maximum (FWHM) on a logarithmic scale. If we call Gℓ and Gr the two

carrier injection rates at which IQE = IQEpk/2, as shown in Fig. 3.3a, we can define the

logarithmic FWHM (in decades of current) as

Logarithmic FWHM = log10 Gr − log10 Gℓ (3.15)
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= log10

(
3− IQEpk

)2 − 2 + 2
(
2− IQEpk

)√
3− 2× IQEpk

(
3− IQEpk

)2 − 2− 2
(
2− IQEpk

)√
3− 2× IQEpk

(3.16)

Since the transformations of Eqs. 3.12a and 3.12b change neither the peak IQE nor

the logarithmic FWHM, it follows that there must be a one-to-one correspondence

between the peak IQE and the logarithmic FWHM (see Fig. 3.3b and Eq. 3.16). The

relation is found to be inverse monotonic. If the peak IQE is high, the IQE curve must

be broad, and vice versa.

This is an interesting property of the IQE curves. Even if an IQE curve was measured

in arbitrary units, from the calculation of the logarithmic FWHM it is theoretically

possible to estimate the height of the peak, thereby calibrating the measurement. In

practice, as we will see in § 4.6.1, the unideality of real LEDs’ IQE curves makes this

method very unreliable.

3.2 Assumptions of the ABC model

The ABC model is obtained with a set of assumptions that may not be really valid in

all cases.

High carrier density. The carrier density n is assumed much higher than the intrinsic

carrier density ni. This may not be a valid assumption at low currents. However,

it is not an issue when studying the droop phenomenon, which occurs by definition

at high currents.

Balanced electron–hole population. Inside the active region, the hole density p is

supposed equal to the electron density n. This is not necessarily true in a multiple

quantum well (MQW), as the two carrier types do not distribute uniformily among

the quantum wells (QWs) (§ 2.4.5).

Constant active volume for all currents. As reminded in the previous point, the

carriers do not distribute uniformily among the QWs of a MQW. QWs in which

no recombination takes place should not be considered part of the active region.

Furthermore, the presence of bandgap fluctuations in the QWs may prevent the

carriers from occupying the region of the QWs with the widest bandgap (§ 2.5.3).

The active volume becomes then a function of current.
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Figure 3.4: IQE curves obtained from the ABC model with A = 2× 106 s−1, B =
10−12 cm3 s−1 and C = 10−31 cm6 s−1, both with (solid blue line) and with-
out (dotted blue line) the phase-space filling effect (assuming N0 = 1020 cm−3).
The dashed colored lines represent the asymptotes.

In the case of EL operation, any change of the active volume changes the relation

between current and carrier injection rate. Eq. 3.3 can be rewritten as

I

q
= Va

(
An+Bn2 + Cn3

)
(3.17)

where it becomes evident that a change in Va has the same effect as the RRC

transformation of Eq. 3.12b, which shifts the IQE curve toward lower currents (for

a decrease of Va) or higher currents (for an increase of Va). Therefore, a current-

dependence of the active volume may result in a broadening or shrinking of the

IQE curve.

RRCs do not depend on n. In the ABC model, the RRCs are considered constant

in each LED sample. However, we may indicate two possible reasons that may

invalidate this assumption.

1. If the non-radiative recombination centers are concentrated in the regions of

the QWs where the bandgap is at the widest, we may have a lower RRC A at

low currents, at which the carriers are separated from the traps, than at high

currents, at which the carriers have enough energy to reach them.
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3 Analysis of efficiency and lifetime curves with the ABC model

2. Eqs. 2.8–2.10, from which the ABC model has been derived, are only valid at

low carrier densities, at which the energy distribution of the carriers can be ap-

proximated by the Maxwell–Boltzmann statistics. At high currents, instead,

the quasi-Fermi level approaches the band edge, so that this approximation

becomes inadequate and the Fermi–Dirac distribution must be used. More

correct calculations have shown that the radiative and Auger recombination

rates in the high-current regime become proportional to n and n2, respectively

[Had05]. Equivalently, B and C can be taken to be

B =
B0

1 + n/N0

C =
C0

1 + n/N0

(3.18)

so that

Rrad =







B0n
2 if n ≪ N0

B0N0n if n ≫ N0

Raug =







C0n
3 if n ≪ N0

C0N0n
2 if n ≫ N0

(3.19)

where B0 and C0 are the RRCs for the radiative and Auger recombination at

low currents and N0 is the so-called saturation carrier density. This saturation

of the recombination rates is also known as phase-space filling.

If the ABC model is improved with Eqs. 3.19, the asymptote at high cur-

rents changes from Eq. 3.9 into

IQE(high currents) = lim
{

CN0n2
≫BN0n

CN0n2
≫An

n≫N0

IQE =
B0N0

1/2Ginj
−1/2

C
1/2
0

(3.20)

and its slope increases (in absolute value) from −1/3 to −1/2, making the droop

even more problematic (Fig. 3.4).

Even if it is accepted that the saturation of the RRC B (and C) really takes

place at the high currents at which laser diodes are operated, there is no clear

consensus on the fact that the saturation carrier density N0 might be so low

to affect LED operation. Some empirical evidence, however, seems to point

out that it is the case, and that N0 may assume values as low as 5×1018 cm−3

[Dav10a].
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3.3 Lifetime curves

The carrier lifetime indicates the average time that each carrier spends in the active

region before recombining. It may be expressed in mathematical terms as

1

τ
=

R

n− ni

=
−1

n− ni

dn

dt
(3.21)

where the second equality holds in the case of Ginj = G = 0 (i.e., no current and no

PL excitation). In this case, if a certain carrier population is present in the active

region and is allowed to decay with time until it reaches the equilibrium density ni,

τ represents the time by which the carrier population is reduced by a factor 1/e.

Considering the usual assumption n ≫ ni, under which the ABC model was also

derived (§ 2.2.1), and accepting that R is bound to n by Eq. 3.3, we can reformulate

Eq. 3.21 as

1

τ
= A+Bn+ Cn2 (3.22)

To measure the carrier lifetime, one typically applies a current pulse long enough

to bring the LED in a steady-state equilibrium, and then fits the decay of the radiant

flux after the end of the pulse with a suitable function (Fig. 3.5a). The radiant flux

Φe is linked to the carrier density n by the formula Φe = LEE×VaEphBn2. Therefore,

the time constant τ(Φe) of the measured radiant flux decay is half the time constant τ

of the carrier decay:

1

τ
=

−1

n

dn

dt
= −

√

LEEVaEphB

Φe

d

dt

√

Φe

LEEVaEphB
=

−1

2Φe

dΦe

dt
=

1

2τ(Φe)

(3.23)

This procedure is easy to implement if the decay can be fitted with a simple func-

tion, such as an exponential. However, as Eq. 3.22 points out, the carrier lifetime is a

function of the carrier density n. As a consequence, the decay of n cannot be exponen-

tial. Since the fit becomes complicated and inaccurate in this situation, this method

has only been applied at low pulse currents, at which τ ≈ 1/A and the decay can be

considered exponential [Kim10].
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Figure 3.5: Simulation of current, carrier density and radiant flux as a function of time
(relative to t0) during lifetime (a) and DLT (b) measurements, considering
A = 106 s−1, B = 10−12 cm3 s−1, C = 10−31 cm6 s−1, Va = 10−8 cm3 and
Eph = 2.7 eV.

3.3.1 Differential carrier lifetime

We describe now a different definition of carrier lifetime, which is based on small-signal

modulation of a high-current bias and always results in exponential decays [Hal59].

A constant current bias I0 is applied, so that the LED reaches a steady-state equilib-

rium with carrier density n = n0 and radiant flux Φe = Φe0. On top of the bias current,

a current pulse with height ∆I ≪ I0 is superimposed, which temporarily raises the

carrier density by a small amount ∆n(t0) ≪ n0 (where t0 is the instant preceding the

end of the pulse), and the radiant flux by ∆Φe(t0) ≪ Φe0. At the end of the pulse,

the carrier decay is measured (Fig. 3.5b). This time, the decay is guaranteed to be

exponential. In fact, from the ABC model we obtain:

d∆n

dt
=

I0
qVa

− A(n0 +∆n)− B(n0 +∆n)2 − C(n0 +∆n)3 (3.24)
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3.3 Lifetime curves

= −A∆n− B(∆n2 + 2n0∆n)− C(∆n3 + 3n0∆n2 + 3n0
2∆n) (3.25)

∆n→0−−−−→ −(A+ 2Bn0 + 3Cn0
2)∆n (3.26)

where A+2Bn0+3Cn0
2 is a constant. We can therefore define the differential lifetime

(DLT), indicated with τd, as

1

τd
=

R−Ginj

∆n
=

−1

∆n

d∆n

dt
= A+ 2Bn0 + 3Cn0

2 (3.27)

Like the non-differential carrier lifetime, the DLT can be measured from the decay

of the radiant flux. The radiant flux decays exponentially, too, and the time constants

are equal.

∆Φe = LEE× VaEphB(n2 − n0
2)

∆n→0−−−−→ LEE× VaEphB2n0∆n (3.28a)

1

τd
=

−1

∆n

d∆n

dt
=

−LEEVaEphB2n0

∆Φe

d

dt

∆Φe

LEEVaEphB2n0

=
−1

∆Φe

d∆Φe

dt
=

1

τd(Φe)

(3.28b)

3.3.2 Logarithmic asymptotes

It is possible to plot the DLT as a function of the bias current I0, just like it was done

for the IQE against the current I. If the DLT curve is drawn on a logarithmic scale,

it will present two asymptotes: a horizontal one at low currents, and one with a slope

of −2/3 time-decades per current-decade at high currents.

τd(low currents) = lim
{

An0≫Bn0
2

An0≫Cn0
3

τd =
1

A
(3.29a)

τd(high currents) = lim
{

Cn0
3
≫Bn0

2

Cn0
3
≫An0

τd =
1

3Cn0
2
=

G0
−2/3

3C1/3
(3.29b)

In addition to the two asymptotes, there is a third upper limit to the DLT, which is

given by the radiative recombination:

τd(3rd upper limit) = lim
{

Bn0
2
≫An0

Bn0
2
≫Cn0

3

τd =
1

2Bn0

=
G0

−1/2

2B1/2
(3.30)

63



3 Analysis of efficiency and lifetime curves with the ABC model

10
2
1

10
2
2

10
2
3

10
2
4

10
2
5

10
2
6

10
2
7

10
2
8

Injection rate [cm−3 s−1]

10−9

10−8

10−7

10−6

10−5

D
iff
er
en
ti
al

li
fe
ti
m
e
[s
]

10
−
6

10
−
5

10
−
4

10
−
3

10
−
2

10
−
1

10
0

10
1

10
2

Current density [A cm−2]

(a) A = k×106 s−1, with
k ∈ {0.2, 0.6, 1.8, 5.4}.

10
2
1

10
2
2

10
2
3

10
2
4

10
2
5

10
2
6

10
2
7

10
2
8

Injection rate [cm−3 s−1]

10−9

10−8

10−7

10−6

10−5

10
−
6

10
−
5

10
−
4

10
−
3

10
−
2

10
−
1

10
0

10
1

10
2

Current density [A cm−2]

(b) B = k×10−12 cm3 s−1,
k ∈ {0.05, 0.4, 3.2, 25.6}.

10
2
1

10
2
2

10
2
3

10
2
4

10
2
5

10
2
6

10
2
7

10
2
8

Injection rate [cm−3 s−1]

10−9

10−8

10−7

10−6

10−5

10
−
6

10
−
5

10
−
4

10
−
3

10
−
2

10
−
1

10
0

10
1

10
2

Current density [A cm−2]

(c) C = k×10−31 cm6 s−1,
k ∈ {0.016, 0.25, 4, 64}.

Figure 3.6: DLT curves obtained from the ABC model by varying one of the RRCs at a
time. When not otherwise specified: A = 106 s−1, B = 10−12 cm3 s−1, C =
10−31 cm6 s−1.

which however does not have much influence if it lies higher than the crossing point

of the two asymptotes. Fig. 3.6 shows the effect of a change of the RRCs on the DLT

curve. Each RRC controls the position of a single upper limit, and therefore controls

the DLT in a specific range of currents.

3.4 Summary

The ABC model is a theoretical description of the interplay between the SRH, ra-

diative and Auger recombination in the active region of an LED. The model is well

known in the literature, and has already proved to be a useful tool to analyze the

performance of LEDs and to identify the flaws that lead to loss of efficiency.

In this chapter, the ABC model was used to predict the main characteristics of the

IQE and DLT curves. Both types of curves are delimited by three straight lines, or

asymptotes, with a fixed slope (on a logarithmic scale) and a position that depend on

the RRCs in a certain way (§ 3.1.1). Of particular interest is the asymptote that limits

the efficiency at high currents, as it describes the well-known problem of the droop. It

was shown that the vertical position of this asymptote is governed by the RRC ratio
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3.4 Summary

B/C2/3, and by the volume of the active region Va (§ 3.1.2). Therefore, the contribution

of the IQE to the droop can only be reduced if B is increased, C is decreasead, or Va

is increased.

Two facts still need to be ascertained (and they will be dealt with in the following

chapters):

1. The droop is known as a decrease of the external quantum efficiency (EQE) with

current, but it is still not well understood which component of the EQE has the

major influence: is it a decrease of the IQE caused by the Auger recombination

(§ 2.5.1), or is it rather a decrease of the CIE due to, maybe, carrier spill-over

(§ 2.5.2)? The ABC model is focused on describing the IQE, so it would not be

the right tool to investigate the droop if the IQE did not play an important role.

2. Under the supposition that the droop is mainly caused by the IQE, the problem

of the green gap must then be caused by the wavelength-dependence of either

B, C or Va. The next step is to determine which of them is the most important.

The knowledge of where the main bottleneck resides will be useful to lead future

research in the right direction.
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4 Integral analysis of the wavelength

series

In this chapter, the efficiency curves (i.e., graphs of the efficiency as a function of

either current or current density) of a wide set of light-emitting diodes (LEDs) will be

discussed. It will be investigated how the internal quantum efficiency (IQE) and the

electrical efficiency (EE) change as the indium content of the active region is varied

(§ 4.1) or the quality of the buffer is varied (§ 6.1). For the IQE, the recombination rate

coefficients (RRCs) B/A2 and B/C2/3 will be calculated for each sample. The purpose

is to give the readers a general overview on the extent of the green gap problem in

real-world LEDs.

The analysis will be carried out on both a macroscopic scale, considering the overall

brightness emitted by the active region (integral measurements, in this chapter), and a

microscopic scale, measuring the brightness at each point of the emitting surface with

the help of a camera (spatially resolved electroluminescence (µEL) measurements, see

Chap. 5).

4.1 Rationale for a wavelength series

With wavelength series, it is meant a series of samples where only the emitted wave-

length is varied, mostly by incorporating different amounts of indium in the active

region, while most of the other parameters are kept unchanged throughout the se-

ries. The intent is to investigate the effects of the variations of the indium content

while avoiding side effects deriving from unnecessary changes. All the samples of the

wavelength series under discussion were grown on the same metal-organic vapor-phase

epitaxy (MOVPE) reactor in a time frame as short as possible (one or two months)

because different reactors introduce slightly different offsets in the growth parameters

and such offsets also slowly change with time.
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4 Integral analysis of the wavelength series

Varying the indium content has the following consequences:

Indium content homogeneity. Because of the miscibility gap in the ternary GaInN

alloys (§ 2.4.4), quantum wells (QWs) with a higher indium content tend to have an

inhomogeneous indium composition, thereby presenting bandgap fluctuations. This

will be thoroughly investigated in Chap. 5. Also, the susceptibility to thermal stress

is augmented, so that the exposure to high temperatures can lead to the formation

of metallic indium droplets [Sch09a]. However, no metallic indium droplet were

observed in our samples.

Strain and polarization. As mentioned in § 2.4.5, the strain of the QWs is propor-

tional to their indium content, so the samples with the longest wavelength will also

have the most strained QWs. This results in a stronger polarization that reduces

the wavefunction overlap between electrons and holes and thus reduces the IQE. It

has been reported that the strain may reduce the probability of phase separation

[Tab02], thereby compensating in part the issues described in the previous point.

Intrinsic properties. Lastly, different alloys of GaInN have different band structures,

which can clearly result in different properties. Indium rich alloys are known to

have a narrower bandgap (§ 2.4.2), a smaller electron effective mass (in InN it is

about a third than in GaN [Vur03]), a lower RRC for the radiative recombination

(Eq. 2.25), and a higher RRC for the direct Auger recombination (Eq. 2.24). The

band offsets between QWs and barriers will therefore increase with indium content,

thus worsening the carrier transport through a multiple quantum well (MQW)

(§ 2.4.5).

The wavelength series is the most obvious mean to verify the presence and gravity

of the green gap problem. In this chapter, the efficiency measurements of several

wavelength series with different structures will be presented as a function of both

wavelength and applied current density. An important part of the chapter is dedicated

to the determination of the RRCs (§ 4.7.2), to check whether the green gap is caused

by variations of B or variations of C.

4.2 Sample growth and preparation

All the samples were grown by MOVPE using trimethylgallium (Ga(CH3)3) and tri-

ethylgallium (Ga(C2H5)3) as precursors for gallium, trimethylindium (In(CH3)3) for

indium, trimethylaluminum (Al2(CH3)6) for aluminum, silane (SiH4) for silicon, biscy-

68



4.2 Sample growth and preparation

n−-doping n+-dopingGaInN AlGaN p+-doping

z

(a) MQW.

z

(b) SQW.

Figure 4.1: Schematic of the active region structures used in the wavelength series. The
layers are not to scale. The z axis indicates the growth direction.

clopentadienylmagnesium (Mg(C5H5)2) for magnesium and ammonia (NH3) for nitro-

gen. Hydrogen (H2) and nitrogen (N2) were used as carrier gas. Sapphire wafers with

the crystal orientation (0001) and an offcut [Kim04] of 0.3° were used as substrates.

For this study, distinct wavelength series for each of the two variants of the active

region shown in Fig. 4.1 were fabricated. The MQW variant is a nominally undoped

MQW with seven GaInN QWs separated by GaN barriers. The second variant extends

the silicon doping profile from the n-side up to the barrier before the last QW. In the

single quantum well (SQW) variant, instead, the first six QWs were replaced with

GaN layers, so the result has the same overall thickness as the MQW. By growing

these different types of active regions, it should be possible to distinguish between

issues regarding the IQE and the distribution of the carriers between the QWs.

The buffer has the same epitaxial structure in all samples, and it was consistently re-

alized with the same growth conditions. The buffer consists of a thin low-temperature

GaN nucleation layer (§ 2.4.3), a 3 µm-thick GaN layer, a 1 µm-thick highly n+-doped

GaN layer acting as current-spreading layer, and a 1 µm-thick n−-doped GaN layer

(acting as n-side of the LED junction). The p-side was also consistently grown with pre-

determined growth parameters, but its overall thickness was adjusted between 130 nm

and 160 nm to achieve the maximum efficiency boost enabled by the Purcell effect

[Pur46, Wie04]. The p-side comprises an AlGaN electron-blocking layer and GaN cap

layer.

As explained in § 2.4.5, it is possible to grow thicker QWs and thinner barriers

in a blue MQW than in a green MQW without incurring in strain relaxation, alloy
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4 Integral analysis of the wavelength series

decomposition or any severe degradation of crystal quality. The reduction of the

barrier thickness improves the hole transport and allows for a better carrier density

uniformity among QWs. This has been described as one additional contribution to

the green gap typically present in MQW LEDs. In these wavelength series, it was

decided to represent this contribution as well, so QW and barrier thicknesses were

varied throughout the series together with the indium content.

A first characterization of the samples was carried out on wafer-level with x-ray

diffraction (XRD), electroluminescence (EL) and µEL measurements. These mea-

surements have been used in § 4.3 and § 4.6, and later in Chap. 5. Then, some of

the wafers were processed into 1mm2 UX:3 chips [Hah09] and mounted onto standard

TO–18 packages to be measured in an integrating sphere (for improved accuracy) or at

cryogenic temperatures (to determine the light extraction efficiency (LEE), see § 4.4).

With the exception of the data presented in Chap. 7, the chip-level measurements were

carried out without using lenses to maximize the LEE.

4.3 Analysis of the indium content

As a preliminary analysis, the thickness and indium content of the QWs of the samples

were determined through XRD ω–2ϑ scans along the (0002) and (0006) reflections.

This was done only for the MQWs, because the SQWs give interference peaks too

weak to be accurately measured. The MQW, being a periodically repeating structure

(a superlattice), forms multiple superlattice fringes for each non-forbidden reflection,

which allow measuring the superlattice period dsl and the average out-of-plane lattice

constant c̄ with reasonable accuracy using the formulas in Moram and Vickers’s article

[Mor09].

Once c̄ is known, the average indium content x̄ in the MQW can be calculated from

Vegard’s formula c̄ = (1 − x̄)c(GaN) + x̄c(InN), where c(GaN) and c(InN) are the lattice

constants of GaN (0.5185 nm) and InN (0.5860 nm, keeping in mind that InN is grown

pseudomorphically strained over GaN: see § 2.4.5). Note, however, that a deviation

from Vegard’s law has been reported by some in the literature [Lor06].

From dsl and x̄, the thickness dw and indium content xw of each QW can be obtained

solving the following system of equations:

dsl = tbrbc(GaN) + twrw(GaN)c(GaN) + twrw(InN)c(InN) (4.1a)
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4.3 Analysis of the indium content

x̄ =
twrw(InN)

tbrb + twrw(GaN) + twrw(InN)

(4.1b)

dw = twrw(GaN)c(GaN) + twrw(InN)c(InN) (4.1c)

xw =
rw(InN)

rw(GaN) + rw(InN)

(4.1d)

where tw and tb are the times in which a QW and a barrier are grown, respectively,

and rw and rb are the growth rates (in monolayers per unit time) while growing a

QW and a barrier. In the QW, we distinguish between the growth rate of the GaN

component rw(GaN) and the InN component rw(InN), so that rw = rw(GaN)+rw(InN). The

results are shown with the green solid diamonds in Fig. 4.2. For wavelengths longer

than 510 nm, the measurements were affected by great experimental error because the

superlattice fringes became low and broad, indicating phase separation or probable

degradation of the crystal quality. Above 525 nm the zero-ordered superlattice fringe

became impossible to recognize.

4.3.1 Bowing parameter

The photons emitted by a bulk semiconductor have energy approximately equal to the

bandgap energy (plus the thermal excitation of the recombining carriers above their

ground states, which we neglect for simplicity). Our experiment, therefore, allows

us to estimate the relation between indium content and bandgap in the QWs of our

LEDs. Now, we would like to compare our results with those reported in the literature

for bulk GaInN (§ 2.4.2).

However, the energy of the photons emitted by the QWs differs from that of a bulk

layer with the same chemical composition due to the following factors:

Quantization. The limited thickness of the QW (which is comparable to the de Broglie

wavelength) causes the quantization of the (otherwise continuous) energy band into

discrete energy levels called subbands. This has the effect of enlarging the bandgap

with respect to the bulk case.

QCSE. The presence of a strong electric field in the QWs causes a quantum-confined

Stark effect (QCSE), a decrease of the effective bandgap (i.e., the energy of the

emitted photons) with respect to the bulk case. The internal electric field is caused

partly by the space-charge region (SCR) (§ 2.1) and partly by the polarization

discontinuities between the layers of the MQW (§ 2.4.6).
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Figure 4.2: On the left (a): Shift of the apparent bandgap due to the subband quantization
in the QW (red solid line) and the QCSE caused by the polarization field ~P/εw
(blue dashed line) and SCR field ~Escr (green dotted line). On the right (b):
Bandgap and wavelength measured on the MQWs (green filled diamonds) and
corrected to remove the bandgap shifts (brown hollow diamonds). The lines
represent Eq. 2.13 with b = 1.4 [Vur03] and b = 1.0, the second of which fits
the corrected datapoints.

The two contributions can be estimated with some calculations. The quantization

effects were determined by solving the Schrödinger equation for a rectangular well (the

actual computation was done by a program developed by F. Scholz at the University

of Ulm) for eleven QWs out of alloys varying from GaN to Ga0.7In0.3N. The results

are shown by the solid red line in Fig. 4.2a. The SCR and polarization fields, as well

as the spatial separation between the electron and hole wavefunctions, were calculated

from band structure simulations performed by the program nextnano++ [WSI04] for

Ga0.82In0.18N and Ga0.73In0.27N QWs, and linearly interpolated everywhere else. A

wavefunction separation of about 1.5 nm was obtained for both QWs. The simulations

also properly include the effect of the partial shielding of the internal electric field by

the carriers confined in the QWs. The resulting bandgap shifts, given by the product

of the electric field with the wavefunction separation, are shown by the dotted green

line and the dashed blue line in Fig. 4.2a.

The QCSE caused by the polarization field is the dominant effect in polar GaInN/GaN

QWs. Our LEDs are therefore emitting at a longer wavelength than a bulk Ga1−xw
Inxw

N
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4.3 Analysis of the indium content

semiconductor would. This estimation was used to correct the bandgap measurements

so that they correspond to the bulk GaInN case (brown hollow diamonds in Fig. 4.2b).

Assuming that the bandgap of the binary alloys GaN and InN recommended by Vur-

gaftman and Meyer [Vur03] are correct, our fit (shown by the brown dashed line) yields

a bowing parameter b = 1.0, not much lower than the recommended value of 1.4. The

good agreement lends credibility to our data.

4.3.2 Influence of polar QWs on the SCR

The presence of a polarization field in the QWs affects the electric field generated by

the SCR. This effect depends on both the polarization strength and the number of

QWs Nw, and it should have a visible effect on the emission wavelength due to the

change in the QCSE. Changing the number of QWs, therefore, should lead to a change

of the wavelength (red-shift with increasing Nw).

Fig. 4.3 shows a comparison between the emission wavelengths of the MQW, and

SQW LEDs as a function of growth temperature of the QWs (relative to an arbitrary

reference temperature). It can be assumed that the amount of indium incorporated

in a QW does not change as long as the growth temperature is the same. Therefore,

points of the graph sharing the same y coordinate have the same indium content.

The wavelength emitted by the SQWs is found about 10 nm shorter than that of the

corresponding MQWs, with the difference being slightly more pronounced at long

wavelengths. Assuming that there are no meaningful differences in crystal quality and

QW thickness between SQWs and MQWs, the observed offset along the x axis must

be ascribed to the different strength of the internal electric field. The bandgap shift

corresponding to about 10 nm of wavelength shift amounts to −60meV (−10meV per

QW). Considering a wavefunction separation of 1.5 nm, this implies that ~Escr must

have increased by 400 kV cm−1 (67 kV cm−1 per QW).

Clearly, the QCSE makes it possible to produce long-wavelength LEDs with a lower

indium content than otherwise necessary, thus avoiding phase separation and other

material quality issues. However, as was hinted in § 2.4.6, the internal electric field

has a deleterious effect on the IQE, which was the problem that sparked interest in

semipolar and non-polar structures. As explained in this section, the number of QWs

(independently from whether they are active or not) can also be used to control the

internal electric field. Still, it remains to be determined whether the efficiency gained
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the QWs as a function of wavelength.
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to an arbitrary reference.

from the improved wavefunction overlap really exceeds the loss of efficiency caused by

the higher indium content.

4.4 Determination of the LEE from cryogenic EQE

measurements

An effective method to measure the LEE consists in measuring the external quantum

efficiency (EQE) curve in an integrating sphere at cryogenic temperatures, at which

the non-radiative recombination centers are not thermally activated and the Shockley–

Read–Hall (SRH) recombination cannot take place. In this situation, the IQE curve

does not have a peak: the low-current asymptote related to the SRH recombination

disappears and the curve is delimited by a horizontal asymptote with height 1 at low

currents and the usual asymptote with slope −1/3 at high currents (§ 3.1.1). With

the assumption that EQE = IQE × LEE (i.e., we consider an ideal unitary carrier

injection efficiency (CIE)), the EQE curve at low currents equals the LEE. The LEEs

of two LEDs, emitting at 440 nm (blue) and 505 nm (green), were determined using

this method.

Fig. 4.4 shows the EQE curves of the two LEDs under discussion at five different

temperatures ranging from room temperature to 12K. These measurements were not

performed in an integrating sphere, and therefore originally gave results in arbitrary

units. They were then calibrated with the room-temperature measurement made with

an integrating sphere (thick green lines in Fig. 4.4), so that the room-temperature

data match. Note that, although the activated doping concentration decreases at low

74



4.5 Analysis of the high-current efficiency

10
−
3

10
−
2

10
−
1

10
0

10
1

10
2

Current density [A cm−2]

10−1

100

E
Q
E

EQE = 0.76

(a) 440 nm sample.

10
−
3

10
−
2

10
−
1

10
0

10
1

10
2

Current density [A cm−2]

10−1

100

E
Q
E

EQE = 0.74

12K
50K
150K

233K
296K
296K (ref.)

(b) 505 nm sample.

Figure 4.4: EQE curves of two SQWs with wavelengths 440 nm (a) and 505 nm (b) at
temperatures from 12K to 296K. The thick green curves were measured in an
integrating sphere and were used for the calibration.

temperatures and should tend to zero as the temperature tends to 0K, a complete

freeze-out has never been observed in the scientific literature [Per96], nor could it

be observed in our measurements. The lack of differences between the EQE at 12K

and 50K suggests that the most of the non-radiative recombination centers have an

activation energy greater than kb × 50K. The EQE curves of the 440 nm and 505 nm

LEDs peak at 0.76 and 0.74, respectively, which are believable values for the LEE. Note

that the LEE shows no significant wavelength dependence, as is expected (§ 2.2.1).

From now on, an average value of LEE = 0.75 will be assumed for all the chip-level

measurements on TO:18 packages without lens.

4.5 Analysis of the high-current efficiency

In this section, we discuss the EQE and EE of the LEDs of the wavelength series at the

reference current density of 45A cm−1, which corresponds to about 1W in the case

of 1mm2 chips and is typically used in benchmarks of high-brightness LEDs. This

current density is typically much higher than the peak current of the IQE currents, so

it corresponds to a regime at which Eq. 3.11 is valid.

The radiant flux Φe, median wavelength λm and forward voltage Vf were measured

at both wafer-level and chip-level, as described below:
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4 Integral analysis of the wavelength series

Wafer-level measurements. Transparent 200 µm × 200 µm Pt metallizations were

evaporated on the surface of the wafers to act as contacts to the p-side, whereas

the n-side could be contacted at the rim of the wafer. The brightness measure-

ments were performed by a fiber-optic-coupled spectrometer, without any inte-

grating sphere. Each wafer was measured in about 150 different locations, thus

providing a significant statistics. However, voltage measurements were not deemed

reliable and therefore have not been used. Besides, low-current wafer-level mea-

surements could not be trusted because the current density is not precisely defined:

the p-side has a finite lateral resistivity which allows part of the current to flow

away from the contact before crossing the p–n junction. No measurements were

therefore performed at current densities lower than 5A cm−2.

Chip-level measurements. Some of the wafers were processed into 1mm2 UX:3 chips

[Hah09], and five chips from each wafer were mounted onto standard TO–18 pack-

ages for more accurate measurements in an integrating sphere. Current densities

from 10−3Acm−2 to 200A cm−2 were applied with a Keithley Sourcemeter, and

the emitted spectra were measured with an Instrument Systems charge coupled

device (CCD) array spectrometer, which was connected to the integrating sphere

through an optical fiber. For each wafer, five chips were chosen among those with

characteristics similar to the average of the wafer that they come from, and the

best of the five was measured. This provided accurate and representative measure-

ments, which could also be used to calibrate the wafer-level measurements of the

radiant flux.

The EQE and the EE were calculated from their definitions (Eqs. 2.2 and 2.3) assuming

Eph = hc/λm.

4.5.1 Contribution of EQE and EE to the green gap

As explained in § 2.2, the wall-plug efficiency (WPE) of an LED can be divided into

two components: the EQE and the EE. In the III–nitride LEDs, it was anticipated

that both components decrease with increasing wavelength and therefore contribute

to the green gap problem. The purpose of this section is to show which of the two has

the greatest influence in our wavelength series.

Fig. 4.5 shows the WPE and its components EE and EQE, all at the reference current

density of 45A cm−1, as a function of wavelength for the SQWs and the MQWs. Given

the lack of reliable wafer-level voltage measurements, only the EQE could be shown for
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both wafer-level measurements (small solid markers) and chip-level measurements (big

hollow markers). The agreement between the two data sets proves that the chip-level

measurements show the correct trends despite the lower statistics. The EQE is clearly

lower than the EE for all samples. At this point, however, we are mainly interested

in their contributions to the green gap problem. The efficiency drops from 440 nm to

520 nm were calculated: the EQE drops 47%, i.e., almost twice the drop of the EE

(26%). In our MQWs, the drop of the EE accounts for about 1/3 of the green gap

drop, so it is far from being negligible. Still, since the EQE drop contributes to the

green gap problem much more heavily, we decided to focus the rest of our analysis

mainly on the EQE.

4.5.2 Number of active QWs

The graph in Fig. 4.6 shows the IQE of the MQWs and the SQWs at the reference

current density of 45A cm−2 as a function of wavelength. The IQE was obtained from

the measured EQE assuming LEE = 0.75 (§ 4.4) and an ideal CIE of 1. The IQE has

appreciably high values at short wavelengths, but decreases with increasing wavelength

and becomes smaller than 0.1 at wavelengths longer than 550 nm. This graph depicts

the problem of the green gap very well. The MQWs have a higher IQE than the

SQWs, except in the 530–550 nm range. The higher efficiency of the MQWs is mainly

ascribed to the lower carrier density, due to the larger number of active QWs.

Assuming that the current density of 45A cm−1 is much higher than that at which

the efficiency peak is obtained, and that Eq. 3.11 thus yields a good approximation of

the IQE, we can assess quantitatively how large the active volume of the MQWs is
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with respect to that of the SQWs in a wavelength-dependent way. In § 3.1.2, we have

noted that the IQE is proportional to the cube root of the active volume under the

assumption that the RRCs B and C do not change. Since the SQWs obviously have

one active QW, the number of active QWs Nw in the MQW emitting at wavelength λ

can be obtained from

Nw =

(
IQEm

IQEs

)3

(4.2)

where IQEm and IQEs are the IQE values of the MQWs and the SQWs interpolated for

the same wavelength λ. For example, if an MQW had seven active QWs, its IQE would

have to be almost twice ( 3
√
7 = 1.91) that an SQW emitting at the same wavelength.

Since such an improvement was not observed at any wavelength, the number of active

QWs is in no case equal to the number of QWs grown. At 440 nm, the MQW is 57%

more efficient than the SQW, so Nw is equal to about four (1.573 = 3.9). This analysis

assumes each QW to be either active or inactive, and does not try to determine

the actual carrier density in each of the QWs. The value of Nw can be intuitively

understood to carry information about the median of the carrier distribution in the

MQW.

It is generally assumed that hole transport issues are exacerbated at longer wave-

lengths because of both the deeper QWs and the thicker barriers used: the longer the

wavelength, the smaller Nw. Finally, when all holes are confined in the topmost QW,

the MQWs start behaving like the SQWs. The graph in Fig. 4.7 shows the number of

active QWs in the MQWs as estimated from Eq. 4.2. The results show a decreasing

trend for wavelengths shorter than 520 nm, with four active QWs below 490 nm and

about three above. At wavelengths longer than 530 nm the data becomes noisy (not
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shown in Fig. 4.7), probably because the radiant fluxes are small and not precisely

measured. In Fig. 4.6, we showed that the EQE (and therefore the IQE) at 520 nm is

47% lower than at 440 nm and that this decrease is responsible for about 2/3 of the

green gap. The value of Nw decreases in that same wavelength range by 16%, thus

lowering the high-current asymptote by 6% (because 3
√
0.84 = 0.94). This accounts

only for 13% of the EQE decrease with wavelength. Even if the number of active QWs

in the green LEDs could be brought as high as that in the blue LEDs, this would not

help much in solving the green gap problem.

4.6 Analysis of the IQE curves

Until now, only the efficiency at the reference current density of 45A cm−1 has been

considered, with the tacit assumption that the IQE curve at that regime corresponded

to the high-current asymptote identified in § 3.1.1. In this section, instead, both the

IQE will be analyzed as a function of current to extrapolate the height of the asymp-

totes. Since the wafer-level measurements were only done at current densities higher

than 5A cm−2, only the chip-level measurements were used in this part.

The results for the MQWs are shown as a function of wavelength and current density

in the contour plots of Fig. 4.8. The IQE values are encoded with different colors: the

more reddish the tone of color, the higher the IQE for that particular combination

of wavelength and current density. The contour lines are shown at regular intervals

on a logarithmic scale, so that their vertical distances carry information about the

logarithmic slope of the IQE curve. The dashed line connects the efficiency peaks

for each wavelength. The plots condense the information of the IQE curves of seven
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MQWs with wavelengths 440, 460, 480, 500, 520, 545 and 555 nm. All the points

between these wavelengths were linearly interpolated. This study is focused on the

low-current behavior of the LEDs. Since the peaks of the IQE curves are always

located at lower currents than the typical LED operating conditions, studies of the

low-current behavior can be particularly interesting for LED developers.

Fig. 4.8 allows us to notice many features of the IQE curves at once. The IQE

maximum among all wavelengths and currents is found at 460 nm and 1.27A cm−2,

and amounts to 0.86. The peak of the IQE curves shifts toward low currents as the

wavelength is increased from 440 nm to 480 nm, and toward high currents from 520 nm

to 545 nm. The former shift (from 440 nm to 480 nm) happens not only because the

high-current losses increase, but also (and most importantly) because the low-current

losses decrease. This fact is made clear by the inclination of the contour lines: at

high currents the contour lines drop by one current decade every 68 nm, while at low

currents they drop by one current decade every 40 nm. The difference between the

inclinations reveals that the contour lines get closer to each other as the wavelength

is shortened. So it explains why the peak at 440 nm is lower than at 460 nm. From

520 nm to 550 nm, instead, the efficiency peak abruptly shifts toward higher currents

because the low current losses increase strongly. Since both low and high current losses

are increasing with wavelength, the height of the efficiency peak drops very quickly.
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Figure 4.10: Equivalent electri-
cal scheme of an LED with a par-
asitic current proportional to the
forward voltage.

In order to clarify the causes of the efficiency losses involved, the logarithmic slope of

the IQE curves was calculated (see the contour plot in Fig. 4.9). As explained in § 3.1.1,

the ABC model predicts that the logarithmic representation of the IQE curves has

two linear asymptotes: one at low currents with slope 1, where the SRH recombination

is dominant, and one at high current with slope −1/3, where the Auger recombination

is dominant. Since the slope at high currents tends to −1/3, it can be confidently

assumed that the high-current losses are mainly due to Auger recombination. In

particular, since the slope at the reference current density of 45A cm−2 is close to
−1/3, the IQE curve is well approximated by the high-current asymptote (Eq. 3.11),

as previously assumed. The saturation of the recombination coefficients predicted by

David and Grundmann [Dav10a] was not observed, otherwise a slope as low as −1/2

would have been expected (§ 3.2).

At low currents, instead, we discuss two regions separately: one below 480 nm and

one above 520 nm. In the latter, the limit of 1 for the logarithmic slope is not exceeded,
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4 Integral analysis of the wavelength series

which is compatible with the presence of the low-current asymptote. Therefore, we

can be reasonably sure that we are dealing with SRH losses. In the former region,

however, a slope higher than 1 is detected, which cannot be explained as a pure and

simple competition between the SRH and the radiative recombination. It is possible

to explain this non-ideality as a parasitic current flowing through a resistance Rp

parallel to the LED (Fig. 4.10). This corresponds to a decrease of the CIE, which was

otherwise assumed to be one, and causes an underestimation of the IQE. The effect

is noticeable only at low currents because the current flowing through the resistance

increases linearly with the voltage, while the current flowing through the LED increases

superlinearly (about exponentially, though with a current-dependent ideality factor,

see § 2.1). If the value of Rp is known, it is possible to calculate the CIE and to correct

the IQE curves accordingly:

CIE =
I − Vf/Rp

I
IQE =

EQE

LEE× CIE
(4.3)

where Vf is the voltage at which the current I is achieved. To keep our argumentation

independent from the active surface Sa of the LED, a distributed resistance R̂p can be

defined as R̂p = RpSa.

4.6.1 Width of the IQE curves

It has been shown in § 3.1.4 that, according to the ABC model, the logarithmic full

width at half maximum (FWHM) of any IQE curve is linked to the peak IQE. In

this section, we will check whether this relation holds for the IQE curves shown in

§ 4.6. Fig. 4.11 shows the logarithmic FWHM for the LEDs of the wavelength series

(red diamonds) in comparison with the values expected from the ABC model for the

corresponding peak IQE (blue line). The IQE curves of the blue LEDs are narrower

than expected and those of the green LEDs are broader.

The narrowness of the IQE curves is compatible with the presence of the parallel

resistance Rp. We intend to explain the wide logarithmic FWHM of the IQE curves

of the green LEDs with the presence of carrier localization. This idea is inspired from

the theory described in § 2.5.3. At low currents (and consequently low carrier densi-

ties), the carriers tend to assemble in the states of minimum energy, which are more

energetically favorable but spatially localized (Fig. 4.12a). In doing so, the carriers

increase their local density, which promotes the bimolecular radiative recombination

against the monomolecular SRH recombination and boosts the IQE. At high currents
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(and high carrier densities), instead, carrier localization does not play any role because

the conduction and valence bands are filled up to a level much higher than the fluc-

tuations of the respective band edges. In this situation the efficiency does not receive

any particular boost.

Another way to describe this is that the carrier localization reduces the active volume

Va of the QWs. A reduction of Va has the effect of shifting the IQE curve toward lower

currents without changing its shape (§ 3.2). There will be a particular average current

density where the transition from the small-Va IQE curve (red curve in Fig. 4.13) and

the big-Va IQE curve (blue curve) takes place. If the transition occurs between their

peaks, the logarithmic FWHM of the IQE curve increases (Fig. 4.13a). If, instead,

the transition happens at currents lower than the peak current, a shoulder develops

out of the left flank of the IQE curve (Fig. 4.13b). We will later see examples of both

situations in the measurements (§ 4.6.2).

In terms of efficiencies, assuming a non-uniform distribution of the carriers in the

QWs is equivalent to assuming an inhomogeneous CIE. The average value of the CIE

in the whole active volume does not change, yet it presents local fluctuations. It is

appropriate to assume CIE = 1 at high currents (as long as Rp = ∞, see Eq. 4.3), but

the CIE at low currents must be thought of as a function of both carrier density and

spatial position. In Chap. 5, the inhomogeneous carrier distribution in the QWs will

be studied with spatially resolved efficiency measurements.
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4.6 Analysis of the IQE curves

4.6.2 Interpolation with the ABC model

In this section, the ABC model will be fitted to the IQE curves of the SQW and MQW

samples to determine the B/A2 and B/C2/3 ratios. The fit will also yield values for the

distributed parallel resistance R̂p, which can be used to correct the IQE curves.

The fit was performed with a script written in the Python programming language.

We defined the fit parameters p1, p2 and p3 as

p1 =
A

B
1/2

√

Va LEE p2 =
C

B
3/2

√
1

Va LEE
p3 =

Sa

R̂p

(4.4)

where Sa is the active surface of the chip, Va = SaNwdw the total volume of the active

QWs as determined from the XRD measurements (§ 4.3), R̂p the distributed parasitic

resistance (§ 4.6.3), and A, B and C the RRCs for the SRH, radiative and Auger

recombination, respectively. The script was programmed to find the values of the fit

parameters that minimize the root mean square σ of the relative error of the fit to the

empirical data

σ =

√
√
√
√

1

NI

∑

I

(
IQE1 − IQE2

IQE2

)2

(4.5)

where NI is the number of measurements at the different currents I, IQE1 the R̂p-

corrected measurement of the IQE, and IQE2 the IQE predicted by the ABC model:

IQE1 =
1

LEE

Φe

Eph

q

I − p3Vf

(4.6a)

IQE2 =
1

p1 (Φe/Eph)
−1/2

+ 1 + p2 (Φe/Eph)
1/2

(4.6b)

The parameter p3 was an ordinary fit parameter only for the LEDs emitting at λpk ≤
460 nm, whereas for the LEDs beyond 460 nm, which do not appear to have parasitic

currents, p3 was fixed to zero (i.e., the CIE is fixed to 1). The LEE was fixed to 0.75,

as has been found in § 4.4.

The ABC model is not able to account for a current-dependent active volume, so

only the high-current data have been used. Part of the low-current measurements of

the LEDs with IQE curves broadened by local current crowding had to be excluded

from the fit. Specifically, only the points of the IQE curve with a logarithmic slope
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smaller than 0.1 IQE-decades per current-decade were considered. For the 535 nm

SQW, the points that form the shoulder were all excluded. Note that ignoring the

low-current measurements can compromise the determination of the B/A2 ratio, but

ensures that at least the B/C2/3 ratio is found precisely. Fig. 4.14 shows the IQE1 and

IQE2 curves for fits of the 440, 505 and 535 nm SQWs.

Fits of the IQE curves have been used in the past by different research groups to

determine the LEE (and then eventually the ratios B/A2 and B/C2/3). Already in 1981,

C. van Opdorp and ’t Hooft [Opd81] have developed a similar method to distinguish

between non-radiative recombination, injection and extraction losses in laser diodes.

The technique has since been adapted to the III–nitride LEDs (making it account for

Auger losses) and has shown to give consistent and appreciably accurate results, at

least for blue and near-UV LEDs [Kiv12, Gal12, Sch13b]. However, knowing the LEE

of our LEDs already from § 4.4, we could use one less fit parameter.

4.6.3 Parasitic current through a parallel resistance

In § 4.6, it was observed that the low-current efficiency curves of the short-wavelength

LEDs have a logarithmic slope higher than the interplay between the SRH and the

radiative recombination could explain. It was anticipated that these low-current losses

are caused by parasitic currents, and that these currents can be modeled as those

flowing through a parallel resistance. This led to the fit function showed in Eq. 4.6a.

In this section, we show that this interpretation is justified by the accurate fits that

Eq. 4.6a has made possible.
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Figure 4.15: On the left (a): Fits of the IQE curves for a blue LED subject to parasitic
currents. On the right (b): Distributed resistance R̂p (see § 4.6) as a function
of wavelength.

Fig. 4.15a shows the IQE1 and IQE2 curves with p3 fixed to zero (Rp → ∞, i.e.,

without R̂p-correction) and with the optimized p3 (i.e., applying the R̂p-correction).

The R̂p-correction reconstructs the IQE1 curve that would be obtained if the LED had

no parasitic currents. Of course, the reconstructed IQE1 curve appears to have smaller

low-current losses. It can be observed that the IQE1 without R̂p-correction does not

allow for a tight fit by the ABC model. After all, the logarithmic slope greater than +1

at low currents cannot be possibly fitted to the ABC model. After the R̂p-correction

the curve could be perfectly fitted. The fact that this simple correction can make such

good fits possible makes us confident that modeling these low-current losses with one

simple resistance in parallel to the LED is appropriate.

Fig. 4.15b shows the values of 1/Sap3, corresponding to the distributed resistance R̂p

(Eq. 4.4), as a function of wavelength for the LEDs of our wavelength series emitting at

wavelengths shorter than 450 nm. A clear decreasing trend with decreasing wavelength

can be observed. The MQWs are affected about as much as the SQWs with the same

indium content (which have 10 nm-shorter wavelengths, see § 4.3.2), but logically more

than an SQW sample with the same wavelength.
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Figure 4.16: B/A2 ratio (a) and the B/C2/3 ratio (b) as a function of wavelength for both
MQWs and SQWs. The number of active QWs was assumed to be 4 for the
blue MQWs and 3 for the green MQWs.

4.6.4 Determination of the RRC ratios

Fig. 4.16 shows the RRC ratios B/A2 and B/C2/3 for the MQWs and SQWs of the

wavelength series, as derived from the equations

B

A2
=

Va LEE

p12
B

C2/3
=

1

p2
2/3 (Va LEE)

1/3
(4.7)

using values for the active volume Va = SadwNw in accordance to the results of the

XRD measurements (§ 4.3) and the previous estimation of the number of active QWs

in the MQWs (Nw = 4 at short wavelengths and 3 at long wavelengths, see § 4.5.2).

The B/A2 ratio shows the presence of strong SRH recombination both in LEDs with

extreme short wavelengths and those with extreme long wavelengths. The conventional

explanation for the increase of the SRH recombination rate at low currents is based

on the higher lateral carrier mobility in indium-poor GaInN layers [Dan12a], possibly

because the carriers in such layers are not localized by large bandgap fluctuations

caused by alloy decomposition. The high lateral mobility makes it more likely that the

carriers diffuse inside the QW until they reach a non-radiative recombination center

[Cao04, Cao08]. The high SRH losses at long wavelengths, instead, are probably

caused by the degradation of the crystal quality due to alloy decomposition. However,

we have already noted that the SRH recombination is not responsible for significative
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4.7 Analysis of the DLT curves

losses at the high currents at which LEDs are normally operated (§ 4.6), so the B/A2

will not be discussed further.

The B/C2/3 ratio, on the other hand, decreases with the wavelength. This is precisely

the main cause of the green gap that was recognized in Chap. 2: the lowering of

the high-current asymptote of the IQE curve with wavelength. Note that the data-

points for the MQWs fit perfectly along those for the SQWs, showing that Nw was

accurately determined in § 4.5.2. Moreover, the variations of B/C2/3 with wavelength

are much smaller than those of B/A2. To clarify whether the decrease of B/C2/3 with

wavelength is mainly caused by the decrease of B or the increase of C, it will be our

purpose to calculate the RRCs B and C separately (§ 4.7.2). This cannot be done by

fitting IQE curves with the ABC model. In fact, it was determined in § 3.1.3 that

an IQE curve does not determine the (A,B,C) set univocally. The analysis of the

differential lifetime (DLT) curves will be carried out in the following section to solve

this underdetermination.

4.7 Analysis of the DLT curves

The fit of the IQE curves with the ABC model carried out in § 4.6.2 allowed us to

determine the B/A2 and B/C2/3 ratios. This fit, however, is not enough to determine

the individual RRCs unambiguously. In § 3.1.3 it was found that there are infinite

(A,B,C) sets that result in the same IQE curve, and they can all be obtained from

a single valid set by applying the transformation in Eq. 3.12a. In other words, there

is one excess degree of freedom that has to be eliminated with measurements of a

different kind. The difference between the valid RRC sets lies in the different steady-

state carrier density and carrier lifetime. Therefore, the measurement of the carrier

lifetime can provide one extra constraint to the system, thereby removing the excess

degree of freedom and allowing an unambiguous determination of the RRCs.

Rather than the ordinary lifetime, we decided to measure the DLT. The difference

between the two physical quantities has been explained in § 3.3.1. The DLT has

the advantage that it can be evaluated through a simple exponential fit even at high

currents, allowing a precise and reliable determination even at regimes where the SRH

recombination is negligible and the radiative or Auger recombination is dominating.

The evaluation of the ordinary lifetime, instead, is limited to small currents (where

the SRH recombination dominates), or requires otherwise a complicated fit with a
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Bias tee
︷ ︸︸ ︷

LEDI0 C

L

∆I
Figure 4.17: Schematics of the circuit
employed to superimpose rectangular cur-
rent pulses ∆I on top of the DC bias I0.

non-analytical function. Since we are mostly interested in the high-current behavior

of the LEDs, the DLT represents the best choice.

The method used to measure and evaluate the DLT has been described in §§ 3.3.1

and 3.3.2. A Keithley SourceMeter was used to apply the bias currents I0. Rectangular

current pulses with the relative intensity I0 were generated with an Avtech AVR E2 B

current pulse generator and superimposed to this bias current. The superposition of

the current signals was achieved with a Picosecond Pulse Labs 5546 bias tee, which

connects the DC signal through an inductor and the pulsed signal through a capac-

itor (as in Fig. 4.17) to prevent that the two generators interfere with one another.

The height of the pulses is required to be substantially lower than the bias, and was

consistently set to one tenth of the bias (∆I = 0.1 I0).

The radiant flux Φe emitted by the sample was measured as a function of time t by

a Hamamatsu C5658 photodiode. Its photocurrent was probed with a current clamp

connected to a Tektronix TDS 744 spectroscope. The Φe(t) function was averaged

over a large number of periods to reduce noise. The bandwidth is limited by the

spectroscope to 500MHz, giving a maximum temporal resolution of 2 ns. For each

sample and bias current, the radiant-flux difference ∆Φe = Φe − Φe0 was plotted on a

logarithmic scale as a function of time. The DLT τd can then be determined from a

fit of the high-to-low transient of ∆Φe with a straight line:

1

τd
= −d (ln∆Φe)

dt
(4.8)

Using this method, we have measured the DLT on the SQW LEDs of our wavelength

series with wavelengths 430, 440, 445, 505, 515, 525 and 535 nm and for current den-

sities ranging from 1 to 50A cm−2. A Peltier element has been used to regulate the

temperature of the TO–18 package to room temperature. The thermal resistance of

about 100KW−1 between the chip and the package can allow some overheating of the

sample, but the temperature dependence of the DLT has been measured and found

to be small anyway (about 10% difference from 20℃ to 100℃). Therefore, we do not

expect that a potential overheating has a significant influence on our results.
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Figure 4.18: ∆Φe = Φe−Φe0 on a logarithmic scale as a function of time, measured on the
same sample at two different bias currents I0 = 0.2mA and 400mA. The ∆Φe

values are normalized to the value found just before the high-to-low transient
of the current pulse.

As an example, Fig. 4.18 shows two such plots for bias current densities of 25mAcm−2

and 50A cm−2. The fit looks very satisfying for low bias currents, but for high bias

currents the decay becomes too fast to be measured precisely. This limitation imposes

an upper limit to the bias current at which the DLT can be measured: our setup was

not adequate for lifetimes shorter than 5 ns.

The results are shown in Fig. 4.19a as a function of bias current density. According to

the theory delineated in § 3.3.1, a DLT curve represented on a double-logarithmic scale

is expected to have a horizontal asymptote toward low bias currents and an asymptote

with slope −2/3 toward high bias currents. The measured curves suit the theory well at

high bias currents, as they indeed have slope −2/3. The DLT curves, however, should

not feature convex forms like the 525 nm and 535 nm SQWs do. These two LEDs

are once again revealing the presence of strong carrier density inhomogeneities with a

shift of the low-current part of the DLT curve toward lower bias currents (Fig. 4.19b).

The transition between the big-Va and the small-Va situations takes place at current

densities between 1.2A cm−2 and 16A cm−2, with the overall shift measuring about

a factor 13. This indicates that the low-current active volume is 1/13 than at high

currents.
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4.7.1 Interpolation with the ABC model

The measured DLT curves (which will now be indicated with DLT1) were fitted with

a DLT curve obtained from the ABC model (DLT2):

DLT2 =
1

A+ 2Bn+ 3Cn2
with n such that

I0
qVa

= An+Bn2 + Cn3 (4.9)

The RRC B was selected so that the root mean square of the relative error between

DLT2 and DLT1 is minimized, while A and C are varied in accordance to the trans-
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4.7 Analysis of the DLT curves

formation in Eq. 4.8, so that they comply with the B/A2 and B/C2/3 ratios determined

in § 4.6.4. Before performing the fit, however, many DLTs measured at low currents

were discarded (see example in Fig. 4.20). This was necessary to avoid that the fit

be compromised by the presence of low-current inhomogeneities, which alter the DLT

curves as much as the IQE curves.

Contrary to some previous works in the scientific literature [She07, Zha09, Men09,

Bre11], the measurement of the DLT at high currents allows a more precise determi-

nation of the RRC C, possibly at the expense of a loss of precision for the RRC A.

In Chap. 4 it was shown that the SRH recombination has a negligible influence at the

operative current density of about 40–50A cm−2. Since the topic of this study is the

analysis of the green gap at the operative current, a precise determination of the RRC

A is of secondary importance.

4.7.2 Determination of the RRCs

The decrease of the IQE at high currents with increasing wavelength is one of the main

causes of the green gap problem. If it is accepted that the IQE can be modeled with

the ABC model, it must be possible to trace back its decrease to variations of the

RRCs A, B and C. In § 4.6.4, empirical evidence has been presented that the B/C2/3

ratio decreases with wavelength. The question whether the decrease of the B/C2/3 ratio

is due to the decrease of B or the increase of C remains open, and will be answered

in this section.

The determined RRCs are shown in Fig. 4.21 as a function of bandgap and wave-

length. In addition to the samples described above, an additional set of blue SQWs

was included in this study. These were grown by MOVPE on (111) silicon substrates

rather than (0001) sapphire [Dre12], but were characterized with the same methods

and criteria by other researchers [Gal12]. Therefore, it should be possible to compare

the resulting RRCs (shown as blue circles in Fig. 4.21) with those of our wavelength

series (green crosses).

As can be seen in Fig. 4.21a, the RRC A assumes values about five times higher in

the LEDs grown on silicon than in those grown on sapphire with equal wavelength.

This difference can be explained by the different crystalline quality of the two series:

the threading dislocation density (TDD) in the samples on silicon is about a factor

four higher than in those on sapphire. Given these differences, and the fact that the

correlation with the TDD is expected to be monotonically increasing [Dai09], this
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Figure 4.21: A, B, and C as a function of bandgap. The dotted lines are intended to make
the trends of the RRCs more apparent. The thick dashed lines represent some
known expected trends [Kio11, Ber12].

result was expected. The green SQWs have been shown in Fig. 4.21a, although the

removal of many low-current datapoints could have compromised the determination

of A.

According to the current understanding, the lower carrier diffusivity in In-rich

GaInN layers [Dan12a] should make it less likely that the carriers move laterally in

the QWs and reach non-radiative recombination centers [Cao04, Cao08]. Therefore,

we would expect to see a decreasing trend of the RRC A with increasing wavelength.

The LEDs on silicon promptly confirm this expectation, but the LEDs on sapphire do

not do that as clearly.

Fig. 4.21b shows a decreasing trend for B with increasing wavelength. From theo-

retical argumentation, direct proportionality to the bandgap should be expected (see

Eq. 2.25). However, the decrease of B with decreasing bandgap is faster than directly

proportional, as can be realized by comparing the slope (about 1.4 decades/eV) with

that of the violet dashed line (0.17 decades/eV). The theory also predicts proportion-

ality to many other parameters, such as the refractive index, the dipole momentum

and the wavefunction overlap, and inverse proportionality to the effective masses. In
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4.7 Analysis of the DLT curves

Table 4.1: Values of the RRC C reported in the scientific literature for III–nitride LEDs,
where xw is the indium content in the QWs, dw the thickness of the QWs, and
Eph the average energy of the emitted photons.

Source xw dw Eph C

[She07] 0.15 10 nm 2.81 eV 2.0×10−30 cm6 s−1

[Zha09] 0.10 12 nm 3.05 eV 1.5×10−30 cm6 s−1

[Men09] 0.20 3 nm 2.75 eV 1.0×10−30 cm6 s−1

[Ryu09] N/A 2×2.5 nm 2.69 eV > 10−28 cm6 s−1

[Bre11] N/A 1.9–3.0 nm 2.5–3.1 eV 1.6–2.0×10−31 cm6 s−1

[Gal12] 0.16–0.21 3 nm 2.7–2.9 eV 3–4×10−31 cm6 s−1

particular, the wavefunction overlap is believed to play an important role, so we will

attempt to correct for it in § 4.7.3.

The samples on silicon show higher values for B than those on sapphire. This could

erroneously be ascribed to the lower strain in the GaInN QWs. In fact, silicon has

a smaller thermal coefficient of expansion than GaN, while the corresponding value

for sapphire is larger. While sapphire substrates aggravate the compressive strain in

the QWs during cool-down (after growth), silicon substrates alleviate it, leading to

weaker piezoelectric fields and an improved overlap between the electron and hole

wavefunctions. However, the difference in strain between the two sets is expected to

be about one order of magnitude smaller than the difference in strain between blue

and green QWs due to the lattice mismatch with the underlying GaN buffer. At the

time being, this difference remains unexplained.

Finally, one can see in Fig. 4.21c that C does not change significantly between sam-

ples on sapphire and on silicon, showing a substantial independence of C from the

TDD. Furthermore, C shows only a minimal dependence on bandgap (the slope is

about 0.12 decades/eV) in comparison with the other RRCs. The constancy of C

means that the more pronounced droop in green LEDs in comparison to blue LEDs is

caused by the decrease of B rather than the increase of C. Our measurements revealed

a practically constant RRC C at the value of about 10−31 cm6 s−1. Other independent

groups have reported C values higher by about an order of magnitude, but similar

values have also been reported (see Table 4.1).

The red dashed line in Fig. 4.21c shows the values predicted for the RRC C by

Kioupakis et al. [Kio11] with numerical first-principles computer simulations that in-

cluded electron-phonon coupling and alloy scattering. To the knowledge of the authors,
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this simulation has been the first to yield values that could suit empirical determina-

tions, while most of the other first-principles determinations, which have not taken

electron-phonon coupling and alloy scattering into account, have often been underes-

timating the RRC C by some orders of magnitude [Had08, Ber10]. Here we see that

Kioupakis’s values are about a factor three higher than our measured values, although

the slope (−0.15 decades/eV) is not very different.

More recent numerical simulations were performed by Bertazzi et al. [Ber12] using

different approximations, and including not only electron-phonon coupling interac-

tions, like those of Kioupakis et al. [Kio11], but also both intraband and interband

transitions, as in the work of Delaney et al. [Del09]. This is shown by the yellow

line in Fig. 4.21c. Their data is closer to our measured data than those of Kioupakis

et al. [Kio11], but their calculation predicts a stronger bandgap dependence (−1.5

decades/eV) than we observed.

4.7.3 Correction for the wavefunction overlap

In this study we have determined the RRCs in thin SQWs. These values are necessarily

different from those of bulk GaInN because of the reasons explained in § 4.3.1 regarding

the quantization of the carriers’ energy into subbands and the separation of the electron

and hole wavefunctions. If we wish to make a sensible comparison between the RRCs

that we measured in our SQWs and the other bulk-related RRCs that can be found in

the scientific literature, it is necessary to estimate at least to what extent our RRCs

are affected by the internal electric field, and to correct them so that they reflect the

case of perfectly overlapping wavefunctions.

The band-structure simulations performed in § 4.3.1 with the computer software

nextnano++ provides us not only with the internal electric field, but with the ground-

state wavefunctions of the electrons and the heavy holes (Ψe and Ψh, respectively)

as well. With these data, we could calculate the overlap Seh using Eq. 2.26. The

results for a Ga0.82In0.18N/GaN QW (corresponding to 440 nm, see Fig. 4.2) and a

Ga0.73In0.27N/GaN QW (corresponding to 510 nm) are shown in Fig. 4.22. For these

two LED structures we obtained Seh = 0.56 and 0.48, respectively, at the current

density of 45A cm−2.

To correct the RRCs measured in our SQW samples so that they can be compared

with bulk RRCs, they have to be divided by |Seh|2 (see § 2.6.1). For wavelengths be-

tween 440 nm and 510 nm, Seh was linearly interpolated. Note that Seh was considered
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Figure 4.22: Examples of the absolute-squared electron and hole wavefunctions (|Ψe|2 and
|Ψh|2, respectively) for a blue (a) and a green (b) QW, and the corresponding
product (the integral of which is the wavefunction overlap Seh). The values
on the x-axes are relative to the middle of the QWs

a constant for each sample. Although the wavefunction overlap depends to some extent

on the carrier density, simulations with other current densities were also attempted.

The error introduced by taking a constant overlap for each LED was found to be very

small compared to the variations of overlap with wavelength.

Fig. 4.23a shows the corrected RRC B. The correction has decreased the slope of

the graph from 1.4 to 1.1 decades/eV, but it is still far from being proportional to

the bandgap. On the other hand, the corrected C values shown in Fig. 4.23b appear

to have a slope of −0.17 decades/eV, in particularly good agreement with the trend

predicted by Kioupakis et al. [Kio11] (−0.15 decades/eV). Since the calculations of

Kioupakis et al. [Kio11] have indicated that 80% of the Auger recombination events

are phonon-assisted, phonon-assisted Auger recombination appears to be the most

important IQE loss mechanism at high currents and the main cause of the efficiency

droop. The RRC C seems to increase slowly with decreasing bandgap, but the slope is

still much smaller than that of B, confirming the previous conclusion that the decrease

of B plays a bigger role than the increase of C in the green gap problem. After the

correction for the wavefunction overlap, the measured data differ from the simulations

of Bertazzi et al. [Ber12] even more.
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Figure 4.23: Overlap-
corrected B and C as a
function of bandgap.

4.8 Summary

In this chapter, XRD (§ 4.3), I-Vf (§ 4.5.1), I-Φe (§§ 4.5.2 and 4.6) and I-τd (§ 4.7)

measurements were carried out on a series of LED samples comprising both SQW and

MQW confinement structures and emitting at different wavelengths. The IQE and

DLT curves were fitted with the ABC model (§§ 4.6.2 and 4.7.1), and the RRCs A,

B and C were consequently determined (§ 4.7.2) and corrected for the wavefunction

overlap (§ 4.7.3).

The main purpose was to determine whether the increase of droop with wavelength

was caused mainly by the decrease of B or the increase of C. After correcting for

the wavefunction overlap, C was found to remain practically constant at the value of

about 3–4×10−31 cm6 s−1 (after the correction for the wavefunction overlap) whereas

B decreases by almost an order of magnitude as the wavelength increases from blue

to green. Understanding the underlying reason why B decreases with wavelength is

therefore a key point for solving the problem of the green gap. However, we were not

able to make further progress in this direction, possibly because of the uncertainty

in the material parameters of GaInN, or because of excessive simplifications in the

way Eq. 2.25. A possible objective for future research could be to determine the RRC

B for bulk GaInN from full first-principles simulations similar to those employed by

Kioupakis et al. [Kio11] or Bertazzi et al. [Ber12].
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4.8 Summary

The values measured for the RRC C are remarkably similar to those estimated by

Kioupakis et al. [Kio11] with numerical computer simulations. This result confirms

that the process described by C is indeed phonon-assisted Auger recombination and

the droop is therefore caused by the competition between the phonon-assisted Auger

and the radiative recombination.

In the course of this chapter, we were also able to provide some insight into the

following secondary topics:

QW indium content. As is well-known, LEDs emitting at a longer wavelength have

higher indium requirements. In our MQW wavelength series, xw = 0.16 was found

in a 425 nm LED and xw = 0.28 in a 520 nm LEDs. The bowing parameter was

measured to be b = 1.0 (§ 4.3.1). The use of c-plane polar MQWs causes on one

hand a strong QCSE, which helps achieving long wavelength emission with slightly

lower indium contents. On the other hand, the limited wavefunction overlap that

they provide especially in long wavelength LEDs is one of the causes of the problem

of the green gap (§ 4.3.2).

Contribution of the EE to the green gap. The EE decreases with increasing wave-

length, though not so dramatically as the EQE. In our MQW wavelength series,

the EE was estimated to cause about 1/3 of the green gap problem, with the re-

maining 2/3 being ascribed to the decrease of the increase of droop intensity with

wavelength (§ 4.5.1).

Number of active quantum wells. To avoid exceeding the critical thickness during

growth, we decided to grow the long-wavelength MQWs with thinner QWs and

thicker barriers. This had the consequence that the green MQWs had fewer active

QWs than the blue MQWs. However, the reduction in active volume was found to

be relatively small, so that less than 1/10 of the green gap problem can be ascribed

to this issue (§ 4.5.2).

CIE inhomogeneity. While fitting the IQE and DLT curves, we found evidence of

a reduction of the active volume due to the localization of the carriers when the

long-wavelength LEDs are operated at low currents (§ 4.6.1). This phenomenon

has the effect of shifting the characteristic curves toward lower currents by about

a factor 13 (Fig. 4.19b), which should correspond to the factor by which the active

volume is reduced.

An alternative explanation to the droop that has been repeatedly proposed in

the scientific literature is that the delocalization of the carriers as the current
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4 Integral analysis of the wavelength series

is increased could actually justify the droop (§ 2.5.3) even without assuming the

presence of Auger recombination and carrier spill-over. Even though this theory

has not received much support in the latest years, and despite the evidence in favor

of the Auger recombination presented in this chapter, we decided to investigate the

CIE inhomogeneity with spatially resolved measurements. This will be the topic

of the following chapter.
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5 Spatially resolved analysis of the

wavelength series

In Chap. 4 the efficiency was evaluated with some simplifying assumptions. For in-

stance, the electrical and optical properties of the p–n junction have been considered

constant throughout the entire surface of the light-emitting diode (LED). We have

already mentioned that this might not be true (§ 4.6.1): in fact, we assumed that

the anomalous widths and shoulders of the internal quantum efficiency (IQE) curves

are caused by an uneven carrier injection efficiency (CIE) across the emitting surface.

The inhomogeneity of the CIE will be the subject of this chapter. The purpose of this

analysis will be to confirm our hypothesis regarding the shapes of the IQE curves, and

also to check whether the inhomogeneity may be a cause of the droop as discussed in

§ 2.5.3.

The samples of the wavelength series will be analyzed with the aid of a spatially

resolved electroluminescence (µEL) characterization method. Integrating sphere and

spectrometer are replaced with a microscope connected to a sensitive black & white

camera (with a spectral range from 300 nm to 800 nm), so that the radiant flux can be

determined at each point of the emitting surface. Since the camera, unlike a spectrom-

eter, does not detect the wavelength of the detected radiation, the new characterization

will not be spectrally resolved.

5.1 Experimental setup

The measurement setup (shown in Fig. 5.1) consists of a microscope connected to

a digital camera (PCO model pco.1300) with a cooled charge coupled device (CCD)

sensor. All the µEL images were taken through an Olympus objective with a numerical

aperture (NA) of 0.8. The images had a nominal resolution of 140 nm/pixel. The

effective resolution, however, is much worse than this. In fact, the resolving power
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5 Spatially resolved analysis of the wavelength series
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Figure 5.1: Schematic of the experimental setup used for the µEL measurements.

Rlim of a far-field optical microscope is limited by the diffraction limit in accordance

with the Rayleigh formula

Rlim =
3.83λ

2π × NA
(5.1)

where the wavelength λ, in our case, takes values between 420 nm and 560 nm, and

3.83 is the first root of the ordinary Bessel function Jα with order α = 1 (which

describes the radial intensity pattern of an Airy disc). In our case, Rlim is found to be

approximately 400 nm. Smaller details appear smoothed over a multitude of pixels.

Both wafer-level and chip-level µEL measurements are possible in principle. How-

ever, the conventional chip processing involves roughening the upper side of the chip

to improve the light extraction efficiency (LEE). This roughening process makes it

impossible to focus the active layer of the LED. Therefore, only specially prepared

chip samples can be analyzed under the microscope. If the chip roughening step

were skipped, the upper surface of the chip would still not be smooth: the laser lift-

off process leaves a rough surface with an average hill-to-valley separation of 100 nm.

Even though this small roughness does not make the patterns of the active layer totally

unrecognizable, it still prevents a good focus. As a consequence, a polishing process

would actually be recommended. The surface of the wafers, instead, is virtually flat,

every feature being much smaller than the wavelength of light. For these reasons, and

also for simplicity of preparation, we decided to carry out the µEL characterization on

wafer-level.

Five sample wafers with single quantum well (SQW) structures emitting at 450,

505, 515, 525 and 535 nm were prepared with several 200×200 µm2-sized, 250 nm-thick

and highly transparent indium tin oxide (ITO) contacts. A 500 nm-deep and 30 µm-
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5.1 Experimental setup

200 µm

Figure 5.2: Photograph of one ITO
contact on the wafer with the trench
around it.

wide trench was etched around the contacts (Fig. 5.1a). The trench prevented the

current from flowing through the p-side and crossing the LED junction somewhere

else than underneath the contact, so that reliable measurements could be possible

down to very low currents. Fig. 5.2 shows a micrograph of an ITO contact surrounded

by its trench. Since many contacts still presented unacceptably high parasitic currents

(possibly because of a misalignment between the contact mask and the trench mask

during photolithography), only the best contact for each wafer was selected for the

following measurements. The SQWs were preferred over the multiple quantum wells

(MQWs) for this analysis to avoid that the different inhomogeneity patterns in each

quantum well (QW) could be averaged and canceled out.

The wafers were contacted with two needles, one at a corner of the ITO contact and

the other at a random location, preferably at the rim (Fig. 5.1b). Since the second

contact is also on the p-side of the junction, two opposing diodes in series are actually

operated and a high voltage would be needed. To avoid that, the second contact point

was blasted with a strong current pulse, so that the second needle gets contact to the

n-side of the junction directly.

5.1.1 Image alignment

While a long series of images is acquired from the camera, the wafer inevitably drifts

to the side because of the looseness of the chuck or other reasons. As a consequence,

each image has a slightly translated version of the contact compared to the previous

one. Since our purpose is to determine the efficiency curves for each individual point

of the emitting surface, this lateral drift must be corrected. The drift is assumed to

be translational in nature, with no rotational component. The correction was done
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5 Spatially resolved analysis of the wavelength series

with the image processing program ImageJ [NIH97, Sch12a] using the StackReg plug-in

[ETH11]. The plug-in automatically calculates the offset between the images and aligns

them at a subpixel-level using a cubic interpolation algorithm. Since this procedure

proved to work well only with µEL images having comparable average brightness, the

exposure times with which the images were acquired had to be chosen in advance to

be inversely proportional to the radiance.

5.1.2 Consistency with the integral measurements

The gray values of the µEL images are expected to be proportional to the radiance

(in Wsr−1m−2) striking a particular cell of the CCD sensor. The proportionality is

important as we will be estimating the external quantum efficiency (EQE) of each

location of the wafer corresponding to a pixel of the µEL images with the formula

EQE ∝ g

teI
(5.2)

where g is the gray value, te the exposure time and I the current applied through

the contact. To check whether this assumption could be relied on, we carried out

measurements on the same contacts with both the camera and a spectrometer. When

using the camera, the radiance was estimated from the average of the gray values

of the µEL image, whereas, when using the spectrometer, it was estimated from the

integral of the spectrum. Since no integrating sphere could be used for wafer-level

measurements, the radiant intensity was expressed in arbitrary units in both cases.

Then, the IQE curves were roughly calibrated with previous chip-level measurements

performed in an integrating sphere on chips coming from a sister wafer. Fig. 5.3 shows

the EQE curves obtained: the colored markers show the EQE calculated from the

µEL images and the black lines show the corresponding values calculated from the

spectrometer data.

The wafer-level spectrometer and camera-based measurements overlap almost per-

fectly for all samples, thus proving that camera-based measurements can be trusted.

Differences are only present at high currents, where the camera-based measurements

consistently yielded a lower EQE than the spectrometer-based ones. This can be as-

cribed to the effects of overheating. In fact, the spectrometer-based measurements

used pulses at high currents, which reduced the risk of overheating, while the camera-

based measurements did not. Note that the camera-based measurements covered only

the part of the contact which was actually visible in the µEL images (i.e., about 2/3
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Figure 5.3: EQE calculated
from the uEL images (colored
markers) and from the spectrom-
eter measurements (black lines)
as a function of current density.

of the total contact area). Also, the contact needle occupied different positions in the

spectrometer-based measurement than in the camera-based ones: in the former, it was

typically placed in the center of the contact, while in the latter it was kept at a corner

to hide as little active surface as possible. However, these inconsistencies did not cause

any difference in the shapes of the curves. Eventual differences in the heights of the

curves are not visible because both measurements were independently calibrated with

the measurements on the chips from the sister wafers.

This comparison has shown that the camera is as precise as the spectrometer at

measuring the radiant flux. Although it does not have a spectral resolution like the

spectrometer, it does have the spatial resolution we need to analyze the brightness

inhomogeneity.

5.2 Brightness inhomogeneities

In Fig. 5.4, a selection of the µEL images taken from the five wafers at different currents

is shown. The contrast has been enhanced in this print to make the inhomogeneity

more visible. All samples present brightness inhomogeneity to a certain degree. It

is possible to classify the inhomogeneity in different types. Some of them fade away

at high currents while others do not. Moreover, some types are only visible in cer-

tain ranges of wavelengths. The inhomogeneity types that we could identify will be

presented and discussed in the following sections.
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5 Spatially resolved analysis of the wavelength series

3.25mAcm−2 0.325A cm−2 32.5A cm−2

25 µm(a) 450 nm.

3.25mAcm−2 0.325A cm−2 32.5A cm−2

25 µm(b) 505 nm.

3.25mAcm−2 0.325A cm−2 32.5A cm−2

25 µm(c) 515 nm.

3.25mAcm−2 0.325A cm−2 32.5A cm−2

25 µm(d) 525 nm.

3.25mAcm−2 0.325A cm−2 32.5A cm−2

25 µm(e) 535 nm.

Figure 5.4: µEL images of the five SQWs at three different current densities.
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5.2 Brightness inhomogeneities

1 µm

(a) 20mAcm−2.

1 µm

(b) 2A cm−2.

1 µm

(c) 200A cm−2.

Figure 5.5: uEL images of the V-pit-related dark spots in the 450 nm sample at three
different current densities.

5.2.1 V-pit-related dark spots

A type of inhomogeneity visible in all samples consists of a pattern of dark spots against

a relatively brighter background. Since the density of the dark spots corresponds

with the V-pit density (2–5×108 cm−2), it is reasonable to assume that the spots

correspond to the V-pits. This conclusion is supported by the many studies in the

scientific literature that show a point-to-point correlation of the dark spots with the

dislocations or the V-pits [Sug98, Pau06, Gme07, Dan09].

Fig. 5.5 shows a magnified µEL image of some V-pit-related dark spots in the

450 nm sample, where they can be easily recognized, at a low (20mAcm−2), a medium

(2A cm−2) and a high current density (200A cm−2). The dark spots are clearly visible

in all three images. The contrast between the dark spots and the bright areas decreases

with current density. Fig. 5.6 shows the average gray value ratio between some manu-

ally selected dark spots and the bright background calculated as a function of current

density. Whereas the ratio at current densities lower than 0.5A cm−2 is constant, it

gradually approaches unity at high current densities. The turning point (0.5A cm−2)

is only slightly lower than the current at which the droop kicks in, suggesting that

there might be a connection between the two phenomenons. Since then datapoints

beyond 0.5A cm−2 in Fig. 5.6 seem to be aligned along a straight line, we feel entitled

to apply a linear fit to the data, which reveals that the dark spots would completely

disappear at the current density of 500 kA cm−2.
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5 Spatially resolved analysis of the wavelength series
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According to the most corroborated theory about the V-pits [Dav00, Han05, Chi06,

Hit08], the dark spots are not caused by non-radiative recombination centers (even

though the dislocations in the V-pits are likely indeed Shockley–Read–Hall (SRH)

traps), but rather by the energy barriers surrounding the V-pits, which prevent the

carriers from reaching the dislocations (§ 2.4.7). At high currents, band filling enables

the carriers to climb over the energy barriers and recombine inside the V-pits, nearer

to the dislocations. This can explain the observed fading-away of the V-pits at high

currents.

This observation confirms that there are bandgap fluctuations that can be sub-

merged with carriers at high carrier densities. This seems to support the theory of

carrier localization for the droop (§ 2.5.3). However, there are some unconvincing

facts. No decrease of the contrast should be observed as the carriers start to reach

the dislocations, because the dark spots that were caused by the energy barriers of

the V-pits would now be caused by the non-radiative recombination. If the contrast

decreases, as is indeed observed, it either means that the dislocations do not act as

non-radiative recombination centers, or that the dislocations are not yet reached by

the carriers in the current range that we analyzed. If any of these hypotheses is true,

we must conclude that carrier delocalization cannot be the cause of the droop.

5.2.2 Morphology-related wavy inhomogeneity

The 450 nm sample revealed a marked inhomogeneity constituted of bright areas with

an approximately circular form with a wavy circumference and an average diameter of

about 50 µm, surrounded by dark borders at one side. The side with the dark borders

is typically in the direction of the substrate offcut. Fig. 5.7 shows a µEL image with a
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5.2 Brightness inhomogeneities

100 µm

(a) 480 nm.

100 µm

(b) 500 nm.

100 µm

(c) 525 nm.

Figure 5.7: PL images of MQWs emitting at three different wavelengths, showing different
visibility of the morphology-related brightness inhomogeneity.

larger scale so that the inhomogeneity under discussion is well visible. Although the

450 nm sample is the only blue sample in the set, it was confirmed to be representative

of all blue samples with wavelengths up to 500 nm: Fig. 5.7 shows photoluminescence

(PL) images of three MQWs with wavelengths 480, 500 and 525 nm. Note that the

inhomogeneity is visible even under PL excitation (as opposed to EL) and even in

MQW samples (as opposed to the SQWs considered above). It becomes increasingly

difficult to recognize it at long emission wavelengths: in fact, it is very marked in the

480 nm sample, but not visible in the 525 nm sample.

Fig. 5.8 shows an atomic force microscopy (AFM) scan and a PL image of the same

area of a blue MQW sample, in which the growth was interrupted after the deposition

of the active region, so that the surface morphology of the QWs was not hidden

under the p-side. The dark regions in the PL image have the same pattern of the

elevated areas in the AFM scan. We conclude that this inhomogeneity originates from

surface morphology issues. However, since this inhomogeneity affects only the short-

wavelength samples, it cannot be responsible for the unusual forms of the IQE curves

of the long-wavelength samples. And as it disappears almost completely at current

densities as low as 32.5A cm−2, it cannot significantly affect the high-current efficiency

of the LEDs. Since it does not play any role in the phenomena that we intended to

investigate, this inhomogeneity type will not be discussed any further.
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Figure 5.8: PL image (a) and AFM map (b) of the same area of a blue MQWs, showing
the correlation between the elevated area and the brightness inhomogeity. The
red line was added to mark the corresponding patterns.

5.2.3 Inhomogeneity of the low-current asymptote

In this section, the dominant inhomogeneity type of the 505 nm and 515 nm SQWs

will be discussed. It consists of vaguely round dark areas with a typical diameter of

3 µm. It is more visible in the 515 nm sample than in the 505 nm sample. Therefore,

we assume that they become more pronounced as the wavelength becomes longer. It

follows that they should also be present in the two longest-wavelength samples (525 nm

and 535 nm). However, they are not, possibly because a different inhomogeneity type

is much more marked and overshadows the type under discussion (see § 5.2.4).

In an effort to understand more about the nature of the inhomogeneity type of the

505 nm and 515 nm samples, we produced mappings of the (J,EQE) coordinates of the

peaks of the EQE curves. More in detail, the EQE curves were calculated in arbitrary

units for each point of the µEL image by dividing the gray value by the exposure time

and the current (Eq. 5.2), and were normalized. Then, from the EQE curves, the peak

current density and the peak EQE were determined (§ 3.1.4). To make the evaluation

more precise, the ten datapoints nearest to the peak were fitted with a parabola and

the coordinates of the vertex were used. The mappings of the peak current density

and peak EQE for the 505 nm and 515 nm samples are shown in Figs. 5.9.

Since the efficiency peaks are located in the low-current regime, where the inhomo-

geneities are most pronounced, both the V-pit inhomogeneity and the inhomogene-

110



5.2 Brightness inhomogeneities

10−1

100

P
ea
k
cu
r.

d
en
s.

[A
cm

−
2
]

25 µm

100

P
ea
k
E
Q
E

[n
or
m
al
iz
ed
]

(a) 505 nm.

10−1

100

P
ea
k
cu
r.

d
en
s.

[A
cm

−
2
]

25 µm

100

P
ea
k
E
Q
E

[n
or
m
al
iz
ed
]

(b) 515 nm.

Figure 5.9: Mappings of the peak current density and normalized peak efficiency for the
505 nm and 515 nm SQWs.

ity type under discussion manifest themselves in the peak EQE mapping (below in

Fig. 5.9). In particular, the inhomogeneity under discussion forms a spot pattern with

relatively darker and brighter areas. The mapping of the peak current has the same

pattern of spots, in which areas with low peak currents contrast areas with peak cur-

rents one decade higher. It is easily observed that the regions with higher peak EQE

correspond to those with low peak current.

This correlation is illustrated by the scatter plot of Fig. 5.10, in which each dot

corresponds to a pixel of the stack of µEL images and is placed at the coordinates cor-

responding to the peak current density and EQE in that position. We used blue dots

for the 505 nm sample and red dots for the 515 nm sample. The two overlapping “dot

clouds” that were obtained show that the two samples have a very similar behavior. In

both samples, the peak EQE decreases with increasing peak current. This trend can

be interpreted by assuming that there are large fluctuations of low-current asymptote

among the different points of the sample, whereas the high-current asymptote remains

relatively stable. In fact, as shown in Fig. 5.10b, height variations of the low-current

asymptote cause a translation of the peak toward higher currents and lower EQEs with
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Figure 5.10: Scatter plots showing the correlation between peak height and peak current.
On the left (a), the measured peaks of the 505 nm and 515 nm SQWs are
shown. On the right (b), 50 IQE curves calculated from the ABC model are
shown, among which the low-current asymptote was varied more than the
high-current asymptote. Their peaks present a similar slope to the measured
peaks.
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Figure 5.11: EQE curves in arbitrary units of six points of the 505 nm sample, showing
the change from an area with a low peak current to an area with a high peak
current.
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a slope approximately equal to that of the high-current asymptote. To provide fur-

ther evidence for the fluctuations of the low-current asymptote, six contiguous points

representing the transition from an area with low peak current and high peak EQE

to an area with a high peak current and low peak EQE were selected, and their EQE

curves were plotted (Fig. 5.11). As expected, it is observed that the curves differ more

at low currents than at high currents, although some fluctuations of the high-current

asymptote are also noticeable.

Variations of the low-current asymptote can be caused either by an inhomogeneous

bandgap (e.g., due to indium content fluctuations) or by an inhomogeneous defect

density (which causes fluctuations of the B/A2 ratio). In the former case, the asymptote

would be lowered by the lower carrier density in a wider bandgap. In the latter case, the

asymptote would be lowered by a higher density of defects. In this argumentation, both

dislocations and point defects, like interstitials, vacancies or impurities, can possibly

act as non-radiative recombination centers. However, if the dislocations are shielded

by the energy barriers of the corresponding V-pits, point defects are probably more

influential. It follows that the regions marked in blue in the mapping of the peak

current (above in Fig. 5.9) have a higher defect density or wider bandgap, and those

marked in red have a lower defect density or a smaller bandgap. In either way, the

high-current efficiency is not influenced very much.

5.2.4 Extreme inhomogeneity in indium-rich QWs

Lastly, the 525 nm and 535 nm SQWs present prominently another type of bright-

ness inhomogeneity. At low currents, it appears as small bright spots against a dark

background. The density of the bright spots is much lower than that of the V-pit.

This inhomogeneity type disappears completely at high currents. In this discussion,

we will reiterate the same characterization process used in the previous subsection

for the discussion of the B/A2 ratio inhomogeneity. Fig. 5.12 shows the peak height

and peak current mappings of the 525 nm and 535 nm samples. The bright spots that

were observed in Figs. 5.4d and 5.4e clearly correspond to the areas with a low peak

current and high peak EQE. This is however not always the case because samples

with the opposite relation have also occurred during our research. These two samples

present variations in peak current of up to two decades: one decade more than the

inhomogeneity type described in § 5.2.3. The variations in peak EQE are also bigger.
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Figure 5.12: Mappings of the peak current density and normalized peak efficiency for the
525 nm and 535 nm SQWs.
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Figure 5.13: Scatter plot showing the correlation between peak height and peak current in
the 535 nm SQW.
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The correlation between peak height and peak current is shown in Fig. 5.13. For each

sample, the dots form two separate clouds: a sparse cloud at low peak currents, and a

dense cloud at higher peak currents with a negative slope similar to that discussed in

§ 5.2.3. The dense cloud corresponds to the wide areas between the bright spots. The

sparse cloud, instead, clearly corresponds to the bright spots, and its vaguely round

shape does not indicate a particular trend. In the 525 nm sample, the two clouds are

not as separated as in the 535 nm. Similarly, the 505 nm and 515 nm samples probably

have this issue as well, but the two clouds are distant enough to appear separated

in Fig. 5.10. Fig. 5.14 shows the EQE curves for five points chosen near the border

between a bright spot and the wide dark region with which it confines. The curves are

almost joining at high currents. This agrees with the previous observation that the

inhomogeneity under discussion fades away at high currents. At low currents some

curves overlap and some do not. This can be ascribed to the fluctuations of the B/A2

ratio. However, the characteristic feature of these curves is the spreading in the middle

current range between 10mAcm−2 and 10A cm−2. This effect changes the shape of

the efficiency curves in ways not compatible with the ABC model. It makes the curves

with a higher peak EQE narrower and those with a lower peak EQE broader, while

it has been shown in § 3.1.4 that the opposite is generally expected. Therefore, these

differences between the curves cannot be justified by fluctuations of the B/A2 or B/C2/3

ratio or by fluctuations of any of the recombination rate coefficients (RRCs) in general.

It must be resulting from the violation of one of the assumptions with which the ABC

model has been derived (§ 3.2).

As explained in § 3.2, the ABC model assumes that the current flows uniformly

through the active surface. This corresponds to the requirement that the CIE be

independent from the location on the sample. This assumption has also been implicitly

used in this section when the EQE was estimated as in Eq. 5.2: in fact, it would have

been correct to divide the radiance (∝ gray value/exposure time) by the local current

density through the corresponding pixel, rather than the overall current I. This was

not done, of course, because the spatial distribution of the current is not known.

When the current is concentrated in some particular weak spots, the apparent EQE

calculated with Eq. 5.2 would be overestimated in the weak spots (because the radiance

gets divided by an underestimated local current density) and underestimated in the

other regions (where the local current density is overestimated). So this can explain the

spreading of the EQE curves between 10mAcm−2 and 10A cm−2. This is probably

the kind of inhomogeneity we have been looking for in § 4.6.1. If the weak spots

that we have just identified absorb most of the current, the effective active volume is
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Figure 5.14: EQE curves in arbitrary units of five points of the 535 nm sample, showing
the change from a bright spot to the surrounding dark background.

reduced to those spots, and the integral IQE curve is shifted toward lower currents.

Since this only happens in the range of current densities between 10mAcm−2 and

10A cm−2, which is lower than the peak current, the shift results in the appearance of

the shoulder observed in Fig. 4.14 and Fig. 5.3.

5.3 Evaluation of the degree of inhomogeneity

Up to this point, the analysis of the inhomogeneity types was done qualitatively,

without any effort to measure quantitatively how inhomogeneous the radiant flux

density emitted by the active surface was. In this section, we introduce a simple

method to evaluate the degree of inhomogeneity (DoI), which consists in calculating

the standard deviation of the gray values gx,y of each µEL image and dividing them

by the average gray value ḡ. This is computed according to the formula

DoI =

√
√
√
√ 1

NxNy

Nx∑

x=1

Ny∑

y=1

(
gx,y − ḡ

ḡ

)2

(5.3)

where x and y are the horizontal and vertical indices of each pixel, Nx and Ny are the

total numbers of pixels along the horizontal and vertical axes, respectively, and ḡ was
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Figure 5.15: DoI of the five SQWs
under discussion.

calculated as

ḡ =
1

NxNy

Nx∑

x=1

Ny∑

y=1

gx,y (5.4)

The division by the average gray value is necessary to make the determination inde-

pendent from the exposure time. In Fig. 5.15, the DoI curves of the five SQWs are

shown as a function of current density.

We propose to interpret the shapes of the DoI curves of Fig. 5.15 as follows. The

value at high currents is caused primarily by the contribution of the V-pit-related

dark spots (§ 5.2.1). The respective DoI can be considered current-independent at

current densities lower than 1A cm−2, and has only a slight current dependence at

higher currents. The difference between the high-current value and the values at other

currents is attributed to the inhomogeneity types discussed in § 5.2.2–5.2.4. Whereas

for the 450 nm sample it is caused by the morphology-related wavy inhomogeneity, for

the 505 nm and 515 nm samples it is mostly due to the fluctuations of the low-current

asymptote, and for the 525 nm and 535 nm samples there is an additional contribution

in the form of a peak between 10mAcm−2 and 0.1A cm−2, which originates from the

uneven CIE. The contributions add to one another in the same way as the expected

values of Gaussian random variables do. This interpretation is schematized in Fig. 5.16.

To prove that the peaks of the DoI in the long-wavelength SQWs correspond indeed

to the appearance of shoulders in the IQE curves, the DoI curves of the 525 nm and

535 nm SQWs are shown again in Fig. 5.17 next to the corresponding IQE1 and IQE2

curves as calculated in § 4.6.2. It is promptly observed that the IQE1 datapoints are
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Figure 5.16: Scheme of the
interpretation of the DoI in
the curves of Fig. 5.15.
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Figure 5.17: IQE1 (red markers), IQE2 (red dashed curve) and DoI (blue markers) of the
525 nm and 535 nm samples as a function of current density.

shifted toward low currents with respect to the IQE2 by an amount roughly propor-

tional to the corresponding DoI values.

5.4 Summary

In this chapter, the microscopic inhomogeneity of the radiant flux density in the QWs

of SQW LEDs were studied with the help of a µEL characterization method. The

purpose was to determine the role of the inhomogeneity in the high-current efficiency,

and therefore on the droop and green gap problems, and in the anomalies in the

IQE curves that were identified in § 3.1.4. Four distinct types of inhomogeneity were

recognized:
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5.4 Summary

V-pit-related dark spots. The energy barriers surrounding the V-pits prevent the

carriers from recombining through the non-radiative recombination centers in the

dislocations, thus forming dark spots on the QW surface (§ 5.2.1). This is the

only inhomogeneity type that does not disappear at high currents. However, at

high currents the energy barriers are partly overflooded and the contrast between

the dark spots and the bright background decreases. The V-pit-related dark spots

would probably disappear at current densities as high as 500 kA cm−2 (despite this

condition being unfeasible in practice).

We discussed whether these results were evidence for the theory of carrier de-

localization for the droop (§ 2.5.3). However, we concluded that the decrease of

the contrast at high currents is not a convincing proof. The role of the defects on

the high-current efficiency will however be analyzed in more detail in the following

chapter.

Morphology-related inhomogeneity. The three-dimensional morphology of the QW

is believed to cause large-scale inhomogeneity in the short-wavelength LEDs (§ 5.2.2).

The cause of their absence in the long-wavelength samples is still unknown. Any-

way, we were mostly interested in types of inhomogeneity that become more pro-

nounced with increasing wavelength (so that they could explain either the green

gap or the irregular shapes of the IQE curves of the green LEDs). The morphology-

related inhomogeneity does not fit this criterion.

Fluctuations of the low-current asymptote. The low-current asymptote (and the

high-current asymptote to a lesser extent) are not homogeneous throughout the

QW (§ 5.2.3). This can be ascribed either to bandgap fluctuations or to varia-

tions of the B/A2 ratio, as could be determined from the slope of the datapoints in

Fig. 5.10a.

Extreme inhomogeneity in the most indium rich QWs. The long-wavelength sam-

ples presented an inhomogeneous CIE at current densities between 10mAcm−2

and 1A cm−2 (§ 5.2.4). The reason why this phenomenon takes place only in this

particular current density range is not yet understood. The CIE inhomogeneity is

the main cause for the broadening of the IQE curves observed in § 4.6.1 (§ 5.3).
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6 Integral analysis of the defect series

With defect series we describe a series of samples where the defect density is varied,

while as many of the other parameters as possible are kept constant. Many types

of defects are present in light-emitting diodes (LEDs), so many defect series can be

conceived according to which type of defect is varied. Some kinds of defect, such

as vacancies, interstitials and antisite defects, can be difficult to recognize, and it is

consequentially troublesome to realize a defect series where their density is shown

to vary. On the other hand, threading dislocations (both edge and screw type) are

relatively easy to identify.

In this section, in order to evaluate the influence of the threading dislocations on

the efficiency of the LEDs, two defect series with varying threading dislocation density

(TDD) and two different emission wavelengths (440 nm and 515 nm) will be presented

and the efficiency measurements will be shown and discussed.

6.1 Rationale for a defect series

A defect series where the TDD is varied among the samples can be useful to de-

termine the influence of the threading dislocations on the performance of the LEDs.

Dislocations are known to act as Shockley–Read–Hall (SRH) traps in most crystalline

semiconductors, so a defect series where the TDD is varied should exhibit variations of

the B/A2 ratio (and consequently of the low-current asymptote, see § 3.1.1). If this does

not happen, then it could be concluded that the recombination rate coefficient (RRC)

A depends mainly on other types of defects (essentially point defects). However, a cor-

relation of A with the TDD has often been reported in the scientific literature [Sug98,

Dai09].

A second, more interesting reason to grow a defect series is to assess the influence

of the dislocations on the high-current asymptote. Even though defect-assisted Auger

recombination has been occasionally discussed in the scientific literature, it has not
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6 Integral analysis of the defect series

been shown to play any significant role in first-principles simulations, unless the TDD

is much higher than typically found in the actual LEDs [Kio11]. Nevertheless, dis-

locations may affect the high-current asymptote by either decreasing the RRC B or

by decreasing the active volume. In particular, it has been shown in § 5.2.1 that the

V-pits that form in correspondence with the dislocations result in carrier-free areas

in the quantum wells (QWs) that do not take part to the active volume. It would

therefore be useful to assess how much the high-current asymptote may depend on the

TDD.

Finally, a third justification for a defect series is to confirm (or disprove) the theory

of carrier delocalization for the droop. In § 5.2.1, it was shown that the V-pit-related

dark spots are the only kind of inhomogeneity that can be observed at high-currents.

Therefore, the V-pit-related dark spots are only bandgap fluctuations that can be

considered within the theory of carrier delocalization. According to this theory, we

would expect a strong lowering of the high-current asymptote as the TDD is increased,

and vice versa.

6.2 Sample preparation

One of the techniques used to reduce the high TDD typical of heteroepitaxy consists

in growing the buffer in two stages (§ 2.4.3). In the first stage, the growth conditions

are chosen so that high three-dimensional structures develop. In the second, growth

conditions are changed to favor a two dimensional growth, so that the aforementioned

structures coalesce and a planar surface is obtained. The longer the first stage lasts,

the more dislocations with opposing Burgers vectors meet, form loops and stop prop-

agating.

Six sets of GaN buffers with different dislocation densities were grown with six metal-

organic vapor-phase epitaxy (MOVPE) runs (§ 4.2) in multi-wafer reactors. Each run

had different growth times for the two growth stages of the buffer, and resulted in a

different TDD. After the buffer, the growth process proceeded with the first half of

the n+-doped current-spreading layer, and was interrupted thereafter. We will refer

to the produced wafers with the letters from A to F, denoting the set and ordered

by increasing TDD, followed by a progressive number in subscript, which identify the

wafer within a set (e.g., wafer A1 is the first wafer of the set with the lowest TDD).

The wafers of the class C have the same TDD as the wafers of the wavelength series

discussed in the previous chapters.
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6.2 Sample preparation

These buffers were produced to be overgrown in a second epitaxial process with the

remaining part of the LED structure. But before that, they were characterized to

evaluate TDD. The TDD was evaluated from x-ray diffraction (XRD) rocking curves

and atomic force microscopy (AFM) scans:

XRD rocking curves. Dislocations cause crystal structure deformations that result in

broadened XRD reflection peaks [Mor09]. This technique can be used to compare

the defect density of samples with a similar epitaxial structure. Experimental

and theoretical relations between the TDD and the diffraction peak full width at

half maximum (FWHM) can be found in the scientific literature [Dun57, Met98].

Therefore, all of the wafers were introduced in an X-ray diffractometer and the

FWHM of the (0006) and (101̄2) reflection peaks were measured. The former

peak yields information about the screw dislocations, the latter about the edge

dislocations.

AFM scans. If a thick III–nitride layer is grown by MOVPE at low temperatures,

V-pits are developed in correspondence with dislocations (§ 2.4.7). These V-pits

are visible in AFM or scanning electron microscope (SEM) images, so their density

can be calculated. The V-pit density is considered a good approximation of the

TDD. Therefore, the wafers A1–F1 were overgrown with a low-temperature GaN

layer to induce the formation of V-pits, which were then scanned with an AFM.

The results are reported in Table 6.1. The measured V-pit densities clearly show

that, by changing the duration of the growth stages of the buffers, we were able to

vary the TDD within one full order of magnitude. The XRD measurements indicate

that both screw and edge dislocation densities were affected, but the edge dislocations

increased to a higher extent.

The curvature of the wafers was determined, too, by measuring the angle between

two initially parallel laser beams that were reflected on the wafer in two different

positions. The wafer curvatures were different for each wafer because of the different

thicknesses of the buffers. This was deemed important to understand whether the

thermal coupling of the wafers with the wafer holders could be considered equal for

all wafers in successive overgrowth runs. From the results, this cannot be expected.

The wafers (A–F)2–3 were then overgrown with the remaining part of the LED

structure in a multi-wafer planetary MOVPE reactor, in which the satellite rotation

speeds could be individually regulated. The active region consisted of a multiple

quantum well (MQW) structure with five QWs. The wafer A2–F2 and A3–F3 sets
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6 Integral analysis of the defect series

Table 6.1: Room temperature curvature, the FWHM of the (0006) and (101̄2) reflections
(which correlate with the screw and edge dislocation densities, respectively), the
V-pit density, and the fraction of the QW surface that is covered with V-pits
(assuming V-pits with a diameter of 0.05 µm).

Set Curvature (0006) FWHM (101̄2) FWHM V-pit density V-pit coverage

A 120 km−1 210” 210” 1.3×108 cm−2 0.3%

B 90 km−1 240” 290” 2.9×108 cm−2 0.6%

C 60 km−1 270” 310” 4.6×108 cm−2 0.9%

D 60 km−1 280” 350” 5.1×108 cm−2 1.0%

E 50 km−1 310” 400” 7.1×108 cm−2 1.4%

F 20 km−1 340” 490” 1.2×109 cm−2 2.4%

were grown separately in two runs with different target wavelengths: 440 nm (blue)

and 515 nm (green), respectively. The wafers of each set were grown simultaneously

to ensure that the growth conditions are the same. The different curvatures of the

wafers, however, would have caused variations in the heat transfer from the wafer

holder to the wafer, and therefore different growth temperatures for each wafer. To

compensate for this effect, we set different rotation speeds for each satellite. In fact,

since the rotation is accomplished by a nitrogen stream forced against a spiral-shaped

engraving beneath the satellite, by increasing the flux of a particular nitrogen stream

not only the rotation speed is increased, but the corresponding satellite is also pushed

away from the susceptor and its temperature reduced. The superficial temperatures

of the wafers were continuously monitored by an in-situ measurement system, but

they could not be effectively adjusted with the rotation fluxes in real time during

growth, because the delay between a flux change and the corresponding temperature

change is too long. It was therefore preferred to calibrate the rotation fluxes only at

the beginning of the runs at one chosen temperature. It was then assumed that the

calibration would work at any other temperature as well.

Fig. 6.1 shows the plot of the temperatures in the middle of the six wafers at the

beginning of the first run (the one for the wafers A2–F2). The temperature was

brought at the chosen calibration temperature and the adjustment of the rotation

fluxes was carried out. Then, the reactor temperature was increased further and the

overgrowth began (not shown). The calibration was done only at the center of the

wafers, disregarding the temperature uniformity issues. This was deemed acceptable

because our analysis was restricted to the middle of the wafers anyway.
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Figure 6.1: Surface temperature of the
wafers A2–F2 relative to the calibration tem-
perature at the beginning of the overgrowth
run.

6.3 Correlation of the IQE with dislocations

After the overgrowth, the samples were characterized on wafer-level. Two types of

0.2×0.2mm2 contacts were deposited on the wafer: Pt/Au contacts, which offer small

contact resistance and little current crowding even at high currents, and indium tin

oxide (ITO) contacts, which offer better transparency and more accurate measure-

ments at low currents. Around the ITO contacts, a 500 nm-deep trench was etched

to avoid that the current spreads through the p-side away from beneath the contact.

This process was the same used for the spatially resolved electroluminescence (µEL)

measurements discussed in Chap. 5, where more information about it can be found

(§ 5.1). Electroluminescence (EL) measurements were carried out on all wafers for

currents from 10−3Acm−2 to 250A cm−2.

Since no integrating sphere was used, the spectrometer did not receive the full

radiant flux emitted. Therefore, the external quantum efficiency (EQE) could not

be obtained directly from these measurements. However, we were able to estimate a

correlation factor from the previous measurements on the wavelength series to obtain

the internal quantum efficiency (IQE) directly.

We discuss the high-current efficiency first. Since the IQE at high-current was shown

to depend strongly on the wavelength (§ 4.5.1), the data of the defect series have been

plotted together with those of the MQW wavelength series in Fig. 6.2 as a function of

wavelength. The temperature calibration described above (§ 6.2) worked well for both

the blue defect series, in which the emission wavelengths lie within a range of 5 nm,

and the green defect series, in which the range is 8 nm-wide (after all, the wavelength

of the green LEDs is more sensitive to the growth temperature than that of the blue

LEDs, see § 4.3). However, the wavelength variations are still too wide to be ignored.
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Figure 6.2: IQE of the blue and green defect series in comparison to the IQE of the MQW
wavelength series discussed in § 4.5.1.

With the exception of wafer A2, the blue defect series reveals a clear IQE improve-

ment of about 20% with TDD decreasing by an order of magnitude, despite the slight

wavelength increase. As expected, wafer C2 has the typical performance as the sam-

ples of the wavelength series. From this, it is deduced that the high-current efficiency

of the blue LEDs can be appreciably improved by a reduction of the TDD.

To determine whether the IQE improvement from wafer F2 to wafer B2 may be

caused by the larger active volume (due to the smaller number of V-pits), we need to

know the exact size of the area occupied by the V-pits. From Fig. 5.5, the diameter

of the V-pit-related dark spots can be estimated to be about 0.4 µm, but that is due

to the resolution limit Rlim of the microscope (§ 5.1). From the information given in

§ 2.4.7, instead, we can estimate the real diameter of a V-pit to be about 0.05 µm.

Based on this figure, the percentage of QW surface that is covered with V-pits can be

calculated (see last column in Table 6.1), and the active surface has to be multiplied

by one minus those values. Therefore, the IQE increase from wafer F2 to wafer B2

according to Eq. 3.11 would be less than 1%. Even though this estimation has been

carried out with great approximations, we conclude that the reduction of the active

volume due to the V-pits has negligible effects. The V-pits could have influenced the

IQE to the observed amount only if they had had a diameter of about 1 µm.

On the other hand, all green samples of the defect series (even those with a low TDD)

demonstrated inferior efficiency in comparison to the wavelength series. The reason

has not been understood. However, if we ignore this fact, the IQE improvement of the

green samples with decreasing TDD is less apparent than that of the blue samples, and
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Figure 6.3: IQE of the blue and green defect series as a function of current density.

can be ascribed almost entirely to the wavelength dependence. In fact, the slope of

the datapoints of the defect series is only slightly higher than that of the wavelength

series. Whereas the IQE of the blue LEDs at high currents could be improved by

reducing the TDD, this strategy did not seem to work for the green LEDs.

Fig. 6.3 shows the IQE curves of the blue and green defect series as a function of

current density. The variations of the low-current asymptote with the TDD are more

pronounced than those of the high-current asymptote for both blue and green LEDs.

No significant improvement of the low-current asymptote can be observed when the

TDD is brought below 4.6×108 cm−2. Wafer A3 also clearly presents a shoulder toward

low currents like the 525 nm single quantum well (SQW) sample of the wavelength

series.

If the theory of carrier delocalization were true, the SRH traps of the dislocations

would be completely shielded at low carrier densities, so that no strong dependence

of the low-current asymptote with the TDD would be expected. Our results do not

fulfill these expectations, thus offering more evidence against the theory of carrier

delocalization.

127



6 Integral analysis of the defect series

6.4 Summary

In this chapter, the IQE curves of a series of blue and green LEDs with different

TDD were discussed. The high-current asymptote of the blue LEDs improves with

decreasing TDD (§ 6.3). The reason was not conclusively determined. However, it was

shown not to be caused by the increase of the active surface due to the decrease of the

V-pit-related dark spots (§ 5.2.1).

The green LEDs, instead, did not benefit from the TDD reduction as much as the

blue LEDs (§ 6.3). The green LEDs produced for the defect series were also very

inefficient in comparison to those produced for the wavelength series, so this result

should be taken with a grain of salt.

Lastly, the low-current asymptote was found to be more affected by the TDD than

the high-current asymptote (§ 6.3). This tendentially disproves the theory of carrier

delocalization as the cause of the droop (§ 2.5.3). Considering the convincing results

of § 4.7.3, we find the theory of the phonon-assisted Auger recombination (§ 2.5.1) to

be in better agreement with our experiments.
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7 Optically pumped multiple quantum

wells

In Chap. 4, every efficiency component in which the wall-plug efficiency (WPE) is

factorized was analyzed as a function of wavelength to identify the main source of

the problem of the green gap. The results showed that the green gap problem is

principally caused by the increase of the droop with wavelength (§ 4.6.4). Moreover,

considering the very good agreement of the empirically measured Auger recombination

rate coefficient (RRC) with the theoretical predictions of Kioupakis et al. [Kio11] for

the phonon-assisted Auger recombination (§ 4.7.3), we can be reasonable certain that

these energy losses are essentially due to the high carrier density and the strong internal

electric fields in the quantum wells (QWs).

Even though it was shown in Chap. 6 that the high-current asymptote in the short-

wavelength light-emitting diodes (LEDs) can be raised by reducing the threading dis-

location density (TDD) in the buffer, this improvement was not observed in the green

LEDs, so we will assume that we cannot solve the problem of the green gap just by

reducing the TDD (§ 6.3). Based on the current knowledge, we will therefore assume

that indium-rich c-plane GaInN/GaN QWs will intrinsically and unavoidably have a

low B/C2/3 ratio, and that the only way to reduce the droop intensity is to increase the

active volume (§ 3.1.2).

One way to achieve a lower carrier density is to let the carriers spread across a

greater active volume. For this to work as intended, the carriers should distribute as

homogeneously as possible. Increasing only the number of QWs does not achieve the

goal because of the reasons given in § 2.4.5. In fact, independently from the physical

number of QWs grown, only the three topmost QWs have a significant hole population

in electrically-pumped multiple quantum well (MQW) green LEDs (§ 4.5.2).

The size of the QWs can also be extended in the other two directions (i.e., laterally)

by increasing the active surface of the chip. This has the advantage of decreasing the
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7 Optically pumped multiple quantum wells

1000 µm
Figure 7.1: Micrograph of a
pump–converter system.

current density as well, thereby reducing the forward voltage and increasing not only

the external quantum efficiency (EQE) but the electrical efficiency (EE), too. This

solution clearly works as is documented in the scientific literature [Loe12, Sch13a].

However, it reduces the amount of chips obtainable from each single wafer and increases

the costs. Since the limitation of the MQW structures to the number of active QWs

only apply in electroluminescence (EL) conditions, another possible solution is to excite

the QWs optically. The idea is to use the light of an efficient blue LED to produce

electron–hole pairs in a green MQW structure with a large number of QWs. This

chapter will be dedicated to a complete analysis of this solution and to a comparison

with the other solutions.

Increasing the active volume is not the only way to decrease the carrier density.

One could also attempt to decrease the carrier lifetimes, for instance, by improving

the overlap of the electron and hole wavefunctions [Kio12]. An improvement of the

overlap, in fact, improves the RRCs B and C in equal measure, and improves the
B/C2/3 ratio (§ 2.6.1). This can be achieved, for instance, by resorting to semipolar

or non-polar QWs (§ 2.4.6). Another possibility worth exploring is increasing the

thickness of the QWs. However, this requires either thicker barriers (and consequently

fewer active QWs) or strain engineering efforts to avoid strain relaxation. Also, this

solution would necessitate semipolar or non-polar QWs even more, or the wavefunction

separation would otherwise increase dramatically.

7.1 Efficiency of GaInN converters

Pumping an MQW structure optically can distribute the generated carriers more uni-

formly in a much larger volume than electrical pumping can. Based on this concept,

we tried out a different solution for the realization of a green light-emitting device:

a green MQW structure (called converter) with a large number of QWs (40 to 120)
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Figure 7.2: Scheme of the pump–
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substrates are much thicker than the
other layers).

was used to convert the radiation of an efficient electrically-operated blue LED (called

pump). The converter was glued on top of the pump and left in an open electric cir-

cuit so that no current could flow through it. This causes the converter to assume the

voltage necessary to contrast the photocurrent by itself. The number of QWs in the

converter should be chosen in such a way that as much pumping radiation as possible

is absorbed but not too many green photons are recycled (§ 2.2.1). The fraction of

absorbed pumping photons will be called degree of absorption and indicated with the

symbol A .

A =
Amount of pumping photons absorbed by the converter

Amount of photons emitted by the pump
(7.1)

Clearly, the QWs closest to the pump will absorb a higher amount of pumping light

than the others. Therefore, the distribution of the carriers will not be uniform in any

case. Instead, the carrier densities in each QW will resemble a geometric sequence.

Still, the amount of pumping light absorbed by each QW is low, so we expect the

situation to be a huge improvement from the EL operation nonetheless.

The electron–hole pairs generated in the QWs of the converter originally have the

energy of the absorbed blue photon. They cannot escape the QWs because they would

otherwise produce a photocurrent. They instead thermalize to the bottom of the QWs

and recombine. The thermalization process releases energy in the form of heat, so it

represents an additional loss mechanism, which is typically called Stokes losses. We

can thus define the Stokes efficiency (SE) as

SE =
Average energy of the photons emitted by the converter

Average energy of the photons emitted by the pump
(7.2)
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7 Optically pumped multiple quantum wells

Finally, the recombination of the electron–hole pairs will not always result in the

emission of a photon: it will also be subject to Shockley–Read–Hall (SRH) and Auger

losses. The amount of green photons produced in the converter divided by the amount

of pumping photons absorbed is the internal quantum efficiency (IQE) of the converter,

and will be denoted IQEc, to distinguish it from that of the pumping LED. The

product of IQEc and the light extraction efficiency (LEE) is EQEc, i.e., the EQE of

the converter.

IQEc =
Amount of green photons produced

Amount of photons absorbed by the converter
(7.3a)

EQEc = IQEc × LEE (7.3b)

This approach to realize green light-emitting devices is not totally new: it has been

previously attempted by a research group at 3M Company with CdZnSe/CdMgZnSe

MQW converters. They demonstrated an EQEc greater than 0.65 at the wavelength

of 545 nm [Haa10, Yan10]. A discussion of GaInN/GaN MQW converters is now also

present in the literature [Gal11, Sch13a].

7.2 Sample growth and preparation

The epitaxial structure of the converters was grown by metal-organic vapor-phase epi-

taxy (MOVPE) on (0001) sapphire substrates. It begins with a low-temperature GaN

nucleation layer, a 3 µm-thick GaN layer and a 2 µm-thick n-doped GaN layer, just as

described for the samples in Chaps. 4 and 6. On top of it, an undoped MQW struc-

ture containing Nw = 40 GaInN QWs separated by GaN barriers was grown. Multiple

versions of the MQW were used: one with a 12 nm superlattice period (variant A,

see Fig. 7.3), and one with 50%-thicker barriers (variant B). Thicker barriers decrease

the average indium content of the superlattice, and are thus expected to reduce the

chances of relaxation and to improve the crystal quality [She00].

For variant A, we also tried different doping profiles: n-doped barriers (variant C),

n-doped middle part of the barriers (variant D) and n-doped QWs (variant E). The

doping was achieved with silicon at a concentration of 1018 cm−3. It is expected to

provide a background of free electrons which improves the radiative recombination at

low carrier densities (§ 3.1.1). The converters do not include a p-doped layer on top of
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Figure 7.3: Scheme of the five MQW variants. Layer thicknesses are not to scale.

the active region, like LEDs do. All variants were grown at the same temperatures,

aiming at an emission wavelength of 535 nm.

After the growth of the converters, the sapphire substrates were thinned from 600 µm

to 200 µm and divided into 1.2×1.2mm2 platelets using a stealth dicing technique

(the converters were made larger than the pumps to prevent eventual problems with

higher non-radiative recombination at the borders). They were then bonded with high-

refractive-index silicone onto blue 1mm2 UX:3 GaInN/GaN chips [Hah09], which act

as pumps. The pumps were chosen from a selection of chips with wavelengths in the

range 427–437 nm. When it comes to attaching the converters on the pumps, two

options are possible: to place the converter with the epitaxial layers against the pump

(epi-down configuration) or with the sapphire substrate against the pump (epi-up

configuration, as in Fig. 7.2). Moreover, it is also possible to stack several converter

platelets above each other. This is useful to simulate a MQW structure with a number

of QWs that is multiple of 40.

7.2.1 V-pits in the converters

Fig. 7.4 shows photoluminescence (PL) micrographs of the V-pits on the surface of the

variant A converter with a wavelength of 525 nm. The three images correspond to

three different magnification levels. The typical pattern of V-pit related dark spots on

a bright background of PL and EL micrographs (§ 5.2.1) is replaced by a pattern of

bright spots on a dark background.

Since the bright point density is equal to the V-pit density (about 2–3×108 cm−2)

and the V-pits are known to enhance the local LEE, it is reasonable to assume that

the bright spots correspond to the V-pits. The V-pits are also clearly visible in the
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Figure 7.4: PL micrographs of the surface of a variant A converter.
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Figure 7.5: Micrographs of the same sample showing the V-pits in the converter platelets.

scanning electron microscope (SEM) images of Fig. 7.5. The SEM images clearly show

the characteristic hexagonal shape of the V-pits. This allows for an estimation of

their average width and depth (assuming {101̄1} facets). The corresponding data for

variants A and B are reported in Table 7.1. Since variant B has a thicker active region,

the V-pits grow broader and deeper. The density, instead, remains the same because

it corresponds to the TDD of the buffer.

7.3 Characterization method

Finally, some pump chips were characterized in an integrating sphere connected to

a charge coupled device (CCD) array spectrometer with an optical fiber. The mea-

surements were carried out before the converters were attached onto the pumps, and

they were repeated thereafter. A Keithley 2400 SourceMeter was used to apply cur-
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Table 7.1: V-pit size and surface coverage for variants A–B.

Variant A Variant B

Average width 210 nm 315 nm

Average depth 250 nm 380 nm

Surface covered 9% 20%
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Figure 7.6: Sketch of the measured spectra before (a) and after (b) mounting the converter.
The measured physical quantities are indicated.

rents in the range of 0.1–700 mA in single 20ms pulses (to avoid that overheating

issues would compromise the results), while the spectral power distributions (SPDs)

and the forward voltages Vf were measured. As schematized in Fig. 7.6, the SPD was

used to calculate the phonon fluxes φ′, φp and φc (phonon fluxes are analogous to

the radiant fluxes, but are expressed in phonons/second and will be indicated with

lowercase greek letters). Here we use the prime symbol to distinguish the measures

of the pump alone from those of the pump–converter system. The spectrum of the

pump–converter system, on the other hand, presents two peaks separated by a valley

at about λsep = 480 nm. In this case, the SPD was integrated separately for the wave-

length under λsep and above λsep, thus obtaining the phonon fluxes indicated with the

subscripts (·)p and (·)c, which distinguish the spectral contributions of the pump and

of the converter, respectively (Fig. 7.6b).

Assuming that the difference φ′−φp corresponds to the amount of photons absorbed

by the converter MQW per unit time, the degree of absorption A and the EQEc is
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7 Optically pumped multiple quantum wells

given, at a first approximation, by

A =
φ′ − φp

φ′
EQEc =

φc

φ′ − φp

(7.4)

7.3.1 Light coupling in the pump–converter system

Until this point, it was implicitly assumed that the pumping photons could only have

been absorbed by the converter. This simplifying assumption can compromise the

accuracy with which A was determined. It is therefore necessary to introduce a

correction to include the other possible causes of absorption. In this section, we

shortly discuss how light is transmitted from the pump to the converter and from the

converter to the outside world.

Since the top interface of the pump is located between the GaN buffer (which has

refractive index n̄ = 2.44, see Table 2.1), and the silicone layer (n̄ = 1.54), a significant

amount of photons is confined in the pump chip for a certain amount of time, during

which they bounce against the silver p-contact (which is acting as a mirror) multiple

times. Given that the reflectivity of silver at 440 nm is not higher than about 0.96

(Fig. 7.7), part of this light is absorbed and lost (§ 2.2.1). The probability of a pumping

photon to move from the pump to the converter before being absorbed by the mirror

will be called light coupling efficiency (LCE).

Sophisticated ray-tracing simulation carried out at OSRAM Opto Semiconductors

show that, in a 1mm2 roughened thin-film flip-chip III–nitride LED chip covered with

a silicone dome lens, the limited reflectivity of the mirror limits the LEE to about

0.85. The pump in our pump–converter system operates in similar conditions: in

fact, no total internal reflection takes place when the light travels from a medium into

another with a higher refractive index, such as from the silicone into sapphire substrate

(n̄ = 1.77), or from the sapphire substrate into the III–nitride layers of the converter.

Therefore, we can assume LCE = 0.85.

Once the blue light has entered the converter platelet, we will assume that it either

gets absorbed by the converter MQW or leaks out of the system (for simplicity, we

neglect that it could return back into the pump chip). We consider therefore the LEE

of the converter platelet for the blue light to be simply 1− A . Clearly, it is desirable

that it be as small as possible. On the other hand, the green light emitted by the

converter MQW must be extracted in the greatest amount possible, so a high LEE is

required in the green spectral range. Fortunately, the quantum-confined Stark effect
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(QCSE) in the polar MQW comes to help in that regard, as very little of the green

light is expected to be absorbed by the same MQW that emitted it in the first place

(see the discussion about photon-recycling in § 2.4.6).

A further possible optimization may involve the use of a dielectric mirror grown

on top of the converter platelet. The dielectric mirror would confine the blue light

in the pump–converter system and also enhance the extraction of the green light

as in an anti-reflective coating. Although this concept is interesting on paper, it

presents complications due to the angular dependency of the required layer thicknesses.

Unfortunately, lack of time prevented a detailed analysis of dielectric mirrors in this

dissertation.

7.3.2 Correction for mirror absorption

In order to correct A and the EQEc of Eqs. 7.4 for the absorption of blue light by the

mirror, it remains to assess the LEE of the pump before the application of the converter

platelet. The LEE was already determined in § 4.4 for similar 1mm2 roughened LED

chips to be 0.75. This value will now be indicated with LEE′, as it is referred to the

pump without converter.

We can now express φ′, φp and φc as

φ′ = Ginj × IQEp × LEE′ (7.5a)

φp = Ginj × IQEp × LCE× (1− A ) (7.5b)

φc = Ginj × IQEp × LCE× A × EQEc (7.5c)
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7 Optically pumped multiple quantum wells

where Ginj is the carrier injection rate in the pump, IQEp the IQE of the pump, and

EQEc the EQE of the converter. By solving the system of Eqs. 7.5a–7.5c, we can

obtain the correct formula for A and the EQEc:

A =
φ′

/LEE′ − φp/LCE
φ′

/LEE′

EQEc =
φc/LCE

φ′

/LEE′ − φp/LCE
(7.6)

7.4 Results and discussion

In the following sections, we present the results of some selected experiments carried

out with the converters. In particular, we start with a comparison of the different

epitaxial solutions shown in Fig. 7.3 to identify the most promising solution to be used

in the following analyses. We then move on to optimize the number of QW in the

converter for the highest A ×EQEc product achievable. Lastly, we compare a pump–

converter system with other green-emitting alternatives such as LEDs with different

active surfaces emitting directly at the target wavelength and blue LEDs converted

with LuAG-based phosphors (such phosphors are among the most typically used for

down-conversion in white LEDs).

7.4.1 MQW design variants

In this section, the different design variants for the converter MQW (variants A–E

of Fig. 7.3) will be compared. The purpose is to identify which one of the variants

illustrated in Fig. 7.3 performs the best. Fig. 7.8a shows A and the EQEc for vari-

ants A–D in epi-up configuration measured in the integrating sphere, as a function

of equivalent current density. The equivalent current density Jeq corresponds to the

current density which would inject the same number of carriers per unit time as those

generated by the optical pumping. It can be defined in mathematical terms as

Jeq =
qφ′

Sa

LCE× A

LEE′
(7.7a)

where Sa is the surface area of the converter platelet (Sa = 1.44mm2).

The degree of absorption A is practically independent from the excitation density,

as one would expect since the excitation density was certainly not high enough to cause

bleaching effects in the QWs. Also, there are no differences in A between the variants,

which is understandable because the cumulative thickness of the GaInN layers is the
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Figure 7.8: On the left (a): A and EQEc of variants A–D as a function of effective excita-
tion density measured in the integrating sphere. On the right (b): Spectra of
variants A–D measured in the integrating sphere at the current of 350mA.

same for all samples. The EQEc curves had the typical shape of EQE curves of normal

LEDs and are supposedly compatible with the ABC model. However, variants C and

D have an horizontal asymptote at low equivalent currents, which is attributed to a

background electrons brought by the dopant in the barriers. At low carrier densities, in

fact, the background doping makes the radiative recombination rate Rrad proportional

to the carrier density n, instead of n2, so that Rrad/Rsrh ratio becomes a constant.

The undoped structures (variants A and B) are found to be brighter than the doped

structures (variants C and D). Doping the barriers has substantially lowered the low-

current asymptote described in § 3.1.1. This indicates a low B/A2 ratio and suggests

that the number of SRH traps was increased. We suspect that the dopant species may

have acted as non-radiative recombination centers. Variant D was grown with the

intent of providing the background electrons while keeping the dopant species away

from the QWs, so that the B/A2 ratio would not be decreased. This purpose was

fulfilled only halfway: the B/A2 ratio was lower than variant A, but not as low as in

variant C.

The undoped sample with the thicker barriers (variant B) presented in a slight

increase in the EQEc at low equivalent currents, denoting smaller SRH losses. In

§ 7.2.1, it was shown that the variant B converter has bigger V-pits than the others,
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as is expected in thicker MQWs. In the epi-up configuration, this was expected to

increase the LEE of the converter platelet, thereby decreasing A and increasing the

EQEc. The A difference, however, was small and in the wrong direction (0.75 in

variant A and 0.78 in variant B). We conclude that the role of the V-pits in the light

extraction is not as important as we initially thought.

Fig. 7.8b shows the spectra of variants A–D measured in the integrating sphere

with a current of 350mA applied to the pump. The doped structures all have spectra

similar to that of variant A, with a full width at half maximum (FWHM) of 40 nm.

The spectrum of variant B, instead, is wider (FWHM = 52nm) and has a 6 nm-longer

peak wavelength. The wavelength shift can be explained as a combined effect of an

unintentional variation of the growth temperature as the wafer curvature increases

during the growth process, and the weaker space-charge region (SCR) electric field
~Escr in the sample with thicker barriers (which leads to a greater QCSE, see § 2.4.6).

All in all, variant B was found to be the best-performing solution (especially in

view of its longer emission wavelength). It was therefore used in all the following

characterizations.

7.4.2 Stacks and orientations

The A values found in § 7.4.1 (all included between 0.70 and 0.75) show that some

blue light leaked through the 40 QWs. To increase A , we investigated the option of

bonding stacks of two and three converters (of variant B) to simulate the situations

of a MQW with 80 and 120 QWs, respectively. In addition to that, the epi-down

configuration has also been tested. Table 7.2 reports A and EQEc for each option.

The stacking of converters increases A but does not decrease the EQEc significantly.

The optimal A × EQEc product is obtained with a stack of three platelets.

The converters in epi-down configuration were found to perform slightly worse than

the others. Both A and the EQEc are slightly inferior. This result is not fully

understood. The parameter A should depend on the LEE of the converter platelet

for blue light. Even though the epi-down configuration has a more gradual decrease

of the refractive index from the converter MQW to the outside world through the

sapphire substrate (sapphire has an intermediate n̄ between GaN and air), that does

not change the critical angle as long as the interfaces between the layers are parallel

to each other. The epi-up configuration, in spite of its abrupt interface from GaN

to air, has huge V-pits that randomize the critical angle. For this reason, the epi-up
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Table 7.2: Degree of absorption A and EQEc for stacks of Np variant B converter platelets
(each with a total of Np ×Nw QWs) in epi-up and epi-down orientation.

Np Np ×Nw Orientation A EQEc A × EQEc

1 40

Epi-up

0.78 0.43 0.34

2 80 0.89 0.44 0.39

3 120 0.94 0.43 0.40

1 40

Epi-down

0.75 0.42 0.32

2 80 0.89 0.42 0.37

3 120 0.93 0.41 0.39
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Figure 7.9: Degree of absorption A and EQEc as a function of equivalent current density
(a) and SPD at J = 45A cm−2 as a function of wavelength (b) for the stacks
of variant B converters.

configuration would be expected to have a lower A , but this was not confirmed by

experiment. Therefore, the role of the V-pits in the light extraction is probably not as

important as already expected. Anyway, the difference between the two configurations

is so small that conclusions may be hardly drawn.

Fig. 7.9a shows A and the EQEc for each stacking solution as a function of equivalent

current density in epi-up configuration, and the EQE of a green LED emitting directly

at the target wavelength as a function of real current density. The EQEc curves of the

three stacks appear at first glance to be shifted along the x-axis, which confirms the
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idea that the EQEc is virtually unaffected by the stacking. The EQE of the direct LED

is expected to have similar B/A2 and B/C2/3 ratios, but its peak is shifted toward lower

current densities by about one decade. Considering the assessment made in § 4.5.2

that the number of active QWs in a green LED is about 3, the converters should have

about 30 active QW. Evidently, all the other QWs have the mere purpose of absorbing

more pumping light.

Fig. 7.9b shows the corresponding spectra at the current of 350mA. The height of

the blue peak in Fig. 7.9b is approximately halved by each additional platelet added to

the stack. The converter peak, instead, grows in height and toward longer wavelengths,

but not toward shorter wavelengths. This might be an effect of the recycling of the

green photons, although the incidence of photon recycling should be substantially

reduced by the strong QCSE.

7.4.3 Determination of the absorption coefficient

The data of the previous section may be used to determine how much pumping light

is absorbed by each QW. Assuming that the degree of absorption of a single QW, Aw,

does not depend on the radiant flux across the QW, we may calculate the fraction of

pumping light 1−A leaked by the converter as the pumping light that is not absorbed

by any QW:

1− A = (1− Aw)
Nw (7.8)

With the A values reported in § 7.4.2 for a single platelet, we find approximately Aw =

0.036. We may now calculate the absorption coefficient αw in the QWs. Assuming a

QW thickness dw of about 3 nm, the Beer–Lambert law becomes

1− Aw = e−αwdw (7.9)

and we obtain αw = 1.2×105 cm−1, which is remarkably similar to those reported in

the scientific literature for similar Stokes shifts (e.g., 1.3×105 cm−1 for GaN [Mut97]

and 1×105 cm−1 for GaInN [Amb98]).

If, however, the A values for the stacks of two and three platelets are calculated,

we find inconsistent results. For Np = 2 we obtain αw = 0.92×105 cm−1, and for

Np = 3 we obtain αw = 0.76×105 cm−1. We have tried to refine Eq. 7.8 to include

the reflectivity R of the upper interface of the platelet due to total internal reflection
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and Fresnel reflection. For simplicity, we assumed that all reflected light would be

eventually absorbed (i.e., we neglected light that is leaked after multiple reflections)

and that each platelet had the same R value. For a stack of Np platelets, Eq. 7.8

becomes:

1− A =
(
(1− Aw)

Nw(1− R)
)Np

(7.10)

Unfortunately, we found that there is no way to choose R so as to minimize the

relative variance among the three stacking solutions. For the moment, therefore, this

inconsistency remains unsolved.

7.4.4 Comparison to alternative solutions

The stack of three variant B converter platelets in epi-up configuration has been shown

to be the best-performing solution (§ 7.4.2). The purpose of this section is to compare

this solution with other alternatives, namely direct green LEDs and phosphor-based

converters realized with lutetium aluminium garnet (LuAG) crystallites held together

by a silicone matrix. To make the comparison fair, titanium oxide reflectors and

silicone lenses were applied to all the samples involved in the benchmark to maximize

the LEE. As a result, A is slightly decreased and the EQE is increased in comparison

with the results reported in § 7.4.1 and § 7.4.2.

Table 7.3 shows the measurement results at the current of 350mA. The single con-

tributions to the WPE are shown: IQEp, LEE/LCE and EE for the pumps, and A ,

EQEc and SE for the converters. For the direct green LED, only IQE, LEE, and

EE had to be displayed. The WPE takes all loss mechanisms into account and was

calculated as

WPE =
Φec

350mA× Vf

(7.11)

where Φec =
∫ +∞

λsep
SPDdλ is the radiant flux in the green part of the spectrum, and Vf

in the forward voltage applied to the pump or to the LED. Of course, the following

equation holds:

WPE = EE× IQEp × LCE× A × SE× EQEc (7.12)
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Table 7.3: Measurement results of stacks of three variant B converters at a current of
350mA using high-efficiency LEDs. Direct green LEDs and a LuAG/silicone
converter are included for comparison purposes.

GaInN/GaN
converter

Direct green
LED

LuAG/silicone
converter

P
u
m
p
/L

E
D

Peak wavelength (λpk) 433 nm 521 nm 443 nm

Forward voltage (Vf ) 3.21V 3.55V 3.09V

Electrical eff. (EE) 0.894 0.665 0.902

Int. quantum eff. (IQEp) 0.793 0.382 0.695

Light extraction eff. (LEE) N/A 0.85 N/A

Light coupling eff. (LCE) 0.85 N/A 0.85

C
on

ve
rt
er

Peak wavelength (λpk) 535 nm N/A 534 nm

Stokes efficiency (SE) 0.784 N/A 0.798

Degree of absorption (A ) 0.92 N/A 0.99

Ext. conversion eff. (EQEc) 0.50 N/A 0.64

S
y
st
em

Total radiant flux (Φe) 297mW 268mW 294mW

Green radiant flux (Φec) 241mW 268mW 292mW

Luminous flux (Φv) 142 lm 134 lm 140 lm

Electrical eff. (EE) 0.701 0.665 0.720

Ext. quantum eff. (EQE) 0.362 0.325 0.377

Wall-plug eff. (WPE) 0.214 0.216 0.269

Efficacy 127 lmW−1 108 lmW−1 129 lmW−1

Note that the leaked pumping light does not contribute to the calculation of the WPE,

as we restrict our evaluation to the green light onl, as we restrict our evaluation to the

green light onlyy.

At the operative current of 350mA, the GaInN/GaN converter reached a WPE of

0.214 and an efficacy of 127 lmW−1 while emitting at the peak wavelength of 535 nm.

The leaked blue light is still significant and amounts to 19% of the overall radiant

flux. However, its contribution to the efficacy is negligible because the eye sensitivity

at 434 nm is less than 2% of that at 535 nm. If the leaked blue light were taken into

account, the same efficacy of 127 lmW−1 would have been obtained.

Even though the IQE losses of the pumps are now also taken into account, the ef-

ficacy of the GaInN/GaN converter has an 18% advantage over the direct green LED

with 1mm2 emitting area. Its efficacy is also on-par with that of the LuAG/silicone

converter, although the phosphor-based converters were being developed for a longer

time and are consequently much more optimized. Nevertheless, the WPE of the
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7.4 Results and discussion

GaInN/GaN converter is as low as that of the direct LED. This apparent incon-

sistency is caused by the fact that the GaInN/GaN converter has a wider spectrum

with a large long-wavelength component that is advantaged by higher eye sensitivity.

However, this advantage should not be considered unfair because, if the direct LED

had an emission wavelength as long as that of the GaInN/GaN converter, its WPE

would have been lower due to the problem of the green gap, and its efficacy would

have been lower as well.

The good EQEc of the GaInN/GaN converter (= 0.50) was achieved without rough-

ening the upper surface. There is therefore still room for improving the EQEc by

optimizing the LEE. Preliminary research into the use of dielectric mirrors (carried

out by Thosten Passow at the Fraunhofer-Institut für Angewandte Festkörperphysik

in Freiburg) has shown great promise in this respect: a SiO2/TiO2 superlattice on the

top surface of an epi-down converter would selectively confine the blue light in the

converter by reflecting it (thereby increasing A ), and enhance the LEE by acting as

an anti-reflective coating. Ray-tracing computer simulations have shown a reflectivity

of less than 2% to 535 nm green light. Research in this direction is still ongoing.

Although the GaInN/GaN and LuAG/silicone converters had to cope with addi-

tional Stokes losses, their EE × SE product (0.701 and 0.720, respectively) are not

lower than the EE of the direct LED (66.5%), as we were expecting, because the

efficacy that the direct green LED saves by not having Stokes losses is lost due to

decrease of the EE with wavelength. Note that the voltage of the pump used for the

GaInN/GaN converter is unusually high for a blue LED, (in comparison, the voltage

of the pump LED used for the LuAG/silicone converter is 4% lower). Therefore, there

may be a little margin for improvement.

Fig. 7.10 shows the WPE and the efficacy as a function of current density. The

converter solutions performed poorly at low currents due to the limited low-current

efficiency of the pumps (which decreases by 20–25% from 50mA to 1mA) and, for the

GaInN/GaN converter, due to the limited low-current efficiency of the converter itself

(which decreases by 50% in the same current interval). However, the efficacies of the

converters exceed that of the direct LED at all currents higher than 20A cm−2, which

are those that matter in practical applications.
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Figure 7.10: WPE (a) and efficacy (b) of different green light emitting devices as a function
of current density. At the operative current of 350mA, the devices with the
converters exceed the 1mm2 direct green LED in efficacy.

7.5 Summary

In this study we explored the possibility of making LEDs with an increased active sur-

face and a new concept for the realization of green light-emitting devices, consisting in

an optically pumped GaInN/GaN MQW with 120 QWs that converts the radiation of

a highly efficient blue LED into green light. The new concept overcomes the limitation

in the maximum number of functioning QWs in green LEDs, which restricts the active

volume and causes high Auger losses.

The pump–converter systems reached an EQEc of 0.50 at an output radiant flux of

142 lm, even through the upper surface of the converter platelet was not roughened,

whereas the direct LED demonstrated an EQE of 0.325 at 134 lm. This clearly shows

the advantage of operating a large number of QWs. Taking the IQE of the pump into

account, the total EQE of the pump–converter system was 0.362, which is still higher

than the direct LED.

Converters suffer from additional energy losses due to the Stokes shift. Nevertheless,

our measurements showed that the SE and the EE of the pump, multiplied together,

are higher than the EE of the direct LED. This just proves that the contribution of
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the EE to the green gap problem (already discussed in § 4.5.1) is a serious issue that

should receive more attention.

Overall, the GaInN/GaN pump–converter system reached an efficacy of 127 lmW−1,

almost the same as the LuAG/silicone solution. This demonstrates that the III–

nitrides are very performant and can compete in efficiency with LuAG. These results

show great potential for the production of green light through the conversion of blue

light with a GaInN/GaN converter.
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The work presented in this dissertation had the purpose of clarifying the reasons of

the green gap problem in the III–nitride-based light-emitting diodes (LEDs) (§§ 1 and

2.6). The analysis was carried out on a series of LED samples with different emission

wavelengths grown by metal-organic vapor-phase epitaxy (MOVPE) with a highly

optimized process, so that the green gap problem could be observed in state-of-the-art

LEDs, rather than experimental devices which may not be representative of the latest

progress in LED technology.

In Chap. 2, we pointed out that some sort of wavelength-dependence can be expected

in both the external quantum efficiency (EQE) and the electrical efficiency (EE). In

§ 2.6.4, it was shown how the green gap problem is split between these two compo-

nents. We found that the EQE has the major contribution, but the EE also decreases

significantly with wavelength. This result emphasizes that the low EE of the green

LEDs is definitely an issue that should be delved into more deeply. However, the focus

of this doctoral work has been primarily directed to the wavelength-dependence of the

EQE at high currents, which strictly correlates with the aggravation of the droop with

increasing wavelength.

Several theories have been proposed in the past few years to explain the droop in

the III–nitrides (§ 2.5). It cannot be excluded that a number of them may be acting

at the same time. However, one of them is probably dominating over the others. It

is important to identify it, so that the future efforts toward a solution of the green

gap problem may be directed in a specific direction. In this dissertation, we took the

following theories into consideration:

Auger recombination. At the high currents at which LEDs are operated, the Auger

recombination might be the dominant recombination mechanism (§ 2.2.1). This

hypothesis has been criticized for a long time because the recombination rate

coefficient (RRC) C would have been much higher than expected for the direct
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Auger recombination, but recent results have shown that phonon-assisted Auger

can present the required high RRC [Kio11, Ber12].

If the Auger recombination is the prevailing cause of the droop, it becomes

important to understand whether the green gap is caused by a decrease of RRC B,

an increase of C, or a decrease of the active volume Va (§ 2.6.1). A shrinkage of the

active volume in multiple quantum well (MQW) structures was indeed found due

to the reduction in the number of active quantum wells (QWs) (§ 4.5.2). However,

this effect alone cannot justify the severity of the green gap.

To shed light on this matter, the RRCs of the radiative and Auger recombinations

were measured in single quantum well (SQW) structures emitting at different wave-

lengths (Chap. 4.7.3). It was found that C is virtually constant at all wavelengths,

while B decreases conspicuously with increasing wavelength. The wavelength-

dependence of the wavefunction overlap could account for about one third of the

wavelength-dependence of B. The decrease of the bulk RRC B with wavelength

was therefore recognized to be the main cause of the green gap. Furthermore, the

agreement of the corrected value of C with the first-principles theoretical determi-

nations of Kioupakis et al. [Kio11] provided extra evidence for the hypothesis of

the phonon-assisted Auger recombination as the cause of the droop.

Carrier delocalization. The bandgap fluctuations in the GaInN QWs lead to an ac-

cumulation of the carriers in the regions of minimum energy. This may result in a

decrease of the active volume and, possibly, a current-dependence of the RRC A if

the trap density correlates with the bandgap. Since the bandgap fluctuations are

probably larger in green than in blue LEDs, Hader et al. [Had10] have suggested

that the carrier delocalization may be a possible cause of the green gap.

In Chap. 5, space-resolved spatially resolved electroluminescence (µEL) measure-

ments were carried out on the samples of the wavelength series to analyze the

brightness inhomogeneity. This gave us the opportunity to verify the theory of

carrier delocalization. Several types of inhomogeneity were recognized, but most

of them completely disappear at currents lower than those at which LEDs are nor-

mally operated, and these cannot therefore contribute to the droop and the green

gap (§§ 5.2.2–5.2.4). The only type of inhomogeneity that does not disappear is

the one caused by the V-pit-related dark spots: this fades away gradually starting

from 1A cm−2 (about the current at which the EQE peaks), and appears therefore

to support the theory of carrier delocalization (§ 5.2.1).
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However, if the V-pits really act as non-radiative recombination centers, the V-

pits should appear relatively dark even at the high current densities. Furthermore,

the results obtained from the defect series (§ 6.3) do not agree with the theory

of carrier delocalization: the high-current efficiency is much less sensitive to the

defect density than the low-current efficiency, whereas a similar sensitivity would

be expected if this theory were true.

Carrier spill-over The theory of carrier spill-over was already heavily criticized before

this doctorate had begun. Past research has already pointed out that the droop

appears not only under electroluminescence (EL) operation, but under photolumi-

nescence (PL) excitation as well [She07, Lau09], in which no spill-over should occur.

Furthermore, computer band-structure simulations do not predict the presence of

a significant amount of spill-over unless a conduction band offset much lower than

typically assumed is entered [Pip10]. Finally, carrier spill-over does not explain the

green gap: one would actually expect a more severe spill-over in shorter-wavelength

LEDs, in which the conduction band offset is lower. These considerations do not

rule out altogether the presence of carrier spill-over, which has indeed been proved

to take place in III–nitride LEDs [Kna09, Vam09, Ive13]. Here we only argue

that carrier spill-over is unlikely to be the main reason of the droop, and that it

consequently plays a minor role in the green gap problem.

The conclusion of this analysis is that the green gap is mainly caused by the phonon-

assisted Auger recombination caused by the excessively high carrier density. The green

LEDs perform worse than the blue LEDs because of the lower bulk RRC B, and partly

also because of the fewer and thinner active QWs and the diminished wavefunction

overlap. A trivial way to alleviate the droop, and therefore the green gap problem,

would be to increase the active volume. As it cannot be done under EL operation, we

tried in Chap. 7 to resort to PL excitation. This resulted in an increase of the EQE

from 0.385 to 0.50 (+30%), compared to a conventional EL-operated LED, despite

the lower light extraction efficiency (LEE) caused by the lack of surface roughening.

The EQE losses of the blue pump LED reduced the overall EQE, of course, but not

beneath the EQE of the reference green LED.

8.1 Future prospects

The resolution of the green gap problem is one of the most important objective in

the development of high brightness LEDs. Despite the progress made in the past few
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years, which led for example to the commercialization of the first green laser diodes

[Avr10], green LEDs are still about half as efficient as the blue ones. Many different

strategies to increase the high-current efficiency may be employed. In this section, the

approches that the author considers most promising will be shortly discussed. They

essentially aim to increase the active volume (since it worked nicely in Chap. 7) and/or

improving the wavefunction overlap (§ 2.6.1), although it must be remembered that

only great improvements in these parameters will result in appreciable improvements

in the efficiency (§ 3.1.2).

An increase of the active volume could be readily achieved if we were able to grow

thicker QWs. Unfortunately, this is very difficult due to the small critical thickness of

the GaInN QWs (§ 2.4.4). An alternative would be to increase the number of active

quantum wells. Unfortunately, this most likely requires thinner barriers, so the critical

thickness is once again the limiting factor. Therefore, we would have to increase the

critical thickness in some way. Increasing the lattice constant of the buffer would

decrease the pseudomorphic strain in the QWs and therefore increase the critical

thickness. This may be accomplished by growing the buffer out of a different material

(e.g., GaInN instead of GaN), or by introducing tensile strain in the buffer (e.g., with

silicon doping [Dre11] or GaInN interlayers [Shi07]). A different way to increase the

number of active quantum wells may involve lateral injection of the carriers into the

QWs [Kiv12, Sat13].

Another approach to increase the active volume would be to increase the lateral

extent of the QWs. To achieve that, either the chip size [Loe12] could be increased,

although the number of chips produced from each wafer is thereby reduced, or the

QWs could be grown over a three-dimensional structured surface, such as a compact

pattern of stripes (Fig. 8.1b) or pyramids (Fig. 8.1c) [Sch12b]. For example, stripes

with (101̄1) side planes would increase the active surface by 113%, and this alone

should potentially result in a 29% raise of the high-current asymptote (as calculated

from Eq. 3.11).

The wavefunction overlap in the QWs is substantially caused by the large polariza-

tion discontinuity between QWs and barriers. The small overlap of barely 30% in the

GaInN/GaN c-plane QWs limits the height of the high-current asymptote to about

67% (Eq. 3.1.2) than otherwise achievable. The polarization discontinuity can be re-

duced by growing barriers out of quaternary alloys [And12] or by growing the QWs in

a semipolar or non-polar direction (§ 2.4.6). Semipolar planes can also be obtained by

growing the QWs over a patterned template as in Figs. 8.1b and 8.1c. Due to the lack
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Figure 8.1: Template surface morphology, over which QWs could be grown. Growth over a
patterned template (b and c) achieves a larger active surface than over a simple
c plane surface (a).

of quantum-confined Stark effect (QCSE), however, semipolar and non-polar planes

require higher indium content to achieve the same wavelength. The increase of indium

is thus expected to decrease B and cancel part of the obtained improvement. Further-

more, semipolar and non-polar planes do not develop V-pits during growth (§ 2.4.7),

so that it may become important to use buffers with an especially low threading dis-

location density (TDD) to prevent the occurrence of the Shockley–Read–Hall (SRH)

recombination at high currents [Han05]. It is probably no coincidence that the only

LED manufacture presumably selling semipolar or non-polar LEDs is growing them

on native ammonothermal-grown substrates, and they still have worse low-current

efficiency than traditional LEDs grown on sapphire [Kra12].
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Glossary

A SRH recombination rate coefficient.

A Degree of absorption.

Aw Degree of absorption of a single QW.

a In-plane lattice constant.

∆a/a Lattice mismatch.

B Radiative recombination rate coefficient.

b Bowing parameter for the bandgap.

C Auger recombination rate coefficient.

C Stiffness tensor (or one of its elements).

c Out-of-plane lattice constant (in wurtzite).

c Light speed in vacuum (2.998×1010 cm s−1).

c̄ Average c lattice constant in the superlattice.

dsl Superlattice period.

dw Thickness of each QW.

~E Electric field.

E Energy (context-dependent).

Ec Conduction band edge.

Eg Bandgap energy.

Eph Average photon energy.

Eth Threshold energy for direct Auger

recombination.

Ev Valence band edge.

~Escr Peak electric field generated by the SCR.

~Ew Electric field in the QW.

∆Ec Band offset in the conduction band.

∆Ev Band offset in the valence band.

e Piezoelectric tensor (or one of its element).

F Fermi level.

Fq Quasi-Fermi level.

G Carrier injection rate.

G0 Bias carrier injection rate (for DLT).

Ginj Carrier injection rate.

g Pixel gray value in the µEL image.

ḡ Average gray value in the µEL image.

h Planck constant (4.136×10−15 eV s).

h̄ Reduced Planck constant (6.582×10−16 eV s).

I Current.

I0 Bias current (for DLT).

Isat Saturation current under reverse bias.

∆I Pulse current (for DLT).

J Current density.

Jeq Equivalent current density.

kb Boltzmann constant (8.617×10−5 eVK−1).

~k Wave vector.

m0 Electron rest mass (9.109×10−31 kg).

me Electron effective mass.
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Glossary

mh Hole effective mass.

N0 Threshold carrier density for phase-space

filling.

NA Acceptor site density.

ND Donor site density.

Np Number of stacked converter platelets.

Nw Number of QWs.

Ny Vertical resolution of a µEL image.

Nx Horizontal resolution of a µEL image.

n Carrier density, the free electron density.

~n Unit vector normal to the layers.

n0 Bias carrier density (for DLT).

ni Intrinsic carrier density.

nid Ideality factor.

∆n Pulse carrier density (for DLT).

n̄ Refractive index.

~P Polarization.

~Ppz Piezoelectric polarization.

~Psp Spontaneous polarization.

p Hole density.

p1 Fit parameter (= A
√
VaLEE/B1/2).

p2 Fit parameter (= C/B3/2
√
VaLEE).

p3 Fit parameter (= Sa/R̂p).

Qp Polarization charge.

q Elementary charge (1.602×10−19 C).

R Total recombination rate.

Rlim Resolving power.

Raug Auger recombination rate.

Rp Parallel resistance.

R̂p Distributed parallel resistance.

Rrad Radiative recombination rate.

Rsrh SRH recombination rate.

R Reflectivity at the upper interface of a

platelet.

rb Barrier growth rate.

rw QW growth rate.

Sa Active surface.

Seh Electron–hole wavefunction overlap.

T Temperature.

t Time.

tb Barrier growth time.

te Exposure time.

tw QW growth time.

u Internal lattice parameter in wurtzite.

Va Active volume.

Vf Forward voltage.

~z Unit vector pointing in the c direction of the

wurtzite structure.

x̄ Average indium content in the superlattice.

xw Indium content in each QW.

α Coefficient of thermal expansion (CTE).

αw Absorption coefficient in the QWs.

ε Permittivity.

ǫ Strain tensor (or one of its elements).

ε0 Vacuum permittivity (8.854×10−14 F cm−1).

εw Permittivity in the QW.

Φe Radiant flux.

Φe0 Bias radiant flux (for DLT).
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Glossary

Φec Converted radiant flux in the pump–

converter system.

Φv Luminous flux.

∆Φe Pulse radiant flux (for DLT).

φc Converted pumping photon flux in the

pump–converter system.

φp Pumping photon flux in the pump–converter

system.

φ′ Pumping photon flux without converter.

λ Wavelength.

λm Median wavelength.

λpk Peak wavelength.

λsep Separation wavelength in the pump–

converter system.

νb Biaxial Poisson’s ratio.

Ψe Electron ground-state wavefunction.

Ψh Hole ground-state wavefunction.

σ Stress tensor (or one of its elements).

τ Carrier lifetime.

τd Differential carrier lifetime (DLT).
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Acronyms

AFM Atomic force microscopy.

CCD Charge coupled device.

CCT Correlated color temperature.

CIE Carrier injection efficiency.

CRI Color-rendering index.

CTE Coefficient of thermal expansion.

DH Double heterostructure.

DLT Differential lifetime.

DoI Degree of inhomogeneity.

EBL Electron blocking layer.

EE Electrical efficiency.

ELO Epitaxial lateral overgrowth.

EL Electroluminescence.

EQE External quantum efficiency.

FWHM Full width at half maximum.

HVPE Hydride vapor-phase epitaxy.

IQE Internal quantum efficiency.

ITO Indium tin oxide.

LCE Light coupling efficiency.

LED Light-emitting diode.

LEE Light extraction efficiency.

LuAG Lutetium aluminium garnet.

MOVPE Metal-organic vapor-phase epitaxy.

MQW Multiple quantum well.

NA Numerical aperture.

PL Photoluminescence.

QCSE Quantum-confined Stark effect.

QW Quantum well.

RRC Recombination rate coefficient.

SCR Space-charge region.

SEM Scanning electron microscope.

SE Stokes efficiency.

SPD Spectral power distribution.

SQW Single quantum well.

SRH Shockley–Read–Hall (recombination).

TDD Threading dislocation density.

WPE Wall-plug efficiency.

XRD X-ray diffraction.

µEL Spatially resolved electroluminescence.
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and Y. Kanbara, Technology of Gallium Nitride Crystal Growth, Springer (Berlin, DE),

2010, p. 137 (cit. on p. 17).

[Ess12] S. Essaian and J. Khaydarov, State of the art of compact green lasers for mobile projectors,

Opt. Rev. 19, 6 (Nov. 2012), p. 400, doi: 10.1007/s10043-012-0065-z (cit. on p. 1).

[ETH11] StackReg, computer software, ImageJ plug-in, developed by Philippe Thévenaz at the Swiss

Federal Institute of Technology in Lausanne, 2011, url: http : / / bigwww . epfl . ch /

thevenaz/stackreg/ (cit. on p. 104).

[Fis94] A. Fischer, H. Kühne, and H. Richter, New Approach in Equilibrium Theory for Strained

Layer Relaxation, Phys. Rev. Lett. 73, 20 (Nov. 1994), p. 2712, doi: 10.1103/PhysRevLett.

73.2712 (cit. on p. 18).

164

http://dx.doi.org/10.1063/1.3462916
http://dx.doi.org/10.1063/1.3133359
http://dx.doi.org/10.1088/0268-1242/8/6/021
http://dx.doi.org/10.1088/0268-1242/8/6/021
http://dx.doi.org/10.1002/pssr.201206367
http://dx.doi.org/10.1063/1.369604
http://dx.doi.org/10.1016/j.jcrysgro.2010.09.024
http://dx.doi.org/10.1016/j.jcrysgro.2010.09.024
http://dx.doi.org/10.1002/pssa.201100477
http://dx.doi.org/10.1016/0001-6160(57)90122-0
http://dx.doi.org/10.1016/0001-6160(57)90122-0
http://dx.doi.org/10.1063/1.329942
http://dx.doi.org/10.1002/pssa.201001196
http://dx.doi.org/10.1007/s10043-012-0065-z
http://bigwww.epfl.ch/thevenaz/stackreg/
http://bigwww.epfl.ch/thevenaz/stackreg/
http://dx.doi.org/10.1103/PhysRevLett.73.2712
http://dx.doi.org/10.1103/PhysRevLett.73.2712


References

[For11] K. Forghani, M. Klein, F. Lipski, S. Schwaiger, J. Hertkorn, R. A. R. Leute, F. Scholz,

M. Feneberg, B. Neuschl, K. Thonke, O. Klein, U. Kaiser, R. Gutt, and T. Passow, High

quality AlGaN epilayers grown on sapphire using SiNx interlayers, J. Cryst. Growth 315,

1 (Jan. 2011), p. 216, doi: 10.1016/j.jcrysgro.2010.08.044 (cit. on p. 21).

[Fre03] L. B. Freund and S. Suresh, Thin Film Materials—Stress, Defect Formation and Surface

Evolution, Cambridge University Press (Cambridge, GB), 2003, p. 164 (cit. on p. 18).

[Fre90] L. Freund, The driving force for glide of a threading dislocation in a strained epitaxial layer

on a substrate, Journal Of The Mechanics And Physics Of Solids 38, 5 (1990), p. 657, doi:

10.1016/0022-5096(90)90027-2 (cit. on p. 18).

[Gal11] B. Galler, M. Sabathil, A. Laubsch, T. Meyer, L. Hoeppel, G. Kraeuter, H. Lugauer, M.

Strassburg, M. Peter, A. Biebersdorf, U. Steegmueller, and B. Hahn, Green high-power

light sources using InGaN MQW structures for full conversion, Phys. Status Solidi C 8,

7–8 (July 2011), p. 2369, doi: 10.1002/pssc.201001065 (cit. on p. 132).

[Gal12] B. Galler, P. Drechsel, R. Monnard, P. Rode, P. Stauss, S. Froehlich, W. Bergbauer, M.

Binder, M. Sabathil, B. Hahn, and J. Wagner, Influence of In content and temperature on

Auger-like recombination in InGaN QWs grown on (111) silicon substrates, Appl. Phys.

Lett. 101, 13 (2012), p. 131111, doi: 10.1063/1.4754688 (cit. on pp. 86, 93, 95).

[Gme07] N. Gmeinwieser and U. Schwarz, Pattern formation and directional and spatial ordering of

edge dislocations in bulk GaN: µPL spectra and continuum elastic calculations, Phys. Rev.

B 75, 24 (June 2007), p. 245213, doi: 10.1103/PhysRevB.75.245213 (cit. on p. 107).

[Gor11] I. Gorczyca, T. Suski, N. E. Christensen, and A. Svane, Size effects in band gap bowing in

nitride semiconducting alloys, Phys. Rev. B 83, 15 (Apr. 2011), p. 153301, doi: 10.1103/

PhysRevB.83.153301 (cit. on p. 16).

[Gru11] M. Grundmann, The Physics of Semiconductors: An Introduction Including Nanophysics

and Applications, Springer (New York, US-NY), 2011, p. 333 (cit. on p. 10).

[Haa10] M. A. Haase, J. Xie, T. A. Ballen, J. Zhang, B. Hao, Z. H. Yang, T. J. Miller, X. Sun, T.

L. Smith, and C. A. Leatherdale, II–VI semiconductor color converters for efficient green,

yellow, and red LEDs, Appl. Phys. Lett. 96, 23 (2010), p. 231116, doi: 10.1063/1.3453447

(cit. on pp. 13, 132).

[Had05] J. Hader, J. V. Moloney, and S. W. Koch, Supression of carrier recombination in semi-

conductor lasers by phase-space filling, Appl. Phys. Lett. 87, 20 (2005), p. 201112, doi:

10.1063/1.2132524 (cit. on p. 60).

[Had08] J. Hader, J. V. Moloney, B. Pasenow, S. W. Koch, M. Sabathil, N. Linder, and S. Lutgen,

On the importance of radiative and Auger losses in GaN-based QWs, Appl. Phys. Lett.

92, 26 (2008), p. 261103, doi: 10.1063/1.2953543 (cit. on p. 96).

[Had10] J. Hader, J. V. Moloney, and S. W. Koch, Density-activated defect recombination as a

possible explanation for the efficiency droop in GaN-based diodes, Appl. Phys. Lett. 96,

22 (2010), p. 221106, doi: 10.1063/1.3446889 (cit. on pp. 39, 150).

[Hah09] B. Hahn, K. Engl, and M. Klein, Submerged electrodes boost high-brightness LED output,

Compound Semiconductor 15, 5 (July 2009), p. 25 (cit. on pp. 70, 76, 133).

165

http://dx.doi.org/10.1016/j.jcrysgro.2010.08.044
http://dx.doi.org/10.1016/0022-5096(90)90027-2
http://dx.doi.org/10.1002/pssc.201001065
http://dx.doi.org/10.1063/1.4754688
http://dx.doi.org/10.1103/PhysRevB.75.245213
http://dx.doi.org/10.1103/PhysRevB.83.153301
http://dx.doi.org/10.1103/PhysRevB.83.153301
http://dx.doi.org/10.1063/1.3453447
http://dx.doi.org/10.1063/1.2132524
http://dx.doi.org/10.1063/1.2953543
http://dx.doi.org/10.1063/1.3446889


References

[Hai11] R. Haitz and J. Y. Tsao, Solid-state lighting: ‘The case’ 10 years after and future prospects,

Phys. Status Solidi A 208, 1 (Jan. 2011), p. 17, doi: 10.1002/pssa.201026349 (cit. on

p. 1).

[Hal59] R. N. Hall, Recombination processes in semiconductors, Proc. IEE: Electron. Commun.

Eng. 106 (Apr. 1959), p. 923, doi: 10.1049/pi-b-2.1959.0171 (cit. on pp. 10, 35, 62).

[Han05] A. Hangleiter, F. Hitzel, C. Netzel, D. Fuhrmann, U. Rossow, G. Ade, and P. Hinze, Sup-

pression of Nonradiative Recombination by V-Shaped Pits in GaInN/GaN QWs Produces

a Large Increase in the Light Emission Efficiency, Phys. Rev. Lett. 95, 12 (Sept. 2005),

p. 127402, doi: 10.1103/PhysRevLett.95.127402 (cit. on pp. 32, 39, 108, 153).
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