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Abstract

Indium gallium nitride (In,Ga;_,N) materials have displayed great potential for
photovoltaic and optoelectronic devices due to their optical and electrical properties. Properties
such as direct bandgap, strong bandgap absorption, thermal stability and high radiation resistance
qualify them as great materials for photovoltaic devices. The tunable bandgap which absorbs the
whole solar spectrum is the most significant feature which became attractive for scientists. The
bandgap for these materials varies from 0.7 eV for InN to 3.4 eV for GaN covering from infrared
to ultraviolet. In,Ga;_, N wurtzite crystal is grown on GaN buffer layer by Molecular Beam
Epitaxy (MBE). Epitaxial growth of high quality In,Ga;_,N material, however, creates great
challenges due to lattice mismatch between InN and GaN (up to 11%). This might be the actual
reason of partially and fully strain at the interface relating to growth condition which affect
optical properties of the materials. Therefore, studying solar cell parameters for different indium
compositions (low to high) in the material is significant.

In this work, graded composition In,Ga;_,N (44 nm ramping up followed by 44 nm
ramping down) were grown on GaN/sapphire template. The growth was done at different indium
compositions (low to high) in plasma-assisted MBE. Additionally, optical and structural
characterizations of the materials were done. The results showed that by increasing indium
composition, the composition was not linearly graded as expected and was accompanied by
strain relaxation along the growth direction. In other words, for low indium composition, the
results showed fully strained. However, for high indium composition partially strain relaxation
was seen. The optical respond of three samples was studied with photoluminescence. For the
first: to study the source of each peak in aspect of either exciton or different kinds of defect

states. Second, peaks related to ground state transition. Furthermore, nextnano® and nextnano+



software were used to simulate optical properties of 100 nm graded structures such as the band
structure, ground state wave-function position as well as determine the optical transition
probabilities among ground state hole and electrons as well as solar cell parameters for different
structures under different strained conditions. Simulation continued for higher alloys (20% to
90%) under strain and (20%-100%) under relaxed condition. An equation like Vegard’s law was
created to predict the energy bandgap under strain for different indium compositions. The
simulation was performed for 100 nm A-graded structure to find the optimum Xmax for both
conditions for maximum solar efficiency. In addition, the performance of graded structure in a

Flat Base Graded (FBG) was studied to compare with Square well and Homojunction structure.
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CHAPTER 1
Introduction

1.1 Introduction

Due to the enormous potential, solar energy is the most reliable and efficient alternative
for fossil fuels, being much larger (several orders of magnitude) than the combination of other
energy sources (Fig. 1)[1]. The amount of solar power available is ~1.7 x 10”watts which is
more than annual energy consuming by humans. There are several advantages for solar energy
such as global accessibility, environmentally friendly (pollution free) and unlimited (for our
purposes). Solar renewable have increased greatly in significance recently. This has been driven

almost entirely by silicon solar cells.

SOLAR" Natural Gas
23,000 TWylyear

240
ol

Petroleum

Figure 1. 1.Comparison of energy potentials of renewable energy sources and various types of
fossil fuels[1]

Silicon based solar cells are the most common solar cells in the market due to low cost
and potential availability. However, silicon solar cell efficiency is restricted by different
phenomena like thermal and transmission loss which are due to mismatch between energy of
sunlight (photons) and silicon bandgap. As cost and efficiency are two significant parameters in

the solar cell industry, three generations are defined with respect to design, cost, efficiency and



development. The first generation is silicon based which has been very completely studied,
characterized, developed and commercialized in the market as it is the oldest generation in
photovoltaic area. There are various reports on efficiency of these cheap, stable and well known
devices. The maximum efficiency for single-junction solar cell is changing between 10-26.7%
experimentally [2]-[4]. Schockley and Queisser showed that the maximum theoretical efficiency
limit for a p-n junction solar cell is 33.7% under standard solar spectrum (AM1.5) at 300 K at a
bandgap 1.34 eV which is very similar to solar cell bandgap (1.12 eV). In the same report, they
reported 30% efficiency for a bandgap of 1.1 eV [5]. Second generation solar cells are defined
based on the concept of thin films in order to use less materials for reducing the cost. However,
this generation displays lower solar efficiency than first generation[6]. To beat the other energy
sources, overall price per watts should be reduced. It means, by increasing solar cell efficiency,
reasonable cost should be considered[7]. The third generation solar cells have prevailed modern
PV technology. This solar cell generation introduces tandem solar cells which includes various
materials with different bandgaps on top of each other to absorb different wavelength ranges of
light. The material with wide energy band gap is located at the top while the bandgap is
decreased toward lower layers[8]-[10]. The theoretical maximum efficiency for a multi-junction
solar cell for oo junction is reported as 68.2% under 1 sun, on other hand, the efficiency for 3
junction is 49.3%[11].

In aspect of marketing, the third generation solar cells can be provided under $1/Watt
which is comparable with other energy sources cost[12]. Fig.1.2 shows more details about the
cost of each of individual generation rate.

Other structures like multi-quantum well and intermediate band solar cells are designed

to improve the efficiency of solar cells over single junction designs by creating mechanisms by



which photons with energy lower than the fundamental bandgap can be absorbed and converted
to electricity[13]-[18]. These novel designs are also generally considered in the third generation

of solar cells.

US $0.10/W TS $0.20/W US $0.50/W

Thermodynamic
Limit

US $1.00AV

Efficiency, %

Present
Limit

Cost, US $an’
Figure 1. 2. Efficiency as a function of cost for PV generations [10].

1.1.1 How solar cell works

Consider a p-n homo-junction solar cell under illumination. Light intensity is decreased
as it propagates within the structure due to absorption. In addition, as light propagates through
the structure electron-hole pairs are generated at each point in the device due to the absorption of
photons (Fig 1.3a,b,c). According to Fig 1.3a and b, the generation rate then has a direct
correlation with the light intensity. It means generation is the maximum at the surface of the
material, where the majority of the light is absorbed. On the other hand, generation is minimum

when light intensity is minimum at the end of structure.
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Figure 1. 3.a) p-n junction under solar illumination, b) Light intensity decrease during
propagation through the structure, ¢) Generation rate inside the structure

The generated electron-hole pairs are moved randomly because there isn’t any driving
force to push them any specific direction. At p-n junction interface, some electrons diffuse to
another side and recombine with hole and make a region which there isn’t any free charge. Only
space charges are located there. The created region is called depletion region which also forms
an electric field from n to p side (from positive to negative charges). This electric filed plays an
important role to act like a driving force for generated charge. When the light hits the depletion
region, electron-hole pairs are generated, then the electric field in the depletion region drives the
electrons and holes out of the depletion region. Electrons go toward n layer and holes leave the
depletion region to p layer. If any load gets connected between regions electrons start to flow
through the load. Electrons will recombine with the holes after completing their path so that the

solar cell continuously gives direct current. Fig 1.4 a-e shows this process schematically.
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1.2 Group I11-V (Nitride) materials in solar cells

Binary and ternary alloys of group Il nitride semiconductor materials such as GaN, InN,
and InGaN are promising materials for many devices like lasers, ultraviolet detectors, high
electron mobility transistors (HEMTS), solar cells, and thermo-electric devices[19]-[22]. The
main important properties of these materials are wide bandgap, large breakdown voltage, an
efficient electron transport, strong spontaneous and piezo-electric field[23], [24]. Tunable
bandgap in In,Ga;_, N materials (by manipulating indium composition) is a great benefit in

multi-junction solar cells which was studied in different reports [25]-[28].
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Figure 1. 5.a) solar spectrum (air mass 1.5), b) In, Ga;_, N bandgap energies as a function of
Gallium fraction [29], [30]

The direct and tunable bandgap covering from 0.7 eV (InN) to 3.4 eV (GaN) in InGaN,
which covers the whole range of solar spectrum[29],[30], as well as the high absorption
coefficient (~1075 cm™1) allows for a large amount of incident sunlight to get absorbed in a
very thin layer[29]-[34]. Figure 1.6a) shows the absorption coefficient for InGaN, with different
alloy compositions and b) for several other materials, including Si and GaAs. The figure

indicates that the InGaN absorption coefficient displays sharper function of the bandgap which is



due to the direct bandgap in these materials. In other words, a thin layer of InGaN can absorb

much more light than Si.
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Figure 1. 6. a) Absorption coefficient for InGaN in different alloys, b) absorption coefficient for
Si and GaAs [35].

Furthermore, InGaN alloys have high resistance to high photon irradiation (2 MeV) which
is better than other alloys such as GalnP and GaAs[30]. Another great property of InGaN alloys
like high electrical and thermal stability make them potentially even more useful under
concentrated light[36]. Furthermore, high thermal and chemical stability, as well as radiation
resistance of InGaN alloys make them suitable devices to operate in extreme conditions such as
space based applications[30],[37]. Additionally, the InGaN conduction band edge is in the same
level of Si valence band edge which removes the need for heavy doping at the InGaN/Si hetero-
interface [38]. Fig.1. 5 shows that the In, Ga;_, N alloys cover almost the entire solar spectrum as
the indium composition (x) is changed. The In,Ga;_4N energy band gap is given by:

E;(In,Ga;_,N) = xE;(InN) + (1 — x)Eg(GaN) — bx(1 — x) Equation 1. 1
in which b is called bowing parameter, E,(InN)=0.7 eV, and E4(GaN)= 3.4 eV. Different values
are reported for the bowing parameter in the range of 1.4eVV-3eV. The given wide range of

bowing parameter is due to lack of enough knowledge of strain within the InGaN structures



[39]-[43]. Reported values for the bowing parameters include some composition dependency
[44], [45] or not [46]-[48], however, the nextnano software uses the b=1.4 of given values [49]-
[51]. The above equation is valid only when the lattice is fully relaxed.

Group IllI-nitride materials are the only materials among group 111-V materials which
exhibit spontaneous polarization (P,). The value of P, increases from GaN over InN to AIN
(with a negative sign). Spontaneous polarization is created due to the non-centrosymmetric
crystal structure and different electronegativity between Ga (1.81) and N (3.04) atoms in the
GaN structure (Figl.7c). An asymmetric crystal creates a condition that a polarization is
generated between Ga(positive charge) and N(negative charge) atoms due to different electro-
negativities [61],[62]. This is also called the pyroelectric charge. As it’s seen in Figure 1. 7a), a
symmetric structure has no spontaneous polarization and 7b), asymmetric structure creates
spontaneous polarization. 7c) shows spontaneous polarization in the GaN unit cell. On the other
hand, the presence of strain in a crystal introduces another source of polarization which is called
piezoelectric polarization (sz). According to Figure 1. 7d, under relaxed, crystal doesn’t show
any polarization. Figure 1. 7e) shows forces which are due to strain in respect to substrate lattice

constant. Figure 1. 7f) shows piezoelectric polarization due to strain.
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Figure 1. 7.Spontaneous polarization and piezoelectric polarization of InGaN displayed on a
pseudo-substrate of GaN, a) symmetric, b) asymmetric structure and c) spontaneous polarization
in GaN (Ga face 0001), d) crystal under relaxed, ) crystal under strained to substrate, f)
piezoelectric polarization due to compressive strain.

The InGaN lattice constant is larger than the GaN lattice constant so InGaN layers grown

_

on GaN substrates are under compressive strain, so the total polarization is given by P= Py, +

—_

Py
The polarization which is built at the interface of InGaN/GaN contains spontaneous
polarization (P*P) and piezoelectric polarization (PP#)effects due to strain which are dependent

on indium composition (x). Total polarization is defined by [23], [63], [64]:

_[psp pz sp Equation 1. 2
P = [PlnxGal_xN - PInxGal_xN] - PGaN g

In addition, piezoelectric polarization for In,Ga;_,N is described by Vegard’s law like [23],
[63],[64]:
P} o = XPLy[E(] + (1 — x)PE \ [e(x)] Equation 1. 3
The equations for PPand PP# are given as:
Py, = —1.373¢ 4+ 7.559¢2 Equation 1. 4

Py = —0.918¢ + 9.541¢2 Equation 1. 5

PP =—0.042x—0.034(1 — x) + 0.038x(1 — x) Equation 1. 6

InyGaq_y



where ¢ is defined as the strain induced between the lattice parameter of ag (substrate lattice
constant) and a, (epilayer lattice constant) by:

las — a.(x)| Equation 1. 7

0 =0

The discontinuity of P between GaN and InGaN produces a polarization charge with an
interfacial density os. Actually, the charge distribution is close to interface. The polarization
charges are distributed in a few atomic layers thick (w,, = 1 nm) [65] then we consider that

polarization charges describe for bulk charge density p,,,:

_ (1-R)Py, + Py, Equation 1. 8

ppz w

Pz
where R is the parameter correlated to the InGaN partial relaxation, and hence the degree of
polarization charges. R=1 defines a fully relaxed lattice and R=0 is related to a fully strained

InGaN layer [23].

1.3 Challenges of InGaN solar cells

In contrast with these benefits, some limiting factors are reported which affect the
performance of the InGaN solar cell. Achieving a high indium composition in a thick layer is
reported as a challenging process [52]. Meanwhile, many InGaN solar cell structures were
fabricated with different designs such as homo-junction [53] and double hetero-junction [54],
[55]. In majority of them, the solar efficiency was low. New structures like InGaN/GaN based
semi-bulk and multiple quantum well (MQW) were fabricated to improve the conversion
efficiency. Other reports claimed that growing InGaN alloys over the entire indium composition
range when the layer is located within an InGaN/GaN double hetero structure don’t show any
phase separation [56]—[58]. In a graded structure with the indium composition linearly increasing

from GaN to a maximum indium composition, Xmax, then back to GaN in a symmetric structure



(like a A-shape), highly strained regions with high indium composition can be achieved while
dislocations and phase separation are avoided[59],[60]. In simulation, getting a high efficiency
was possible but the actual differences between simulation and experimental results have been
allotted to the low quality of InGaN crystal. In addition, there are some reports on weak
performance of InGaN in high indium composition thin films which restrict development for
solar cells. Solar cells based on InGaN have been fabricated in low indium compositions (high
bandgap energies) [66]-[69] which only allows photons with high energies (short wavelengths)
to participate in absorption. To improve solar cell performance, increasing the indium
composition will help to cover a major part of solar spectrum but solid phase immiscibility
between GaN and InN causes phase separation in high indium composition in InGaN alloys
which affect InGaN device performance [69]-[71]. Other challenges are explaining
subsequently:
1.3.1 Lattice mismatch

There isn’t any available lattice matched substrate to grow InGaN. The most common
substrate to grow InGaN alloys on is sapphire with very large lattice mismatches for GaN (14%)
and InN (29%), which create extensive defect states reducing the crystal quality. The common
solution is to grow a thick GaN template layer to make an acceptable match to decrease
dislocations. In addition, there is a lower lattice mismatch (11%) between InN and GaN
compare with GaN/sapphire which slightly decrease strain at GaN/InGaN interface [72]. For
In,Ga;_,N, there is a critical thickness above which strain relaxes to form dislocations. The
critical thickness is reported to be a few nanometers (5 nm) for x>20% [73]. When the critical

thickness is exceeded, dislocations form which can limit device performance. The resulting
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threading dislocations (TD) can creating, so-called, V-defects [69],[70] resulting shadowing in
solar cells due to absorption and recombination at the defects [71].

On the other hand, some reports on real devices claimed this low lattice mismatch still
has destructive effects on their performance. For example, by growing InGaN/GaN multiple
quantum wells (MQW) on sapphire, the strain-induced piezoelectric field creates c-plane
compressive stress and quantum confined stark effect (QCSE) that decreases the performance of
green LEDs by decreasing the electron-hole wave-function overlap, resulting in reduced relative
recombination efficiency [72]-[81].

1.3.2 P type doping

Designing and providing p type layers in solar cell structures is crucial. However,
providing p type doping in InGaN alloys is difficult. First, this is due to the high background
electron concentration (10'” cm®), which is created by defect states due to impurity atoms such as
oxygen and hydrogen as well as vacancies of nitrogen [25],[26]. Second, this is due to the deep
acceptor level of Mg in GaN of ~200 meV resulting in very small quantities of thermally excited
holes. In comparison. Si as a donor atom, has an activation energy of 15 to 20 meV, resulting in
much higher efficiency for n type doping. [27], [28], [87].

CB
— — — Donor level

~ 15 to 20 meV $_

Mg Acceptor level

I ~ 200 meV

VB
Figure 1. 8. Activation energy for donor and acceptor within the bandgap

In addition, theoretically, large hole concentration can get obtained when Indium

composition is high. However, degeneration in crystal quality causes low hole concentration in
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high Indium composition [88]. Using P-GaN/n-InGaN heterojunction instead of homojunction is
provided as a solution for the p-type difficulty [21], [89], [90]. In this model, a highly conductive
p-type GaN layer makes the hole contact and the top layer is an InGaN layer which has lower
bandgap is located to absorb the incoming light. In addition, the GaN acts like a layer to reduce
surface recombination. Burnham. et al grew a highly conductive p type GaN layer with
resistivity less than 1.3 Q cm which yield a low resistance window layer [91]. However, another
report showed that the valence band in this model contains a discontinuity which increases with
indium compositions. The reported discontinuity limits photo-generated holes from passing the
heterojunction, which lowers the device efficiency [92].
1.4 Growing method-Molecular Beam Epitaxy (MBE)-advantages

The MBE growth method was developed early in the 1970’s. However, others were
working on epitaxial film before that [93]. MBE system works at very low pressures below
10™%° Torr, which is many orders of magnitude lower than competing techniques like MOCVD
which generally operates around 107 Torr. Low pressure in the system creates low
contamination from gasses such as CO,, CO, N, and O,. The quality of the growth material is
highly correlated to the impurity of arrival atoms. In addition, another advantage of MBE
growth is the low growth rate. The grow rate is approximately 180 nm/hour which allows better
control of the crystal growth even down to the level of monolayers of the crystal [94]. Material
sources and dopant materials are located in effusion cells. Solid materials are in different
crucibles. Crucibles are made of pyrolytic boron nitride (PBN). Crucibles are heated until the
materials evaporated. Heating is performed by either ohmic heating from a filament wound near
the crucible or by electron beam heating. In the latter, thermionic electrons get accelerated

toward the source materials by a few KV potential and deposit tens of watts, including heating in
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the source material [95]. Heating type is chosen due to required flux for the materials and
melting point of the material. For indium, the melting point is 156 °C but to achieve a suitable
flux, the required temperature is more than 700 °C [96]. However, for Tungsten, the melting
point and flux are different. According to above information, resistive filament heating is
suitable for the indium evaporation.

In this work, double InGaN graded structures were designed and studied. The actual solar
cells were made from In, 43Gag 97N instead of GaN. The correlation between temperature and

indium flux isn’t a linear equation:

T =37.38 x log(Indium Flux) + 1363.7 Equation 1. 9
800
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Figure 1. 9. Indium flux versus temperature in MBE growth
Going from 0 K to other temperatures would be time consuming and it would take
several hours. So growing from GaN to any other alloys is impractical. The results show that
changing temperature from 2%(3%) to higher indium composition is small change in
temperature. So in this study, the samples were started at 3% to x,,4,. In this work, all samples
contain Inzo, Gag,q,N then indium linearly increases to x4y
The main advantage of using graded structure is to overcome the p type growth difficulty

in the group IlI-nitride structures due to polarization doping. In graded structures, in which the
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material composition is changing linearly versus position, the structure creates a region with a
fixed volume charge as polarization changing by:

(P(z0) — P(0)) Equation 1. 10
Zy

Nl (z) =

P(z,) is assigned to the spontaneous and piezoelectric polarization of AlGaN, Al
composition is at z=z0. In case of grading from GaN to Al,Ga;_,N a linear charge is produced.
Along the growth direction which is the z direction, polarization changes. The fixed background
polarization charges are positive so electrons are attracted into the field, realizing the formation
of 3D gas, and make the graded layer (when Al composition is increasing) n type. In reverse
condition, when Al composition is decreasing the fixed background charges are negative so to
make a neutral area, holes are induced by polarization field over the graded AlGaN layer
continuously to form a mobile 3D hole gas and make the layer p type [96]. For InGaN the
direction of the polarization field and induced charge types are reverse. It means by increasing
indium composition the background fixed charges are negative which make a p type layer. On
the other hand, by decreasing indium composition the fixed background charges are positive

which make the layer n type.
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Figure 1. 10.(a) Sample structure of graded AlGaN pnjunction on Ga-face template, (b)
polarization charge field is created by grading AIGaN on GaN [97].
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1.5 Photoluminescence
When a light source with equal or higher energy hits a semiconductor structure, it can
excite an electron from the conduction band to the valence band. Quickly electron loses its
energy by generating heat and going to the state with lowest energy. Then, electron recombines
with a hole in the valence band resulting to generate a photon. Energy of this photon is measured
in a spectrometer. As is shown in Fig 1.11, the laser gets concentrated on the sample through a
reflective objective. A He-Cd UV (325 nm) laser is used for PL excitation. The laser passes
through optical density (OD) filters. OD filters are using to manipulate laser power to measure
PL in different laser power which is called power dependent PL. The laser line filter blocks all
wavelengths except 325 nm. The laser is reflected toward sample with a beam splitter. A
reflective objective concentrates the light on the sample. There is a UV transparent window in
front of the reflective objective which the laser goes through without any loss. The sample is
located in a cryostat in which the temperature can be decreased to 15 K. The reflected light from
the sample goes to the spectrometer, however, another splitter sends the light to a CCD camera
which is focused on the sample. A long pass filter in front of the spectrometer allows photons
with low energies go through spectrometer.
The advantages of using mirrors in PL set up are:
e Wavelength independent
e Low loss UV system ( laser power is the same during propagation until hitting the

sample)(Most glass absorbs laser)
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Figure 1. 11. Photoluminescence spectroscopy set up and components

Sample Inside a cryostat( Cooldown to 15K)

To study the nature of each PL peak and recombination type correlated to each peak,
power dependence PL was studied. The power of the laser is adjusted between 10 to 0.01 mW by
using neutral density (ND) filters. ND filters are defined with their optical density (OD) which
describes the amount of energy blocked by the filter.

Power law in PL explains, PL intensity relatively correlated to inserted carrier density for
a constant spot of using light source which here is HeCd laser with 325 nm and initial 10 mw
power.

Ipp = AX I{yser Equation 1. 11

For a<1, Free to bound transition & donor-acceptor pair recombination which is defined
as transition between impurity and one of the energy bands or some neutral donor electrons
recombine with neutral acceptor holes. For 1<a<2, it is called Shockley-Read-Hall (SRH)
recombination which would occurs in either one or two step transition. An impurity due to a
foreign atom or a structural defect is located within the bandgap causes SRH recombination
which is considered as non-radiative. When o=1, it is called exciton transition when a bounded

state of an electron and a hole which are attracted each other make an exciton.
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When o=2 fFree carriers transition), it means an electron is free to fall down to the

valence band (VB) to recombine with any hole.
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Figure 1. 12. Power law for different o; a) a<1, b) a=1, ¢) 1l<a<2, d) a=2

To study the peak corresponded to the transition between ground state electron (hole)
with other carriers, another PL study was reported. The experimental data were compared with
simulation data. Simulation data confirm that the band to band transition and then recombination
is due to ground state hole which recombines with all electrons in the conduction band. The
transition probability vs energy gives the simulated PL which gets compared with experiment
PL. For strained structures the result perfectly matches. On the other hand, for partially relaxed
structures the experimental data is located between fully relaxed and fully strained simulation
data.

In chapter 5 and 6, double graded structure solar cells are studied with nextnano software.
An equation like Vegards law is defined to calculate the bandgap energy under strain. In
addition, other parameters which are influenced by strain such as absorption coefficient and
generation rate are obtained. In chapter 4, a A-shaped graded structure is studied in both features;
strained to GaN lattice constant and relaxed. In chapter 5, A Flat Base Graded (FBG) InGaN
solar cell structure is compared with two common InGaN structures; InGaN Homojunction and

Square Well. In chapter 5, all structures are studied under strained to GaN lattice constant.
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1.6 Nextnano software

Nextnano is a modeling software which can calculate, report and display semiconductor
material (devices) optical and electrical properties in nano-scale. Nextnano solves Schrodinger,
Poisson and current equations. Carriers are investigated within the effective mass approximation
to find the quantization energies. Nextnano obtains the materials properties from its database.
For group 111-N materials theses information in the software are populated from Vurgaftman
report for material properties [50]. In this modeling, graded well with ternary alloy (composition
changes) between GaN to In,, Ga;_, . N isassumed to changes linearly. Strain is considered
in nextnano according to [98], bandgap energy of ternary alloys is calculated by interpolation
between the binary alloys. For example for InGaN, conduction band and valence band energies
are obtained by interpolation between GaN and InN as explained by Vegard’s law earlier.
Nextnano calculates and displays the optical and electrical properties of different semiconductor
nanostructures. Due to the importance of strain in heterojunction semiconductor, strain gets
solved separately from the main part of written program. Nextnano starts to calculate strain
within continuum elastic approach. Effects of strain on conduction band and valence band are
calculated by using band off set and deformation potential theory. Generally, strain is generated
in crystal structure due lattice mismatch in the growth process, applied external force or stress to
structure and phonon induced lattice vibration. Due to strain conduction band energy is shifted.
To study and investigate conduction band energy shift, deformation potential theory was defined
to calculate coupling between electrons and acoustic waves in solid. [99], [100] Then others

[101] used this method to calculate transport in a semiconductor under strain. The deformation

potential theory defines a new Hamiltonian (5. The effect of strain on crystal structure can be
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studied by the new Hamiltonian. The Hamiltonian matrix elements are given below which is
formed on first order perturbation energy.
. 3 Equation 1. 12
{7 (e)} = Z Dg.ﬁsa,;
a,f=1

D*B is known as deformation potential operator which transforms under symmetry operation like
a second rank tensor. [102] &, is the strain tensor. In addition, ij indicates the matrix element of
the operator D#. Due to symmetry of strain tensor with respect to a and B, the deformation
potential operator would follow this symmetry which means D% = DA% This fact decreases the
number of independent deformation operators to six. Different methods performed to find the
deformation potential constants. The methods such as empirical pseudo potential or ab initio can
calculate deformation potential constants. Easier way is to fit the deformation potential to
experimental results which are obtained by electrical, optical, microwave techniques or
analyzing stress induced absorption edges. In spite of the fact that the theoretical prediction and
measurements match well, deformation potential in literature and different methods vary from
each other. Cubic crystal structures show induced energy shift for conduction band (for a
degenerate energy level). Along the A symmetry line, D*? (deformation potential operator)
describes as scalar by one or two independent constants. The energy shift of the conduction band
edge along the <111> and <100> directions is calculated by two independent deformation
potential constants:
SE, =EyTr(e) + ELalzad; Equation 1. 13

Here, =7 is uniaxial and Z7 is the dilatation deformation potential constants for valleys of the
type v = L, A. d; is a unit vector parallel to k vector of valley i. The I" conduction band minimum

valley shift is calculated via a single deformation potential constant:
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SE§ = EITr (3) Equation 1. 14

From the two above equations the valley splitting from uniaxial stress along arbitrary direction
gets obtained. On the other hand, due to degeneracy at the maximum of the valence band, the
deformation potential is different for the conduction band. D% isn’t a scalar anymore and is
described as a matrix 3*3. Due to symmetries the six independent operators are described
through three independent entries, like I,m,n or a,b,d corresponded to set of eigenfuctions. For
the basis |x,s >, |y,s >,|z,s > with s=T,{ (spin state) the perturbation Hamiltonian is then
defined as:

— H 03, Equation 1. 15
Hgrqin = (03*3 %3)

where H is a 3*3 matrix given by:

lexy + m(eyy + &5,) NExy NE,y
H = NEyy ley, + m(e,; + Exx) nEyy
NE,y ney, leg, + m(exy + €yy)

Then, the multi-band Schrddinger, Poisson and current equation get solved self-
consistently. In addition, piezo and pyro-electric (spontaneous) charges are taken into account.
Piezo-electric charges are created by strain. In addition, conduction band and valence band are
influenced by strain. Moreover, strain influences the k.p Hamiltonian of the Schrodinger
equation. The energy band diagram is obtained through a Poisson-solver or Schrodinger-solver.
The Poisson equation explains electrostatics in a semiconductor device which is written as:

eV, p(x) = —p(x) Equation 1. 16
where ¢ (x) refers to the electrical potential and p(x) is charge density. p(x) contains carriers

density and ionized concentration and is written as:
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px) = qo(p(x) —n(x) — Ny(x) + Ny(x) Equation 1. 17
n(x) and p(x) are carrier densities (electrons and holes density respectively), N, and N, are
ionized donor and acceptor concentration.
At a given position x , the charge carrier density is given by:

® Equation 1. 18
n(x) = f Do (E, ) f rp(E)dE ]
E

c

E, Equation 1. 19
p(x) = f D,(E,x)(1 — fp(E))dE

where fp is the fermi Dirac distribution which shows the probability that the available state E is
occupied by electrons (holes) in the conduction (valence) band.

1 Equation 1. 20
1+ exp(B(E — Ey))

frp(E) =

In addition, D, (E, x), D, (E, x) refer to Density of States (DOS) for electron and hole

respectively which are defined like:

oMy, , V372 Equation 1. 21

Du(Ex) = ) P [2(E = E.()

h2m2

Equation 1. 22

3/2
g,my, ;v
Dy(E,x) = ) S [2(E, (0 — F)
4

where m,, ,, and m,, ,,. are effective masses of the electron and hole respectively, with degeneracy
of g, where v indicates the valley index. E, E;, and Ef are conduction band valence band and
fermi energy. By considering the electrostatic potential ¢(x) in the conduction band E.(x) and
valence band E,(x), the VB and CB band edge are given as:

E.(x) =E o — qop(x) Equation 1. 23

E,(x) =E,o— qop(x) Equation 1. 24
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E., and E, , refer to the conduction and valence band energy edge in flat band condition.
Poisson-solver solves equation 1.16-1.24 self consistent due to similar dependency of ¢(x), p(X)
and n(x).

To explain the procedure of Poisson and Schrodinger-Poisson solver, two flow chart

diagrams of newton iteration scheme are shown.

a) Initial electron density b) Initial electron density
n%(x) n’(x)
2 A
Solve the Poisson equation Solve the Poisson equation
£V 1 (2) = go(Na(x) — n(x)) eV 1 (x) = qo(Na(x) — n*(x))
S ET @) > B )
v - ¢ "
- Solve Schrodmger equation
Calculate the new electron density (_ o Eck+1(x}‘) e _ g K K
ESTVES S kbt () = con(x) 2m ! e
v
A 4 Calculate the new electron density
%_E E LB BT - i ) = -n(x)

Self-consistent Solution

Yes

Self-consistent Solution

Figure 1. 13.a) Poisson and b) Poisson Schrodinger solving steps flow chart

As it’s shown in Figure 1.13, the old electron density n*(x) enters to Poisson equation to
obtain a new electrical potential ¢**(x), then electron density n**1(x)for this electrical
potential gets calculated. The Poisson solver uses semi-classical equation (n(x)) to obtain new
electron density. On the other hand, Schrédinger-Poisson equation determines bound state to
study the new electron density n**1(x). By obtaining new n**(x), the loop for iteration is
continued at Poisson step until [n*+1(x) — n*(x)| to decrease lower than a certain limit ¢.

Carrier densities can get calculated by single quasi-bound states of electrons and holes:
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Elim,n mn,v,yz 2 Equatlon 1 25
nw=| 2007552 .0 (6 = En)onsO Fro )2

E

p(x) :L

where 0 is defined as:

Equation 1. 26

D ) 0 (B~ B[y (L~ Fro(B))dE

limp o

(1, x=0 Equation 1. 27
ow={y 2o

E, ; is defined as energy of quasi-bound state i.and 1, ; is the corresponding wave-function.

The single sub-bands of quasi-bound states add up to the electron DOS within the
potential well which is between E.(x) and Ej, . For holes, the quasi-bound states E,; with
wave-function v, ; creates a sub-band between E, (x) and Ej;,, ,,. For band diagram calculation,
both Poisson and Schrodinger should be solved self-consistently because both are coupled
through ¢ (x) (electrostatic potential), n(x) and p(x) (charge carrier concentration) which were
defined earlier. In a Schrodinger-Poisson solver, this system of coupled equations is treated using
a self-consistent iteration method like given flow-chart on top.

The band structure is simulated in the envelope function approximation using a single-
band effective mass approximation [103]. For a free electron the kinetic energy (E) is given by:

h’k*  p? Equation 1. 28
- Zmo B Zmo

E

where k is the wave vector, and p is momentum. The group velocity relating to energy and
momentum is given by:

dE 1dE Equation 1. 29

Vs = dp " hdk

To study the electron dynamics in a lattice, effect of force on envelope function is

investigated:
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dE = Fdx = Fvgdt

1dE 1 dEdk

vy dt vy dk dt

_dE_1dE
Ve T ap T ndk

_ d(hk)
F= dt

Then, the acceleration is given by the time derivative of v,:

_dvy 1d (dE) _ 1 d*E_d(hk)
B T K2 dk?’ dt

T dt  hdt\dk
L1
" T 1aE
hZ dk?Z

Equation 1. 30

Equation 1. 31

Equation 1. 32

Equation 1. 33

Equation 1. 34

Equation 1. 35

The electron acceleration in three dimensional crystals isn’t isotropic so an effective mass tensor

is introduced as:

dvg -1 =~ -1 =~ -1 a
ar =M FxXx+my; F,y + m, F,z
-1 -1 -1
1 m,., mxy m,,
—m=! m=! m-1
s vy yz

-1 -1
m,, My, My,

Equation 1. 36

Equation 1. 37

k-space is aligned to the main axes of the system centered at band edge. All off diagonal

components in m*get eliminated and as an example with parabolic approximation the conduction

band effective mass can be approximated (m}). According to E-k diagram for E, Z—i and Z—i in the

first BZ at k=0 for CB, it is shown that m} is positive near the bottom of all bands and is

negative near the top of all bands.
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For parabolic bands, the electron moves like a free particle with m* which is related to
the curvature of the band. When the band is not parabolic, m* is not constant so the slope and

curvature of E-k relationship should be taken to account to calculate v, from E using Eqg. 1.32.

h?k? Equation 1. 38
E=E.+

2m;

h?K? Equation 1. 39
E = E‘U - *

2m;,

For narrow bandgap semiconductors, the interaction between conduction band and

valence band must be considered, so k.p perturbation theory is taken to account. Perturbation

uses the fact that the cell periodic functions for the electrons for any k form a complete set which

the wave function is written like:

Y =9 . exp(ik.7) = [Z cmU i, (r)] exp(ik.T) Equation 1. 40

By using ¥ in the Schrddinger equation by considering that at k=k, wave-function can be written

like:
Wk = ky) = exp(iﬁ. F)U, (7 Equation 1. 41
h? h — _, h2Kk? . — Equation 1. 42
—ﬁVZ + Eoko-P + 2mg + V()| U, 51 = Eq (ko) U, 3-(r)
)= LS Ry _ |kPum| Equation 1. 43
Em(k)_ Em(o) + Zm() + (m()) ZnimEm(O)_En(o)
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CHAPTER 2
Luminescence properties of GaN/In,Ga;.xN/InyGa;.yN double graded structures (zig-zag

quantum wells)

Authors: Mirsaeid Sarollahi, Pijush K Ghosh, Manal A. Aldawsari , Andrian Kuchuk,
Morgan.E.Ware

2.1 Abstract

We have designed graded InGaN quantum well (QW) structures with the In composition
increasing then decreasing in a zig-zag pattern. Through polarization doping, this naturally
creates a p-n junction. Separate structures are designed by varying the maximum In composition
but maintaining a constant QW thickness. This is both in order to test the limits of the molecular
beam epitaxy growth control in terms of the deposition source ramping rates and to determine
the limits of the maximum In composition within a narrow QW. The composition, x, of In,Ga;-
«N is varied for all structures starting from a minimum of Xnin = ~3%, and increasing to different
maximum compositions, Xmax, then finally decreased back to ~3%. The samples are characterized
for their structural and luminescent properties. The results of the photoluminescence studies on
samples with Xnax ranging up to 35% demonstrate broadband emission covering wavelengths
between 380 and 700nm. Additionally, although the general emission of structures with
increasing Xmax Shifts to lower energy, the observed luminescence is comprised of several
individual peaks which are currently being investigated as to their particular origin.

2.2 Introduction

An important class of materials for current solid state lighting technologies is the InGaN
ternary alloy [1]-[3]. In addition, a direct and tunable bandgap covering the entire range of the

solar spectrum along with high thermal conductivity, high optical absorption, and high radiation
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resistance [4] make InGaN very interesting for applications in the photovoltaics industry. As a
result, InGaN continues to receive attention in the research community both fundamentally and
with a strong push towards photovoltaics [5]-[9].At the same time, there have been several
reports in which strain is claimed to suppress phase separation in InxGal-xN alloys. It was
claimed that InGaN alloys across the entire composition range without phase separation can be
grown when the layer is located within an InGaN/GaN double heterostructure [10]-[12].
Therefore, more complex structures may be possible. In Ref. (13) multiple graded quantum wells
(GQWs), where each QW was formed by a single grade from GaN to In,Ga;«N, or the reverse,
were grown in a device structure in order to improve the efficiency droop as well as study the
polarization field effect on the efficiency droop in light emitting diodes (LEDs). The initial
results indicate the quantum efficiency using a GQW structure is higher than that for a typical
LED structure. It was determined that efficiency droop due to electron leakage for high current
injection levels was reduced in the GQW LED due to the reduction in polarization field in the
active layer. Additionally, it was shown that multiple InGaN GQWs show improved overlap of
the electron and hole wave functions in the active layer, while also creating a barrier to prevent
carrier overflow for high injection currents [13]. Graded-composition multiple quantum barriers
(GQB) were also introduced to improve the hole transfer to the active layer and reduce efficiency
droop. This, again resulted in improved electron and hole overlap and in improved light output
power and internal quantum efficiency (IQE) of LEDs [14]-[15]. Several additional groups have
similarly reported improved electron and hole wave-function overlap in the active regions using
similar graded structures [16]-[19]. The reduced charge separation improves the IQE. Using a
graded structure in QWs also allows for the design of a wider well in order to reduce carrier

densities and similarly non-radiative recombination through Auger recombination. Such a
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mechanism becomes important in reducing LED efficiency droop [20],[21] when carrier
densities become large. In commercial (InGaN/GaN) QW LEDs the abrupt InGaN well is limited
to 3 nm due to crystal quality consideration. In graded structures of InGaN the thickness was
increased to 5 nm which allows for higher light output power. Using GQWs also reduces the
polarization-induced interface charge density. In a typical MQW LED the polarization-induced
interface charge density was about 0.54*10"" e/m? whereas for similar graded structures it was
0.3*10' e/m?. At the same time, the graded structure creates a bulk charge density in the well
which will screen the electric field. So, the electric field inside the well becomes screened. This
reduces the effects of the quantum confined Stark effect, which normally acts to pull apart
electrons and holes reducing light emission. It was also confirmed that the electron-hole wave-
function overlap increases along with the optical recombination in graded structures in
comparison with typical quantum wells [22].

Generally (striking) while, GaN and InN have different spontaneous crystal polarizations,
P, resulting from the non-centrosymmetric nature of their wurtzite structures. In a
compositionally graded structure of InGaN, the polarization changes proportionally to the
changing composition resulting in a fixed charge field given by, —V-P = p < 0. Grading the
composition from GaN to In, Ga,_,N results in a negative charge field and attracts free holes for
p-type doping. While the reverse grading, In,Ga;_,N to GaN, results in a positive polarization
charge and attracts free electrons for n-type doping [23]. It has been demonstrated that AIN
polarization charge fields are reversed in comparison with InN. In other words, by increasing the
aluminum composition from GaN — Al,Ga;_,N a positive polarization charge field is created
which attracts electrons (n-type), and Al, Ga;_, N — GaN attracts holes (p-type) [24]. This is due

to the relative spontaneous polarization of AIN and InN to GaN.
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2.3 Structure and Measurements

The GaN/In,Ga;_,N/In;Ga;_, N graded structures have been grown by molecular beam
epitaxy (MBE) at 575 °C with a 400nm unintentionally doped GaN buffer grown at 800 °C.
Figure 1 shows the sample structure. The 88 nm graded zig-zag QW structures with different Xnax
In compositions were growth on top of the 400 nm thick GaN buffer layer. The designed
maximum In compositions, Xmax, Were 0.15 and 0.20. However, initial x-ray diffraction (XRD)
measurements have indicated that the grading results in a slightly different calibration for the
growth in terms of the thicknesses and the compositions as shown in table. | The bandgap of the
alloys were calculated using the following equation (Vegards law), including a bowing factor of
b=16:

E¢(In,Ga; _,N) = xEg(InN) + (1 — x)Eg(GaN) —bx(1 — %) Eqation 2. 1

Table 2. 1 Maximum indium composition based on XRD measurement and bandgap based on
Vegards law

Sample No Xmax  Eg(eV) ‘

A 19.5% 27
B 22.5% 262
B
£ SriiE
£
E [=a)]

In(%)

Xmax

400 nm 44 nm 44 nm L

Figure 2.1. Top to bottom: Structure of samples with the given thickness of each layer; schematic
energy band diagram, and indium composition vs layer thickness
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Figure 2 (a) shows the symmetric XRD 260-o curves. Using a simple fitting algorithm
and assuming fully strained material, the thicknesses were determined to be both 88nm, while the
Xmax Values were determined to be 0.195 and 0.225 for samples A and B, respectively. Detailed
analysis and fitting of these XRD data will be reported elsewhere. Low temperature
photoluminescence (PL) was also obtained for all samples in a closed cycle helium cryostat at
~16 K. Continuous wave excitation was provided by a HeCd laser emitting at 325 nm. All
spectra are taken at a relatively low spectral resolution of ~50nm to enhance the signal intensity
and reduce detection time. Since the spectrometer is linear in wavelength, this converts to a
spectral resolution of ~0.1eV at 600nm and ~0.5eV at 350nm As a result, any narrow features
such as the emission from the GaN substrate appear artificially broadened. However, using
higher resolution settings, all spectra were determined to be exhibiting their fundamental peak
shapes. l.e., all observed features are very broad with linewidths greater than 50nm.

Figure 2(b) shows an example PL spectrum taken of each of these two samples at low
temperature. The GaN peak from the buffer and template layers appear in both samples at ~3.5
eV. Additionally, the bandgap of bulk In,Ga;_,N for x = Xnax for each sample (see Table 1) is
indicated by vertical lines for comparison. Also, the data range over which the analysis was
performed is indicated by the vertical red lines. Above 3.5eV is not considered in analyzing the
film characteristics, and below ~ 1.75 eV all light is considered as second order diffraction in the

spectrometer.
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Figure 2.2. (a):The XRD measurement, for both samples(x=19.5% & 22.5%). (b): PL spectra for
both samples. The bandgaps of bulk maximum indium containing InGaN for each sample is

shown as a vertical dashed line.

The peak positions along with the bulk bandgap energies for x,,,4, are summarized in
Fig. 3. Comparison of the two samples confirms that the peak energies generally shift to lower
values with increasing the maximum In content of the wells. This reinforces the idea that all
features of this luminescence are due to the zig-zag QW structure and not to the substrate.

Additionally, we find that for both samples there exists peaks both above and below the energy

of the bulk bandgaps. These features are currently under consideration as to their origin.
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Figure 2.3. Comparison of Energy (central wavelength) (eV) for both samples for each
individual peak in high laser power, Samples bandgaps are shown with square.

40




2.4 Photoluminescence Power Dependence

In order to gain some understanding as to the nature of the PL peaks and the
recombination mechanisms responsible for the radiative transitions in each, the dependence of
excitation intensity was studied. The power of the excitation laser was varied between 10 to 0.01

mW. The results are shown in Fig. 4. Again, here the results from samples A (x = 19.5%) and B

(x = 22.5%) are compared.

Slit imm, t=5 5 (b)
10000 {Sample B

10000 4 Slit Tmm, t=5 5 (a)

-
S
S

100

PL Intesnity

PL Intensity

100
10

2:0 I 2:5 ‘ 310 ‘ 3.5 I 2I.0 I 215 3.]0 ‘ 3.5
Energy(eV) Energy(eV)

Figure 2.4. PL spectra for a) sample A & b) sample B for various excitation power (laser power).

Peak fitting using multiple Gaussians was performed on all the power dependent PL. An
example is shown in Figs.5a and b for both samples with their highest excitation power (I,) and
a low excitation power (0.11,) at a low temperature of 16 K. Here it can be seen that the PL
spectra of the zig-zag QWs of sample A are well fit by four peaks in the low power regime and

five peaks in the high power regime. For sample B, the PL spectrum is fit well by four peaks in

both the high and low power regime.
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Figure 2.5. Fitting example for both samples in high and low laser excitation power regimes. a)
sample A in high power, b) sample A in low power, c) sample B in high power, d) sample B in
low power

Before doing full scale modeling, schematic bandgap diagrams can be used to begin to
understand where multiple PL peaks may be derived from. According to the schematic energy
band diagrams in Fig.6 which includes a conceptual understanding of polarization doping in a
graded structure, we suggest that the strongest peak is from the bottom of the well or the center
of the pn junction and the highest energy peak is from the buffer to p-type interface. While the
lowest energy peak is probably from some defect band which follows either the conduction or
the valence band in the structure. There could, in principle, be several defect states which result

in multiple emission peaks.
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Figure 2.6. Polarization doping for increasing and decreasing indium composition in the
designed graded structure. a) shows the diagram before equalization of the fermi level and b)
after.

2.5 Power laws and luminescence

Generally, we can relate the PL emission intensity to the injected carrier density by a
power law [25],[26]. Here, we suppose that the excitation intensity (I;,se-) IS proportional to the
injected carrier density for a constant spot size of the laser [27]. Thus, a generalized power law
can be written as:

Ip; = Al §ger Equation 2. 2

Here, the value of a can reflect different recombination processes. Generally, if a is equal
to 1, it indicates an exciton like radiative transition which results from an electron and a hole
bound to each other in the form of an exciton prior to recombination [27]-[29]. If a=2, it
indicates free carrier recombination where a free electron in the conduction band can recombine
with any free hole in the valence band. If « > 1, it indicates that a Shockley-Read-Hall (SRH)
defect mediated non-radiative recombination is competing with free carrier, radiative
recombination [27] . A value of a < 1 suggests a radiative recombination mechanism including
defects or impurities such as free-to-bound and donor-acceptor pair transitions which is a
spatially indirect transition between an electron bound to a donor and a hole bound to an acceptor

[28], [29].
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To determine the power law factor, a, Eq. 2 should be linearized as well as the associated
data, Fig. 7. This is necessary in order to not weight the larger values preferentially in the fitting.
The given equation for the power law can then be written as:

Ip; = Al {yser = Log (Ip;) = Log (A) + a Log (I 4ser) Equation 2. 3

Such that the slope can be taken from a linear fit to be the power law factor.

(@) 404 Sample A, x=19.5% (b) 4.5 Sample B, x=22.5%
_.‘v'
3.5 4.0 "-
L
3.0 ’, ’ 2.5 "
. e -
L 26 I e L 20l P % o
3 e | P oo
204 @& . p'
' ® Log(PL1) 2.5 “‘..“,. )
154 = 1 ® Log(PL2) P : o0 ® Log(PL1)
' » ® Log(PL3) 2.0 ® Log(PL2)
o Log(PL4) 8." Log(PL4)
1.0+ ® Log(PL5) 5 = [__® Log(PL5) |
T T T T T o T T T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Log(LP) Log(LP)

Figure 2. 7. Linearization of PL intensity versus laser power for both samples a): A (19.5%), b):
B (22.5%)

Table 2. 2. Power law exponent is given for each peak in both samples

Sample — a ! o2 a3 g As

A(x = 19.5%) | 1.25+0.065 | 0.99+0.04 | 0.77+0.053 | 0.73+0.024 | 0.77+0.02
B(x = 22.5%) | 0.77+0.015 | 1.32+0.07 N/A 0.98+0.03 | 0.81+0.03

Exciton-like transitions likely dominate the optical emission in peaks 1 and 2 in sample
A. However, «; is large enough to suspect it has a significant free carrier character with some
competition with non-radiative channels. At the same time, free-to-bound or bound-to-bound
transitions likely contribute to all other peaks. For sample B, the second and forth peaks appear

to be exciton-like transitions, again with the higher energy peak (this is peak 2 for this sample)
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showing some free carrier character. On the other hand, the first and last peaks appear to be the
result of free-to-bound or bound-to-bound transitions.

Figure 8 summarizes the PL peak positions as functions of the laser power (LP) for each
of the different luminescent bands. In polar materials like the Ill-nitrides, PL from QWs exhibit
the quantum confined stark effect [30] in which the PL energy is shifted to lower values due to
the built-in electric fields. This is more directly observed when increasing the excitation power
results in a shift of the peaks to higher energy (a blueshift,) which is the result of screening the
electric field by the high concentrations of confined charges. For sample A, there is an obvious
blueshift in peaks 2 and 4, while a general redshift appears in peaks 1 and 5. For sample B, we
see that peaks 1, 2, and 4 exhibit blueshifts with increasing power, while peak 5 shows an overall
redshift. The redshift is not as well understood, and could be the result of essentially “bleaching”
the non-radiative recombination channels with higher excitation power causing the radiative
lifetime to lengthen [31], [32]. This longer lifetime may result in carriers finding lower energy
radiative states to recombine from. Therefore, we would expect a redshift from those peaks
which have a power law of a > 1, because this indicates that the radiative state is in competition
with a non-radiative transition. Indeed, we find that for peak 1 in Sample A, with a;, = 1.25,
there is a significant redshift. However, there is also a small redshift for peak 5. At the same
time, we find peak 2 in Sample B has a power law of a, = 1.32, but does not exhibit a redshift,
while again peak 5 exhibits a small redshift. These unexplained redshifts may be influenced by

surface states in the samples,[152] but this is beyond the scope of this paper.
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Figure 2. 8. Peak position Vs Power (peak position Shifting) Left: Sample A, Right sample B. (x

We have grown and characterized graded quantum well structures of InGaN with the In
composition increasing then decreasing in a zigzag pattern. The resulting polarization doping
causes an effective pn-junction to form within the QW creating several possible locations for
charge to accumulate and recombination to occur. This, along with the potential for radiative

recombination to occur through not only band-to-band and exciton-like processes, but also defect



mediated free-to-bound or bound-to-bound processes, results in several distinct, very broad
emission peaks. The emission intensity of each peak was characterized according to its power
law dependence on the excitation power. The exponents, a, of these power laws were further
classified according to their range as follows: @ = 2, free carrier recombination; 2 > a > 1, free
carrier recombination with competition from non-radiative recombination; a« = 1, free exciton
recombination; and a < 1, radiative recombination through mid-gap bound states. According to
these power laws the sources of peaks 1 and 2 in sample A are exciton like transitions. However,
a, is large enough to suspect it has a significant free carrier character with some competition
with non-radiative channels. This idea is corroborated by the fact that peak 1 in Sample A
exhibits a strong redshift with excitation power. This can be the direct result of bleaching the
non-radiative channel, allowing for longer lifetime carriers to find lower energy radiative states.
Similarly, we find peaks 2 and 4 in Sample B (peak 3 is not evident) to be exciton-like
transitions, again with the higher energy peak (this is peak 2 for this sample) showing some free
carrier character. For this sample, however the redshift of the @ > 1 peak is replaced by a
blueshift indicating screening of the quantum confined stark effect. All other peaks in both
samples appear to be due to radiative defect states with power laws of a = 0.75. The deeper
understanding of these zig-zag quantum wells and the radiative processes which they exhibit will
help in the development of future optoelectronic devices which can exploit their unique emission

properties.
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CHAPTER 3
Experiment-simulation comparison of luminescence properties of GaN/InGaN/GaN double

graded structures

Authors: Mirsaeid Sarollahi, Pijush K. Ghosh, Manal A. Aldawsari, Shiva Davari, Malak 1.
Refaei, Reem Alhelais, Yuriy I. Mazur, Morgan E. Ware

3.1 Abstract

Graded InGaN structures have been designed by increasing the indium composition from
3% to a maximum value then back to 3%. This results in a Zig-Zag quantum well (QW) structure
with a composition grading and subsequent polarization doping, which forms a p-n junction.
Separate structures are designed by varying the maximum In composition but maintaining a
constant QW thickness. This is both in order to test the limits of the molecular beam epitaxy
growth control in terms of the deposition source ramping rates and to determine the limits of the
maximum In composition within a narrow QW. The results indicate that by increasing the
maximum indium composition, the overall emission, while very broad, shifts to lower energies.
The broadband emission covers wavelengths between 360 and 700 nm. Simulations identify the
lowest energy, band-to-band transition for fully strained structures with a noticeable shift
resulting from partial relaxation in samples with higher indium content. This type of novel
polarization doped structure has useful applications in optoelectronic devices; therefore the
presented understanding of its optical transitions will be beneficial to their design and
implementation.

3.2 Introduction

The optical properties of InGaN ternary alloys make them interesting materials for

photovoltaic devices [1]-[3]. Properties such as direct and tunable bandgaps which cover the
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whole range of the solar spectrum as well as high thermal conductivity, high optical absorption,
and high radiation resistance are center to this interest [4], [5]. As a result, InGaN continues to
receive attention in the research community both fundamentally and with a strong push towards
photovoltaics [6]-[9]. Phase separation in InGaN has been studied and shown to be suppressible
[10], [11]. As a result, growth of InGaN alloys have been demonstrated across the entire
composition range without phase separation within an InGaN/GaN double heterostructure [12],
[13]. Hence, more complicated structures may be designed. In Ref.14, they compared the effects
of adding two or three staggered InGaN layers within a QW. This significantly reduced the
radiative lifetime, thus enhancing the radiative efficiency. They claim employing a staggered
InGaN QW design enhances the electron-hole wave function overlap in order to increase the
radiative recombination rate (Rsp) and radiative efficiency of the QW for LEDs application [14].

Additionally, others have reported LEDs with triangle shaped QWSs having reduced
operation voltage and higher light output power than those with rectangular MQWs. This is due
to the density and uniform distribution of QDs which form in the triangle QWs and act as
radiative recombination centers. TEM demonstrates that QD sizes in triangle QW are much
smaller (20-50 nm) than those in rectangular QWSs (100 nm) [15]. In addition, other work using
trapezoidal QW structures show that electron-hole wave function overlap is enhanced, which
allows for a lower operating voltage at high current densities and an improved efficiency droop
with a low crossover current density of 5 A/cm2, which was a significant improvement over
conventional LEDs that use rectangular wells. The external quantum efficiency was increased by
20% at a current density of 70 A/cm2 [16]. A similar report is given for comparison of
trapezoidal-shaped well and rectangular-shaped well. The device featuring a trapezoidal well

exhibited improved EQE and alleviated efficiency droop relative to those of the device featuring
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a rectangular well. The decreased Auger loss has been proposed as the main reason for the
greater maximum efficiency that occurred at high current density (>50 A/cm2) [17].
Additionally, there is a simulation report about conductivity in p-type GaN/InGaN-graded super-
lattices. Simulation results indicate that significantly improved electrical conductivity can be
achieved by using composition graded p-type layers. Graded super-lattice design leads to an
improvement of more than eleven orders of magnitude in the vertical electrical conductivity, ov,
compared to typical super-lattices [18]. Multiple graded quantum wells (GQWSs) used in LEDs,
where each QW was formed by a single grade from GaN to InxGal-xN, or the reverse, were
grown in a device structure in order to improve the efficiency droop as well as study the
polarization field effect on the efficiency droop in light emitting diodes (LEDs). The initial
results claim the GQW structure increases quantum efficiency in comparison with typical LED
structures. Also, efficiency droop due to electron leakage for high current injection levels was
reduced in the GQW LED due to the reduction in polarization field in the active layer.
Additionally, it was shown that multiple InGaN GQWs show enhanced overlap of the electron
and hole wave functions in the active layer, while also creating a barrier to prevent carrier
overflow for high injection currents [19]. Graded-composition multiple quantum barriers (GQB)
were designed to enhance the hole transfer to the active layer and reduce efficiency droop.
Furthermore, they reported improving electron-hole wave-function overlap and enhancing light
output power and internal quantum efficiency (IQE) in LEDs [20], [21]. Several groups have
similarly reported enhanced electron-hole wave-function overlap using graded structures [22]-
[24]. In typical commercial (InGaN/GaN) QW LEDs the abrupt InGaN well is limited to 3 nm
due to crystal quality consideration. In graded structures of InGaN the thickness was increased to

5 nm which allows for higher light output power. Using GQWs also reduces the polarization-
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induced interface charge density. In a typical MQW LEDs the polarization-induced interface
charge density was about 0.54*1017 e/m?, whereas for similar graded structures it was 0.3*1017
e/m?. Also, the graded structure creates a bulk charge density in the well which will screen the
electric field. This reduces the effects of the quantum confined Stark effect, which normally acts
to pull apart electrons and holes reducing light emission. It was again confirmed that the
electron-hole wave-function overlap increases along with the optical recombination in graded
structures in comparison with typical quantum wells [25]. The reduced charge separation
improves the 1QE. Using a graded QW also allows for the design of a wider well in order to
reduce carrier densities and similarly non-radiative recombination through Auger recombination.
Such a mechanism becomes important in reducing LED efficiency droop [26], [27].

In the past, graded structures (generally single grades) have been investigated in general
for their strain relieving properties[28], [29]. Graded films of IlI-nitride materials additionally
exhibit polarization doping which has been demonstrated to achieve very high levels of doping,
without the use of additional impurities in the lattice. This is explained as follows. InN and GaN
have different spontaneous crystal polarizations, P. When a compositionally graded structure of
InGaN is grown, polarization doping is introduced proportional to the increasing (decreasing)
composition resulting in a fixed charge field given by, —V.P=p. When the compositional grading
is from GaN to InGaN for metal polar growth, the background charges are negative (—V.P=p<0)
which attracts holes to create p-type doping. In the reverse condition, when the grading is from
InGaN to GaN for metal polar growth, the background charges are positive (—V.P=p>0) which
attracts free electrons to create n-type doping. [30] .It has been shown that AIGaN polarization
charge fields are reversed in comparison with InGaN. In other words, when the alloy is graded

from GaN to AlxGal-xN for metal polar growth, a positive polarization charge field is created
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which attracts electrons (n-type), and when the alloy is graded from AlGa;xN to GaN holes are
attracted (p-type) [31]. This is due to the relative spontaneous polarizations of AIN, InN, and
GaN.

In this study low temperature photoluminescence (PL) spectroscopy of three zig-zag QW
samples with xmax =19.5%, 22.5%, and 26% for samples A, B, and C, respectively, has been
measured using a HeCd laser at 325 nm and simulated to examine in more details the
luminescent mechanisms. Our structures are GaN/InGaN/GaN double graded structures in which
the indium composition increases from 3% to Xmax, then decreases again to 3%. Our study here
has been designed to begin to understand what the active optical transitions are due to.
Simulations have been performed in order to understand the source of several observed peaks in
each sample. The energy found for the maximum transition probability between the conduction
band (CB) and the valence band (VB) has been compared with experimental data in order to
understand which observed peaks are due to band-to-band transitions. Finally, the positions of
the electron and hole wave-functions are determined in order to understand where, within the
structure, the main luminescence is originating from.

3.3 Structure and Measurement

Molecular Beam Epitaxy (MBE) was used to grow the GaN/Iny,Ga;xN/Iny,Gai.yN graded
quantum wells as detailed in [32], [33]. The 88 nm graded structures with different maximum
indium compositions (max ) Were grown at 575°C on top of an unintentionally doped 400 nm
thick GaN buffer layer grown at 800°C. See Figure 1. The maximum In compositions, xmax,
were determined by x-ray diffraction (XRD) measurements and simulations and are given in
Table 1 along with the associated minimum bandgap, Eg_min, given by:

Eg(In,Ga;_4N) = xE;(InN) + (1 — x)Eg(GaN) — bx(1 — x) Equation 3. 1
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Large discrepancies are observed in the published values of b varying in the range of
1.4eVV-2.8eV. Such a broad range of values of b is generally thought to be linked to the strain
state rate of the studied In,Ga; xN layers as well as localization affects due alloy fluctionations
[32]-[38]. Also previous studies have indicated that the bowing parameter is composition
dependent [40], [41]. Additionally, the bandgap recombination which is modeled by nextnano is
located at the GaN/Ingo3Gagg7N interface for which the effects of bowing parameter are
negligible due to the low indium content.

Table I: maximum indium composition based on XRD measurement and bandgap based
on Vegards law

A 19.5% 2.53
B 22.5% 2.4

C 26% 2.26
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Figure 3. 1. a) Top to bottom: Structure of samples with the given thickness of each layer;
schematic energy band diagram (Polarization doping disregarded), and indium composition vs
layer thickness, b) Structure of samples (Zoom out)

Polarization doping, resulting from the graded InyGa; «xN, should leave the bottom graded

layer p-type and the top graded n-type doping. This results in a narrow p-n junction structure.
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Figure 3. 2. a) Top to bottom: Structure of samples with the given thickness of each layer;
schematic energy band diagram (Polarization doping disregarded), and indium composition vs
layer thickness. b) Structure of samples (Zoom out)

Figure 2a shows symmetric XRD 20-o curves. Using a simple fitting algorithm and
assuming fully strained material; the thicknesses were determined to be ~88nm, while the Xmax
values were determined to be 0.195, 0.225, and 0.260 for samples A, B, and C, respectively.
Detailed analysis and fitting of these data will be reported elsewhere. Figure 2b shows XRD
reciprocal space maps for all samples. Samples A & B are fully strained, while sample C shows
signs of slight relaxation in that the vertical tail, which is a signature of the grading, is shifted
slightly from directly below the GaN spot. These data indicate, to within our range of interest

that the grading is uniform and there are no noticeable alloy fluctuations.
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Additionally, low temperature photoluminescence (PL) was obtained for all samples in a
closed cycle cryostat at ~15 K. Continuous wave excitation was provided by a HeCd laser
emitting at 325 nm.

The low temperature photoluminescence measurements for all samples, A through C, are
shown in Fig.3a. A significant GaN substrate peak appears at 3.51 eV in each sample with the
peak magnitude decreasing as Xmax increases. This is expected as the absorption of the laser in the
QW region will increase as the In composition increases, therefore reducing the amount of
excitation light reaching the substrate. Additionally, we see a phonon replica of the main GaN
peak at 70 meV lower in energy in all samples. The peaks seen between ~3.2 and 3.35 eV,
shown in close-up in Fig.3b, are believed to be the only band-to-band luminescence present in
the spectra and appear significantly above the minimum bandgaps of each structure, shown by
the vertical lines in Fig.3a, as will be discussed below. We believe that all of the other spectral
features to lower energies are generally the result of defect related recombination within the zig-
zag QW due to the fact that they generally shift to lower energies as Xmax increases. All of these
features can be closely identified with commonly known defect state luminescence observed in

GaN, which will be discussed below.
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Figure 3. 3. a) PL for all samples of graded InyGa;xN with X=Xnax for to each sample, the
bandgap energy of each x,,,,, is shown by a vertical line. Black (for sample A: x=19.5%), red
(for sample B: x=22.5%) and blue (for sample C: x=26%), b) expanded view around high energy
peaks believed to be the band to band transitions.

3.4 Simulation Details and comparison with experiment data

In order to begin to understand the spectral dependence of the photoluminescence, the band
structure of the device was simulated through self-consistent Schrédinger-Poisson calculations
using the software package Nextnano3, with the goal of calculating the optical transition
probabilities. These band structure simulations are shown in Fig.4a .In GaN molecular beam
epitaxy, unintentional doping (background doping) can sensitively affect both the optical and
electronic properties as discussed above, and can vary significantly with growth temperatures
and composition, and can often be as high as ~10%7cm™3[42]. Therefore, for the purpose of the
simulation, the background doping was varied between 8 * 10%to 2 x 10'”cm™2 in order to find
the best match between simulation and experimental luminescence peaks with a focus on strictly
band to band recombination. This match was determined with a background n-type doping
concentration of 1.3 = 1017 cm™3, which was subsequently used in all final simulation throughout
the entire thickness of the structure. Additionally, the results of polarization doping from the
compositional grading is displayed in Fig.4b. This produces holes in the first grade and electrons
in the second grade, both at a concentration of ~4 * 10¥cm™3 and resulting in an effective pn-
junction in the surface region. It can be seen in Fig.4a that increasing the in composition
generally decreases the bandgap, however with the large built-in field resulting from the pn-
junction, there is very little chance for seeing recombination in the region of the minimum
bandgap. This is the first indication that the luminescence seen in Fig. 3 would likely not have a

band corresponding to the alloy with the highest composition of Indium. According to the charge
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density and the energy band diagrams in Fig.4, the free charges (holes) are localized at the

interface between the substrate (GaN) and the graded structure.
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Figure 3. 4. a) Energy band diagram Comparison for all samples b) Charge distribution inp & n
parts due to polarization doping in all samples.

The transition probabilities were calculated by Nextnano3 by determining the
wavefunctions for electrons in a pseudo-continuum between position 400 nm and ~480 nm along
with the wavefunctions for the holes in the same range assuming the valence band in the region
between ~350 nm and ~450 nm formed a confined well for holes. The pseudo-continuum is
considered as the set of nearly free electron states bound by the band maximum at the
GaN/InGaN interface and the surface of the crystal. These wil be discussed in more details
below. Electrons and holes outside of these ranges were considered, but showed negligable
transition probabilities. For the purpose of this study, we were interested in determining the
band-to-band transition at the low excitation powers used. Therefore, we only show the ground
state hole wavefunction along with the local wavefunctions for the electrons. Again, higher
excited state holes were considered, but the presence of luminescence from these excited states is
unlikely due to the low excitation power used, experimentally. The wavefunctions, which

contribute to the highest transition probabilities along with the local bandstructures for each

60



sample are shown in Fig. 5. As a result of these, we can determine that the band-to-band
luminescence of these types of samples originates at the back interface between the intitial
grading and the GaN buffer layer as a result of the suden band offset due to the nonzero In
composition of the initial deposition. The wave-function of the ground state hole and the 4
electrons, which were shown to have the maximum transition probabilities of this system, are
displayed within the band-diagram as functions of position in Fig.5. In addition, the transition
energies and probabilities for each transition are shown. In considering fully strained material,
the hole wave-functions are confined at the interface of GaN buffer layer and the initial grading
of the thin film. On the other hand, the wave-functions of electrons are distributed roughly
evenly along the conduction band edge in Fig5a, b, & c. The decreasing transition probabilities
of the ground state holes from 18.96% in sample A to 18.4% in sample B indicates that the PL
intensity of this band to band transistion should also decrease. If strain is considered to fully
relax, the localized hole is found ~10nm deaper inside the graded film as shown in Fig 5.d for
sample C. This in fact increases the overlap of the elecrons and the hole wavefunctions,
increasing the transition probability to 22.24%. As a result of these simulations, the most intense
transition energies are predicted to be 3.332, 3.320, and 3.303 eV for samples A, B, and C,
respectively. In addition, the transition energy for sample C when fully relaxed is shown to be
3.075¢V.

In general, we make no comment regarding the relative intensities of these luminescent
states, however it is noted that in Fig. 3, the emission from sample C is considerably more
intense than the others while it is conjectured to be slightly relaxed by inclusion of dislocations.
We believe that having the hole wavefunction localized away from the interface as can be seen in

Fig. 5d due to the partial strain relaxation allows it to recombine free from any interface state
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influences as well as being more symmetric and slightly broader is can potentially recombine

with a larger electron density of states.
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Figure 3. 5. a),b),c) (Fully strained condition for sample A, B, and C, respectively) and d) (No
strain for sample C) show the position of ground state wave-function (in VB) and 4 electron
wave-functions (in CB) which have the maximum transition probabilities within the bandgap. In
addition, transition probabilities and transition energies are given for each transition between
electron and hole states.

The results of these calculation are shown in Fig. 6 for all sample structures. Shown here
are the transition probabilities for each sample around the local maximum probability. Notably,
the probabilites alternate between ~0 and a varying nonzero value. This results from the
alternating even and odd nature of the electron wavefunctions. Those probabilities that evaluate
to ~0 can be ignored now, but are included here for completeness. It can be seen that for
increasing maximum In content in the structures there is a monotonic decrease in the energy of

the maximum probability. This would be generally expected, but the corresponding energies of
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the bandgaps for InymaxGai-xmaxN are ~0.6 eV lower than these predicted recombination energies.
This is a result of the fact that these transitions are restricted to the area just above the GaN
buffer layer, just inside the beginning of the grade in composition.

The result of analyzing the electron-hole transitions through the dipole transition
probabilities results in alternating symmetric and anti-symmetric electron-hole overlap integrals.
This is evident in the nearly zero transition probabilities alternating with the non-zero transition
probabilities. In the resulting simulated PL the near zero transition probabilities would simply
not be observed, leaving the positive transition probabilities to create the envelope of the

predicted PL as is shown in Fig.6.
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Figure 3. 6. a),b),c) Transition probability versus energy for envelop (line plot) which predicts
PL. All conditions (dot plot) for all samples at background doping 1.3*10""respectively for
sample A, B and C.

Next, the effects of strain relaxation on the energy band diagram, the electron and hole
wave-functions, and the transition probability are shown in Fig. 7a and b for Sample C. As
shown above in Fig. 2, the XRD data show some partial relaxation for the sample with
Xmax=26%. In order to understand the effect of this relaxation on the luminescence, the
simulation for this sample was performed again assuming a strain free, completely relaxed
growth. The results of this are shown in Fig. 8a along with the strained results again, and the PL
spectra. This shows that the PL peak is located between the two extremes of strain and no strain,
which is as expected. But, it is interesting to see the range of variation resulting from relaxation
in the layer. This demonstrates that this band-to-band transition can vary by nearly 0.2 eV
simply by relaxing the strain. The effect of strain and relaxation on the energy band diagram is
shown in Fig.7b, where a dramatic change in the structure of the valence band edge can be seen,
which in turn affects the hole wavefunctions. The inset of Fig. 7b, shows these hole
wavefunctions which result in the maximum recombination probability for both the fully strained

and the un-strained structures. So, it is evident that the strain not only shifts the recombination
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energy, but it also results in a shift in the location of maximum recombination by ~15 nm.
Taking to account all experiment and simulation uncertainties, we consider a shift of + or — 0.01
eV to be negligible as in samples A and B, and therefore the model represents the data very well.
Additionally, in Fig.7a which shows the modeled peak for Sample C shifting by —0.43 eV away
from the fully strained prediction, we can see that the peak is shifting towards the relaxed or no
strain position. This generally indicates that this anomalous shift is the result of the partial strain

relaxation, which correlates with the XRD RSM data in Fig. 2b.

o

=

S
n

a b
) ) on Sample C
4|z
Sample C (x=26%) Background Doping: 1.3*10'7¢m™ g

07 3075ev 3.26eV 3
N | No-Strain Experiment 241" sl
5 2000 - o s 4
@ i 14 siton{r
8 1500+ 5 0=
8 1S
8 2 X=26%
9 1000 w -1y Fully Starined
E
=1
3
°
£
o

No Strain

(=3

0 100 200 300 400
position[nm]

3.0 3.1 32 33 34 35
Energy (eV)

Figure 3. 7. Comparison for Experiment, Fully Strained and No Strain in sample C(x=26%),
lines (blue and red) are corresponded to envelopes similar to Fig.6. b) Energy Band Diagram
with & without strain. In addition, ground state wave functions are shown with & without strain
in inserted plot.

For the other two samples, A and, B with lower indium compositions, the XRD results
show fully strained InGaN. In these cases the experimental PL matches almost exactly with the
simulated luminescence peak when for a background n-type doping density of 1.3 * 107 cm™3.
Comparisons between the experimental PL spectra and the simulated luminescence peaks for
samples A and B are shown in Figs. 8a and 8b for samples A and B, respectively. Here, a very
good correlation between experiment and simulation can be seen for both samples, which

demonstrates that the peak at 3.336 eV for sample A, and at 3.33 eV for sample B are the band-
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to-band transitions, along with the peak at 3.26 eV for sample C (Fig. 7a), for each of the
samples. According to this, we assign the remaining peaks in Fig.3a to defect states within the
Zigzag quantum well.

Another mechanism to consider is alloy fluctuations, which might result in localization of
charges similar to defects. In Ref.[43], general alloy fluctuations are shown to affect the band
edge and emission energy of InGaN thin films by less than ~100 meV at ~20% In and only ~40
meV at ~3 % In. As a result, we rule out these effects in our discussion as the variability
(linewidth) resulting from the localization of the carriers at the interface between the GaN buffer
and the beginning of the graded film due to the sudden band offset is more than that due to any
possible alloy fluctuations.

One of the main features of GaN is the appearance in the luminescence spectra of a
broad, so-called, yellow band emission centered around 2.2-2.3eV. Defect bands are widely
reported in GaN by photoluminescence measurements which show a broad yellow band, YL, and
a less common green band. GL [44]-[46]. The nature of the yellow band is currently understood
to be a transition between the conduction band and a deep acceptor [44], [47]. Carbon [39] and
oxygen [35], [36] are common residual impurities forming complexes with Ga vacancies,
denoted as V,,Cy, and V;,0y. A singly charged state of the latter complex can also be the origin
of a green band emission observed in freestanding material [44]. From studying the excitation
dependence of PL, the YL and GL luminescence bands were assigned to two charge states of,
presumably the V;,0y pair [48]. These defects are commonly introduced during the growth
process. Moreover, it is not possible to avoid contamination of other elements such as Si and O,

which are always present during growth [49]. Additionally, A variety of the Vg,-containing
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complexes may form acceptor-like defect levels in the lower half of the band gap and therefore
be responsible for some transitions observed in luminescence experiments [50].

In our samples, as mentioned above, high energy peaks (around 2.8 to 2.9 eV) are
considered as defect states. Due to n-type background doping which is common in these samples,
0 — Vgq,and Si — V;, are likely. However, the story for sample C due to partial relaxation is
different. As can be seen the peak around 2.2 eV (for sample C) isn’t located like other peaks
(for samples A & B). This strong peak shifted to higher energies can be considered as
combination of V4, and its complexes, such as the V;,0y, pair and partial relaxation in sample
C. For sample A & B at lower energies defect peaks are likely, which are complexes between the
cation vacancy and oxygen because they have even lower energies than the isolated vacancy[48].
According to Ref.[51], in contrast with investigations that the YL correlated with concentrations
of V¢, Oy, and Si,, they reported that the YL band is weaker in the un-doped GaN sample with
relatively higher concentration of oxygen and Vg,, as compared to a C-doped sample. This result
may indicate that a Vga-On complex is not the only defect responsible for the broad emission
near 2.2 eV in n-type GaN so the lower energy defects states for sample A and B (less than 2.2
eV) are likely as explained above. In particular, transitions from the deep donor to the shallow
acceptor would have a low probability in un-doped GaN due to negligible overlap of the hole and

electron wave functions for widely spaced deep donors and acceptors[50].
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Figure 3. 8. Experiment & Simulation comparison for a) Sample A (x=19.5%) &b) Sample B
(x=22.5%). Red lines are corresponded to envelope in Fig.6.

3.5 Conclusion

Simulations of the InGaN zig-zag quantum wells have shown that the ground state hole
wave function confined at the interface of the GaN buffer layer and the first graded layer due to
the small nonzero In composition at the base of the grade. Transition probabilities were
calculated by using a pseudo-continuum set of electron states in the conduction band. The energy
of highest transition probability in samples A and B is match well with the highest energy peak
in the PL spectra that is not associated with the GaN substrate. The other peaks in the spectra are
assumed to be defect states, normally seen in IlI-nitride semiconductors. The high energy peak in
sample C, similarly coincides with the simulated energy of maximum transition probability,
however there is some notable shift which is explained as being due to partial strain relaxation in
the layer.
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CHAPTER 4

Effects of numbers of wells on optical properties of periodic InGaN graded structure

Authors: Mirsaeid. Sarollahi, Rohith Allaparthi, Reem Alhelais, Manal A. Aldawsari, Malak A.
Refaei, Md Helal Uddin Maruf , Morgan E. Ware

4.1 Abstract

The optical properties of periodic graded GaN/InGaN are studied. We have designed
graded InGaN quantum well (QW) structures with the indium composition increasing then
decreasing in a zigzag pattern. Through polarization doping, this naturally creates alternating p-
type and n-type regions. Separate structures are designed by varying the number of repeating
periods (1 to 3), while maintaining constant overall structure thicknesses. Calculation of the
transition probabilities and the electron and hole wave-functions between the conduction band
and the valence band reveals a complex energy structure which predicts the photoluminescence
peaks for band to band transitions.
4.2 Introduction

Ternary alloys of Group IlI-N materials are promising materials to be used in future
photovoltaic devices due to high thermal conductivity, high optical absorption, and high
radiation resistance[1],[2] as well as a direct bandgap tunable over most of the solar spectrum[3],
[4]. Studies of the optical properties of InGaN graded structures have been reported, which
experimentally determine photoluminescence peaks as being the result of mechanisms such as
band to band transitions, impurities, etc., by using power law measurements, for example. In
addition, x-ray diffraction of graded structures have been simulated and compared with
reciprocal space mapping data. The data claims in low indium composition (17.5, 19.5 and

22.5%) the crystal structure is fully strained but increasing indium composition shows partial
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relaxation[5],[6]. Simulation reports for solar cell graded structure predict 28.9% efficiency for a
p-GaN/n-1In,Ga;—«N/n-Ing 5Gag sN/p-Si/n-Si tandem structure using realistic material parameters.
The thickness and doping concentration of the graded region was found to substantially affect the
performance of the cells[7]. Others identified key structural parameters useful for the
optimization of InGaN solar cells, as well as accurate estimates of the performances of p-
GaN/grad-InGaN/i-Ing 53Gag 47N/grad-InGaN/n-ZnO where Grad-InGaN corresponds to an
InGaN layer with a graded composition[8]. The effects of graded InGaN in LEDs have been
studied, and they claim that using a staggered InGaN QW design improves the electron-hole
wave function overlap in increasing the radiative recombination rate, R,,, and the radiative
efficiency of the QW for LED applications. Using graded structures also reduced the radiative
lifetime and thus enhanced the radiative efficiency[9]. At the same time, there have been several
recent studies of graded IlI-nitride films and how they result in doping without impurities, or
polarization doping, as a result of a gradient in the internal polarization [10]. This adds a
significant functionality to device design for devices made from IllI-nitride semiconductors [10],
[11].

In this study, simulations for one, two and three periodic graded structures have been
performed in order to understand their optical properties in respect to the number of periods
(wells). The main electron and hole wave functions are calculated in order to determine the
observable band-to-band transitions which would be found in photoluminescence experiments.
The energies are determined for these maximum probability transitions.

4.3 Structure and simulation method

Nextnano was used to design and study the GaN/In,GaixN/InyGai.,N graded quantum

wells. Figure 1 shows the different structures which were graded up and down over 500 nm each
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on top of a GaN buffer layer doped n-type at 10" cm™ to match realistic background
densities[12]. The maximum In composition in each case is 20%. Sample A is graded up and
down once, symmetrically to 20% In. Sample B is graded twice symmetrically, and sample C is
graded three times. This effectively results in one, two, and three wells in the structures,

respectively.

Sample C
GaN

Sample B

GaN

20%

Sample A
GaN

0 200 400 600 800
position[nm]

Figure 4. 1. Structure of samples with the given thickness of each layer

As mentioned above, in each graded structure a p-n junction is created. Energy band
diagrams confirm this fact. These are shown in Figure 2a. In all samples, there is a depletion
region between the GaN buffer layer and the initial graded film due to the intentional
background n type doping in the buffer layer. Additionally, degenerate doping is obvious in

samples B and C in Figures 1b and 1c, respectively.
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Figure 4. 2. a) Energy-Band diagrams for all samples. P- and n-type doping due to polarization
doping can be seen in the graded layers. Additionally, depletion region in interface of GaN
buffer layer and thin film is shown. b & c) Degenerate doping for Sample B and C .

For sample A, the electron (hole) ground state wave-functions can be seen inside the
structure in figure 3a (3c). Additionally, 3 holes (electrons) which result in the maximal
transition probabilities are displayed within the structure in the area overlapping with the ground

state electron (hole) wave-function. These are shown on a closer scale in figures 3b (3d) in order

to see the structure of the overlapping wave functions.
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Figure 4. 3. Ground state electron(hole) wave-function with three holes (electrons) which have
maximum transition probabilities (a&c respectively). zoom out (b,d).

To predict the photoluminescence due to the ground state electron (hole), transition
probabilities between the ground state electron (hole) with all holes (electrons) are considered.

The resulting simulated PL is simply the result of the envelope of the non-zero electron-hole
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overlap integrals. Figure 4 shows this for both the ground state electron and hole. The transition

intensity for the ground state hole is twice more than that of the ground state ground state

electron. This is likely due to the electron states being broader and more spread out in Figure 3d

resulting in larger overlap integrals. In addition, the simulation shows the energies of maximal

transition probabilities for the ground state electron and hole are Ew; (1) = 3.2238 eV andEw; ()

= 2.9605 eV, respectively, which would be the predicted PL energies in sample A.
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Figure 4. 4. Predicted PL for sample A due to electron and hole ground state.

The same strategy is followed for sample B ( 2 periods graded structure). The ground

state electron (hole) in each well is shown in figure 5a (5b) along with the 3 hole (electron)

wavefunctions which result in the most probable transitions.
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Figure 4. 5. Ground state electron(hole) wave-function with three holes (electrons) which have
maximum transition probabilities (a&b) in each well.
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Then, to predict the PL for sample B, the transition probabilities of the electron (hole) in
each well are calculated with all possible holes (electrons). Four peaks resulting from the
envolopes of these transition probabilities are shown in Figure 6. It can be seen here that the
transition probabilities of the hole ground states are stronger than the transition probabilities of
the electron ground states. In other words, the hole effects in predicted PL are stronger than the
electron effects. Like sample A, for sample B, the transition probability for the ground state hole
with electrons as well as the ground state electron with holes in each well are given. In addition,
the energy of maximum transition probability for ground state electron and hole (for well 1) are
Ewi (1) = 3.1311 eV, Ew: 1) = 3.0336 eV, respectively. Moreover, for well 2, the energy of
maximum transition probability for ground state electron and hole are Ew; () = 3.198 eV and

Ewze1) = 3.04 eV, respectively.
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Figure 4. 6. Predicted PL for Sample B (2 Periods) due to transition probability of ground state
electrons (holes ) in each well.

Similar to the two other samples, figure 7a (7b) shows the wavefunctions of the three ground
state electrons (holes) from each well for sample C. And again, as it was shown for samples A
and B, the wavefunctions of the three holes (electrons) which demonstrate the maximum

transition probabilities are shown in each well.
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Figure 4. 7. Ground state electron (hole) wave-function with three holes (electrons) which have
maximum transition probabilities (a&b respectively) in each well.

Finally, similar to samples A and B the predicted PL for sample C is shown in Figure 8 as
the envelopes of the calculated transition probabilities in each well. Here, we see a relative
convergence of the luminescence from all of the wells and from both the electrons and holes.

For sample C, the transition probability for ground state hole with electrons as well as ground
state electron with holes in each well are given. In well 1, the energies of maximal transition
probabilities for the ground state electron and hole are Ewi (n1) = 3.1811 eV and Ewi (1) = 3.095
eV respectively. The same parameter for well 2 is Ewz (1) = 3.108 eV and Ewgper) = 3.075 eV.
Finally, for well 3 the energies of maximal transition probabilities are Ews (1) = 3.1 eV and
Ewze1) = 3.076 eV. For well 1, the transition intensity for the ground state hole is almost twice

more than that of the ground state.
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Figure 4. 8. Predicted PL for Sample C (three wells) due to transition probability of ground state
electrons (holes ) in each well.

The above details for the predicted PL from all of the samples show the ground state
electron in well 1 shifted to higher energies, however this energy for the ground state hole in well
1 decreases in sample B and again increases in sample C. Additionally, the PL due to the ground
state electron in well 2 is increasing from sample B to sample C. However, the PL due to the
holes in the wells is decreasing from sample B to sample C. Furthermore, for all samples, the PL
due to the ground state hole in all wells occurs at higher energies than the electrons in the same
well.

4.4 Conclusion

The predicted PL for sample A shows two peaks including transitions between the
ground state electron with all of the possible holes and the ground state hole with all of the
possible electrons. However, for sample B the predicted PL due to 2 electrons and 2 holes in the
two wells should show 4 peaks, but convergence of these peaks displays only three, because the
peak energies for the electrons in well 1 and 2 are nearly degenerate. There are 6 peaks due to 3
electrons and 3 holes in 3 wells in sample C which are all nearly the same energies. These
results should be of interest to the community developing optoelectronic device structures out of
[11-N materials.
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CHAPTER 5

Study of simulations of double graded InGaN solar cell structures

Authors: Mirsaeid. Sarollahi, Mohammad Zamani Alavijeh, Manal A. Aldawsari, Rohith
Allaparthi, Reem Alhelais, , Malak A. Refaei, Md Helal Uddin Maruf , Yuri Mazur, Morgan E.
Ware

5.1 Abstract

The performances of various configurations of InGaN solar cells are compared using
nextnano semiconductor simulation software. Here we compare a flat base-graded wall
GaN/InGaN structure, with an InyGa;xN well with sharp GaN contact layers, and an In,Ga;«N
structure with In,Ga;«N contact layers, i.e. a homojunction. The doping in the graded structures
is the result of polarization doping at each edge (10 nm from each side) due to the compositional
grading, while the well structures and homojunctions are impurity doped at each edge (10 nm
from each side) at levels equal to the polarization doping density in the graded structure with
similar maximum indium concentration. The solar cells are characterized by their open-circuit
voltage, Vo, short circuit current, ls, solar efficiency, 7, and energy band diagram. The results
indicate that an increase in Iy and 7 results from increasing both the fixed and the maximum
indium compositions, while the V.. decreases. The maximum efficiency is obtained for the
InGaN well with 60% In.
5.2 Introduction

The optical properties of InGaN ternary alloys make them interesting materials for
photovoltaic devices.[1]-[3]. Properties such as direct and tunable bandgaps which cover the
whole range of the solar spectrum as well as high thermal conductivity, high optical absorption,

and high radiation resistance are center to this interest.[4],[5] As a result, InGaN continues to
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receive attention in the research community both fundamentally and with a strong push towards
photovoltaics.[6]-[9] However, there are still fundamental difficulties in the growth and
processing of this material, which prevents its use. Two main problems in particular are p-type
doping and strain and relaxation of high indium concentration alloys. There have been many
theoretical studies of single composition InGaN solar cells. For example, in 2007, modeling
optimization of a thick, single junction IngesGag3sN solar cell achieved a conversion efficiency
of 20.28%.[10] In another report (in 2008), they obtained higher efficiency (24.95%) with the
same indium composition due to adoption of the density of states (DOS) model, providing much
more information about recombination/generation in semiconductors than the lifetime model by
neglecting defects.[11] These are similar to several other studies of InGaN solar cells, which use
different modeling software to report solar efficiency.[12] Other predictions have been made
using first principles modelling of InGaN homojunction solar cells by varying the indium content
and thickness of the p-InGaN contact layer. For example, it was demonstrated that a 100 nm
thick p-n InGaN solar cell under AM1.5G illumination could have a maximum efficiency of
~21.5%.[13]

Historically, graded structures, generally only consisting of a single grade, were studied
for their strain relieving properties.[14] Ternary graded films in Ill-nitride materials have
additionally resulted in polarization doping which has been demonstrated to achieve very high
levels of doping, without the use of additional impurities in the lattice.[15] This feature is result
of different spontaneous crystal polarizations, P, in InN and GaN. In a metal polar, graded
structure, with increasing indium composition from GaN to InGaN, a negative background
charge is created due to the changing polarization ( —V.P=p < 0), resulting in a p-type layer by

attracting holes. The reverse compositional grade, from InGaN to GaN, then results in a positive
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background charge, which attracts electrons forming an n-type layer.[16] Polarization doping for
AlGaN generally results in the opposite doping type. l.e., by increasing (decreasing) the
aluminum composition from GaN to AlGaN (AlGaN to GaN), the graded layer is n- (p-)
type.[17],[18]. The IlI-nitrides are also strong piezoelectric materials, and as such, the changing
piezoelectric polarization as the alloy composition changes is generally considered along with
the spontaneous polarization component mentioned above. [19]

Here, we present a simulation study of graded and sharp barrier, GaN/InGaN devices
compared with single junction InGaN solar cells, where the active regions are formed by a single
composition InGaN layer and the contact layers are either compositionally graded InGaN
(polarization doped), GaN (impurity doped), or InGaN (impurity doped). The structures in this
work are shown in Fig. 1 using 50% indium as an example. These are 100 nm thick p-i-n type
structures made from In,Ga;«N with three different configurations. The first structure, Fig. 1a, is
a flat base-graded barrier structure in which a single layer with constant x is sandwiched between
two graded barrier layers.

The first graded layer (from 0-10 nm) starts from 0% indium and is graded to a maximum
value, Xmax, OVer 10 nm, then it is followed by an 80 nm flat base layer of constant composition,
Xmax, and finally (90-100 nm) the composition is graded back to 0%. This is Structure A and
called a flat base graded (FBG) structure with polarization doped contact layers forming the p-i-n
device. In addition, the energy band diagram related to structure A (for Xmax = 50% at zero volts)
is shown in Fig. 1b. The doping concentration resulting from the polarization doping as a
function of xmax in the graded layers is shown in Fig.1g. Structure B, Fig. 1c, is a wide square
well, with two doped GaN layers at each edge. The GaN layers are 10 nm thick each (0-10 nm

and 90-100 nm) and doped at a level to match that of the polarization doping in Structure A. The

85



InGaN is 80 nm thick (10-90 nm). The energy band diagram of Structure B (for x =50% at zero
volts) is displayed in Fig. 1d showing the two doped GaN edges. In addition, there are two sheet
charge layers at each interface between InGaN and GaN effectively acting as traps and resulting
from the sudden polarization change at the beginning (at 10 nm) and at the end (at 90 nm).
Structure C, Fig. le, is a 100 nm In,Ga;«N homojunction, with Xx=Xmax . The energy band
diagram of Structure C (for x =50% at zero volts) is shown in Fig. 1f and does not show any
significant barriers into the ohmic contacts with the edges doped intentionally. In summary,
Structures A, B, and C will be referred to as: Flat Base Graded (FBG), Square Well (SW), and

Homojunction (HMJ), respectively.
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Figure 5. 1. a) Flat base graded well structure (Structure A) b) energy band diagram for Structure
A, ¢) Single square well GaN/InGaN (Structure B) d) energy band diagram for Structure B e)
Single InGaN homojunction (Structure C) f) energy band diagram for structure C. g)
Polarization-doping correlated with indium composition in Structure A
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5.3 Nextnano simulation

Using nextnano, the band structure was modeled using a single-band effective mass
approximation.[20] For solar cell calculations, the generation rates for every layer of the
structure must be determined. Nextnano, however is limited to calculations of generation rates
for fixed composition materials only, within a single simulation. Therefore, generation rates for
variable composition films must be determined in a step-graded procedure, semi-manually
[21].Total generation versus position can then be imported into the nextnano+ simulation of the

full graded structure in order to calculate the light J-V curves and other solar cell parameters.
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Figure 5. 2.a) Converting graded structure to step graded to calculate generation rate in nextnano,
b) Receptivity of layers is given by the number next each layer when light passing through the
structure between 90-100 nm.

In order to determine these generation rates, the graded regions of the FBG structures
were parameterized as shown in Fig. 2 into step-graded layers with steps of 1 nm thicknesses.
The generation rates for each layer was then determined separately. In order to justify this step-

graded parameterization, we have used different step sizes for select calculations to demonstrate
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convergence to a virtual step size of 0 nm. Throughout the range of step sizes examined, using
the xmax=60% structure as a representative sample, the open circuit voltages remain virtually
unchanged, however the short circuit current, Js;, and the resulting solar cell efficiency, 7, did
evolve with step size. Generally, as the step size decreases, both Js. and 7 decrease, however
they appear to converge to values within ~1% of the reported values. So, we assume the 1 nm
step size is a relatively good approximation of the continuously graded values given the
significant savings in computational time as the step sizes become smaller. With this step-
graded structure, the generation rates are calculated first by determining the spectrum and
intensity of light incident on each step after having interacted with and being partially absorbed
by the previous step. We begin with the solar spectrum with intensity, lo; first entering the
structure through layer 100, which here is 1 nm of GaN (see Fig. 2b). The solar spectrum along
with the absorption coefficient of layer 100 is imported into nextnano3 in order to calculate the
generation rate for that layer. The same procedure is followed for each subsequent layer by
considering the light intensity, which is diminished by passing each previous layer, and the
absorption coefficient for the alloy and strain of the next layer. This full dataset is then imported
into nextnano+ and used as the generation rate data for the entire, continuous structure, in order
to determine the solar cell parameters.
5.4 Absorption coefficient and generation rate

The quality of InGaN devices strongly depends on the substrate used in growth. Due to
lattice mismatch between GaN and InGaN, strain resulting from the growth of these types of
heterostructures can also have a significant impact on the properties and quality of the resulting
devices. Heterostructures made of semiconductor materials with different lattice constants are

subject to elastic deformations. Such deformations can be studied based on classical elasticity
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within the harmonic approximation, (i.e. for small strains). As lattice deformation varies with the
growth direction, a detailed understanding of the strain is important for design, development, and
study of optoelectronic and electronic devices[22].

Strain causes piezoelectric effects and influences the conduction and valence band edges
(including their degeneracies) as well as the k.p Hamiltonian of the Schrodinger equation.
Additionally, other parameters correlating with the bandgap are affected like the absorption
coefficient. Therefore, strain is a very important parameter for device engineers to modify and
control the electronic and optical properties of semiconductor heterostructure [22]. In order to
model the absorption coefficients of the continuously varying InGaN alloys, the bandgap
energies are required. Strain and the resulting piezoelectric and spontaneous polarizations are
taken into account in nextnano,[23],[24] So nextnano was used to predict the bandgap values for
InyGayxN strained to a GaN substrate. However, in the absence of strain, a simple Vegard’s law
relationship with bowing parameter, b, was used to determine the energy bandgap. Different
reports have resulted in a large inconsistency in bowing parameters between 1.4-3 eV.[25]-[29]
The nextnano database uses a value of b = 1.4 eV.[30] We adopt this value here. For the
strained bandgaps we fit a quadratic in x, relationship to the output of nextnano arriving at an
analytic representation, which is shown in equation (1):[21]

Eg (strain) (¥) = —0.49286x2— 3.27153x+ 3.43805 Equation 5. 1

With some analysis, it is found that Eq. 1 predicts that for In,Ga;«N strained to GaN,
with x > ~0.9 the bandgap is negative. This concept won’t be discussed further here except that
this is a potentially novel area of research for this material as in topological insulators and

semimetals.[31],[32] Further simulations here will be restricted to x <= 0.7 in order to strictly
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avoid this range. However, prior modeling work calculated solar cell parameters for both relaxed
and strained features for a A graded InGaN structure up to 90%.[21].

The absorption coefficient, a(A), for bulk or relaxed material can be parameterized as in
Ref.[33] using two parameters, a(x) and b(x), which are determined by fitting « over the entire
composition range assuming unstrained, bulk material.

Then, the energy bandgap and the absorption coefficients are both available as functions
of the indium composition over the entire range of the alloy [21]. These were combined
numerically to determine the absorption coefficients as functions of the bandgap for any possible
bandgap obtained by In,Ga;.xN, allowing for the possibility for the bandgap changing with strain.
The resulting absorption coefficients vs wavelength for a range of x for In,Ga;«N strained to the
GaN lattice constant is shown in Fig. 3a. The bandgap for this strained material predicted by Eq.
1 for x > ~70% becomes less than ~0.7 eV, which is the bandgap of relaxed InN. And, since the
original absorption data resulting in the fitting parameters [33], were acquired from relaxed
material including InN, we will restrict the following discussion to only alloys for which x <
70% in order to maintain the connection to real experimental data. In this work, all structures are
strained to the GaN lattice parameter.

As a result, we can show the light intensity transmitted to any depth of material for each
alloy. This is shown in Fig.3b, using AM1.5G as the incident solar spectrum. It can be seen here
that the transmission effectively reaches a steady condition once a significant portion of the
above bandgap light has been absorbed, and after which only a small amount of additional light
is absorbed. For all alloys here, that depth is below ~500 nm, but becomes much smaller with

decreasing In composition.
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Figure 5. 3. a) Absorption coefficient under strain for different indium alloys (20 to 70%). b) The
amount of total light transmitted to a certain depth for (20 to 70%) in FBG.

Finally, the generation rates can be calculated for each layer using AM1.5G (100 mW/cm?)

standard solar illumination (Fig. 4), and then imported into nextnano.
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Figure 5. 4. a) Generation rate for structures A, b) structure B, and c) structure C.

5.5 Hluminated J-V curve, solar cell parameters
With these G profiles imported into nextnano+, accurate simulations of the J-V

characteristics can be performed under AM1.5G (100 mW/cm?) standard solar illumination, at
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300 K, (room temperature). These are shown in Figs. 5a-c for all of the studied structures, with
the x = 0.6 and 0.7 samples plotted again in Fig. 5d for comparison. These curves were then used

to determine the fill factors and solar cell efficiencies manually.
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Figure 5. 5. llluminated JV curve for a) structure A, b) structure B, c) structure C. In d) all
structures at 60%-70% are shown for comparison.

As expected, by increasing the indium composition and thus decreasing the effective bandgaps,
Voc generally decreases as seen in Fig. 6. Any variation in the V, for different structures of the
same composition is contained within the size of the data points. V. is tightly controlled by the
bandgap. However, at the same time, the short circuit current density, Jg, is found to increase

with the indium. See Fig. 7.
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Figure 5. 6. Open Circuit voltage for three structures

Determination of the Fill Factor (FF) requires a little more effort. It is defined as the

ratio between the maximum power (Pmax = JnVm) created by the solar cell and Js;V,. as follows.
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Figure 5. 7. Short circuit current density, Jg, for the three structures
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FF = Jn.Vi/ Jsc.Voc Equation 5. 2
The FF, shown in Fig.8, decreases with increasing indium composition in all structures

with a maximum of ~95% at x=20%, and minimum values around 80% for at x=70%.
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Figure 5. 8. Fill Factor comparison for 3 structures

Finally, the solar efficiency, Fig. 9, is defined as the part of the energy in the form of

sunlight that gets converted to electricity by the solar cell and is given by:
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Figure 5. 9. Solar efficiency for all structures

1 = Pmax/Pin = Pmax/100 , which Ppax=FF.Js.Vo Equation 5. 3

The solar efficiency, n, for all structures shows maximum values at x = 0.6 which are
14.18%, 13.57% and 14.86%, respectively for structures A, B, and C. These are noticeably lower
than some other reports due the significantly thinner structure of only 100 nm as compared to
nearly 500nm in Ref. [34], however demonstration of the maximum efficiency for Xynax = ~60%
is similar to reports of similar simulations.[13],[33] In general, we have, 7structure c) > M(structure A)
> nstucture B). S0, We find that structure C, a simple homojunction, provides for the most efficient
solar cell. This is likely not surprising, however physically growing structure C to high quality
would be challenging. At the same time, structure A has been demonstrated to be grown at a
high quality[35], while its performance is not substantially worse that structure C.
5.6 Conclusion

Although, at 60% indium composition the efficiency of structure C (homojunction) is
larger than structure A (FBG well), there are advantages in designing and using graded layers in
the contact regions. One of the most significant advantages of structure A is the formation of the
p- and n-type contact layers due to polarization doping. This is mainly due to that fact that p-type
doping in most I11-V semiconductors is challenging, and in the IlI-nitrides it remains extremely
inefficient. In addition, when compared to structure B, which would be considered a traditional
solar cell homojunction, i.e., InGaN on a GaN substrate, with a GaN cap, the grading in the
contact layers allows for some amount of the strain to be mediated in going from a GaN substrate
to the InGan film. This compounds the impact of the improvement in efficiency of structure A
over B. Moreover, the encouraging results for the FBG structure (structure A) creates

opportunities for future studies for this structure such as changing the thickness of the flat base
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layer, changing the shoulders (graded layers) symmetrically and asymmetrically in order to

obtain even more optimized structures. Additionally, it has been shown in many varying

materials systems that growing a graded composition buffer layer can enable the growth of much
higher lattice mismatched layers than simply growing directly on a highly mismatched substrate.

Finally, we have also calculated the effect of strain on the absorption coefficient and the energy

band-gap, creating a Vegard’s law-like relation for the bandgap of InGaN strained to a GaN

substrate. This predicts a novel negative bandgap.
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CHAPTER 6
Modeling of A-graded In(x)Ga(1-x)N solar cells; comparison of strained and relaxed

feature

Authors: Mirsaeid. Sarollahi, Mohammad Zamani Alavijeh, Manal A. Aldawsari, Rohith

Allaparthi, Reem Alhelais, , Malak A. Refaei, Md Helal Uddin Maruf , Morgan E. Ware

6.1 Abstract

The optical properties of A graded InGaN solar cells are studied. Graded InGaN well
structures with the indium composition increasing to x,,,, then decreasing in a A shaped pattern
have been designed. Through polarization doping, this naturally creates alternating p-type and n-
type regions. Separate structures are designed by varying the indium alloy profile from GaN to
maximum indium concentrations ranging from 20% to 90%, while maintaining a constant overall
structure thicknesses of 100 nm. The solar cell parameters under fully strained and relaxed
conditions are considered. The results show that a maximum efficiency of = 5.5%, under fully
strained condition occurs for x,,,,=60%. Solar cell efficiency under relaxed conditions increases
to a maximum of 8.3% for x,,,,,=90%. While Vegard’s law predicts the bandgap under relaxed
conditions, a Vegard-like law is empirically determined from the output of Nextnano for varying
In compositions in order to calculate solar cell parameters under strain. Ternary alloys of Group
I11-N materials are great candidates to be used in photovoltaic devices. This is due to interesting
properties such as high thermal conductivity, high optical absorption, and high radiation
resistance [1]-[4]. In addition, the direct band gap, which is tunable over most of the usable solar
spectrum [5],[6] makes them an appropriate choice for photovoltaic devices [7]-[9]. Several
simulation studies for InGaN homojunctions have been reported. The solar efficiency, 7, of a

single junction Iny ¢sGag 35N solar cell was reported to be 20.28% [10], for example. However,
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a higher efficiency of n =24.95% was demonstrated using the same indium composition due to
adoption of the density of states (DOS) model [11]. This presented much more information about
recombination/generation in the solar cell than the lifetime model by neglecting defects.
Additionally, similar work for single-junction In0.622Ga0.378N demonstrated an efficiency of,
N=26.5%, when the optical properties and physical models such as the Fermi-Dirac statistics,
Auger and Shockley-Read-Hall recombination’s, and the doping and temperature-dependent
mobility model were taken into account in the simulations [12]. In another example[9],[11]-[13]
InGaN homojunction solar cells were shown to have parameters for the short circuit current,
open circuit voltage, fill factor, and efficiency equal to ~31.8 mA/cm2, ~0.874 V, ~0.775, and
21.5%, respectively, which were determined after varying the thicknesses of the junctions[13].
Growing p-type doped InGaN alloys are still considered challenging and problematic [14]-[17],
therefore polarization doping plays an important role in the designed A shape graded structure.
This grading of the film in group IlI-nitride materials can achieve very high levels of doping,
without using additional impurities in the lattice [18]. This can be understood as follows. InN
and GaN contain different spontaneous crystal polarizations (P). When a graded structure is
grown, polarization doping is introduced correlating to the spatial rate of composition change by
—V.P = p. When the indium composition is increasing from GaN to InGaN, the background
charges are negative (p < 0) which attract positive charges (holes) to make p-type doping. On
the hand, when indium composition is decreasing from InGaN to GaN, the background doping
charges are positive (p > 0) which attract negative charges (electrons) to make n-type doping
[19]. In contrast, other reports show that AlGaN polarization doping due to graded films are
reversed in comparison with InGaN. That is, by increasing the aluminum composition from GaN

to AlGaN background charges are positive which create n-type doping due to attracting
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electrons, and vice versa[20]. These polarization effects include both spontaneous and
piezoelectric polarizations in I11-V nitride heterostructures [21]. Additionally, growing a thick
layer of In,Ga,;_,N with a fixed indium composition is challenging due to a build up of strain
and subsequent dislocation generation. Others have shown that InGaN alloys over the entire
composition range can be grown when the layer is located within an InGaN/GaN double
heterostructure without phase separation[22]-[24]. In this case, another advantage of using
graded structures is that highly strained regions with high indium content can be obtained with
reduced dislocations and phase separation[25],[26] whereas growing a thick high quality layer
with a fixed indium composition would be challenging due to relaxation.

In this work, we present the simulation of a A-shaped graded structure. This is comprised
of a double graded structure of In,Ga;_, N in which the indium composition starts to increase
linearly from GaN to x,,,,, then linearly decrease from x,,,, to GaN. As explained above, this
results in a p-n junction. The whole thickness of the structure is 100 nm (chosen to compare with
previously published data) [27],[28], and x,,,4, Varies in different structures from 20% to 90%.
The indium composition, strain relaxed energy band diagram, and fully strained energy band
diagram versus position for x,,,,=50% are shown in Fig. 1 a, b & c respectively. According to
Fig.1b and c, it is clear that the A graded structure creates p n junction. The first layer (0 — 50
nm) creates p-type (GaN to InGaN) and the second layer (50-100 nm) creates n-type (InGaN to
GaN). (-10 to 0 and 100 to 110) are defined as ideal ohmic contact layers and are artifacts of the

simulation. We consider no absorption or loss within these layers.
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Figure 6. 1. a) Indium composition vs position, b) Energy band diagram vs position (fully
relaxed), c) Energy band diagram vs position (fully strained) for A graded structure at Xmax=50%

6.2 Simulation

Nextnano software, which has two varieties, nextnano3 and nextnano+ with slightly different
specialities, was used to simulate the solar cell parameters. The software is able to calculate the
generation rate for a constant alloy only. So, our graded structure is approximated as a step
graded structure. Then, the generation rate of each layer is calculated in nextnano3. These are
compiled manually into the generation rate versus position for the whole graded structure and
subsequently imported in nextnano+ to calculate the light IV curve, incorporating the entire
continuous graded film. This is then used for calculating solar cell parameters such as short
circuit current, open circuit voltage, fill factor and efficiency for each structure.

The A-graded structure is defined by a d nm layer from GaN to In, _ Ga;_, N

followed by another d nm layer grading back to GaN. The total thickness of the designed
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structure is then 2d. To obtain the generation rate for the graded structure we need a method to
convert it to some set of constant alloy layers. A simple formula is created for this. A step size

provides the thickness of each constant composition layer, such that the Indium composition at

each position increases by:

Xmax Equation 6. 1
d — (step size)

We used a step size 1 nm (50 layers on each side of the maximum for a total of 100 layers

for our step graded structure). This step graded approximation of our structure is shown

schematically in Fig. 2.
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Figure 6. 2.a) Converting graded structure to step graded by equation 1 to calculate generation
rate in nextnano. Receptivity of layers is given by the number below each layer between (90-100
nm) when light passing through the structure. Layers numbers are written next to each layer. b)
Zoom in for 90-100 nm to show converting graded to step graded.

The generation rate for each layer in the step graded structure should be calculated in
order to find the generation rate for the whole structure. To find the generation rate in each layer,

the absorption coefficient and the light intensity should get imported into nextnano3. The solar
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spectrum with intensity, I,, first enters the structure through layer 100 (1 nm GaN), then the
imported I, along with the GaN absorption coefficient () are used by nextnano3 to calculate the
generation rate within this layer, for the first nm of penetration. The light intensity decreases as it
passes through the layers. For layer 99, 1,40 = Ipexp(—o490d), Where d is the thickness of layer
100 and a4 is the absorption coefficient of that layer. By continuing this method for all given
layers, the generation rate versus position is obtained as G1(0-1), G2(1-2),... Ggg(97-98), Gog(98-
99), G100(99-100). Then, G vs position is imported into nextnano+ in order to determine the
illuminated 1-V curve for the solar cells. Other solar cell parameters can then be extracted from
the light I-V curve.

6.3 Effects of strain on optical properties

There is a large lattice mismatch of 11% between InN and GaN. Due to this, strain is
created for layers that are grown on a GaN substrate and can impact a device in different ways.
First, the position of the valence and conduction band edges change, which reshapes the potential
well along with the confinement of electrons and holes in the active region. The strain also
changes the effective mass of carriers and the density of states (DOS) [29]-[33]. At the same
time, general parameters which are derived from the bandgap, like the absorption coefficient are
modified. So a detailed understanding of the strain is an important parameter for design,
development and study of electronic and optical properties of semiconductor heterostructures
based devices [34]. However, strict depth profiling of the strain in a bulk film, in which the
strain is in general changing with each atomic layer (grading) is complicated. Therefore, in this
paper we calculate the extreme cases, which are, a) the entire film is strained to the GaN
substrate, and b) each layer is independently relaxed. We understand that for thicker films with

higher compositions, neither of these cases is realistically possible within an as grown structure,
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but we present them here as possible limits of this system. Nextnano software considers strain
and, both piezoelectric polarization and spontaneous polarization [35]. Here, we assume InGaN
to be strained to a GaN substrate. For modeling the absorption coefficient of InGaN as the alloy
varies linearly, the bandgap under strain is required. In the absence of strain (fully relaxed) the
InyGa; N bandgap is calculated using Vegard’s law which is defined in equation (3):
E,(In,Ga,_yN) = E;(InN)x + E4(GaN)(1 — x) — b(x)(1 —x)  Equation 6. 2

Large incosistencies are reported in literature for the bowing parameter, b, in the range of
1.4 to 3 eV which is generally thought to be the result of unaccounted for strain states in the
InGa;xN layers studied[36]-[42]. Additionally, there is some debate about whether the bowing
coefficient parameter is compositionally dependent[43],[44] or not[12],[13],[45]. We derive our
values from the nextnano materials database as a good overal average[46]-[48]. We
acknowledge that there exist results indicating that other bowing parameters may be possible, but
will use this one in order to learn the general response of the system. Any result which is
dependent on bowing is by its nature a second order effect and should only minimally affect the
present results.

The values for the bandgap energies under strain and relaxed as functions of composition,
X, were determined using nextnano. The output was fit to a second order polynomial in x, similar
to Vegard’s law in order to achieve an analytic representation for this quantity[49]. Both are

shown Eg. 4 based on Fig. 3.
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Figure 6. 3. Energy bandgap Vs Indium Composition under relaxed (Red line) and strained (Blue
line)

E,(x)(Strain) = —0.49286x% — 3.27153x + 3.43805 Equation 6. 3

E,(x)(No strain) = 1. 3990x? — 4.0801x + 3.4372 Equation 6. 4

According to equation 3, the bandgap for strained In,Ga,—xN with x>~90% is negative[49],
implying that InGaN is a semi-metal in this range[50]-[51]. In this work, we do not further
discuss this subject, but materials with negative bandgap potentially present novel research
directions. Here, all simulations are performed up to 90%. For the relaxed material, however,
there is no problem with the bandgap becoming negative and in fact relaxed devices with
Xmax>90% have been simulated and will be reported on separately as they demonstrate separate
and interesting anomalous response. The absorption coefficient for InGaN ternary alloys can be

parameterized as follows [52]-[54]:

Equation 6. 5
a(d) = ao\/a(x)(E —Ey) + b(x)(E - Eg)Z quation

with E the photon energy, E, the bandgap, and a, = 10°> cm™2. In addition, a(x) and b(x) are
dimensionless parameters which are obtained by fitting over the entire composition range [52]—

[54].
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a(x) =12.87x* — 37.79x3 + 40.43x% — 18.35x + 3.52 Equation 6. 6

b(x) = —2.92x% + 4.05x — 0.66 Equation 6. 7
As a result, the absorption coefficients as functions of bandgap can be calculated
empirically over the entire range of alloys. Once this calculation has been perform Eq.5 can be
converted to functions of the bandgap energies under strain by plotting and fitting the
parameters, a and b, as functions of the strained band gap energy, a(Egstrain)) and b(Eg(strain))-

These are shown in Egs. 8 and 9 and Fig. 4.

a(Eg(Straincd))

b(F.g(Straincd))

(Fitting paramteres)(a&b)

-0.5 00 05 10 15 20 25 3.0 35
E,(Strained)

Figure 6. 4. Fitting parameters (a & b) Vs Energy bandgap under strained

a(Eg(Strained)) = Equation 6.8
1.2550-1072E ;(5)° — 8.3347 - 1073E ;(y* — 5.8864€.1072E ;()*
— 4.5488.1072E ;»)* — 4.1689.1072E ;) + 0.65425
b(Eg(Strained)) = Equation 6.9
- 4 — 3 — 2
—1.5280.103E 4(5)* — 5.5727.103E 5(5)° — 1.6201. 107 1E 3
+3.2084.10 'E () + 0.59135

The absorption coefficients as functions of wavelength, «(1), can then be calculated
under strain, using the strained values for the bandgaps. Then, using Egs. 4 through 9, we have
both the bandgap energies as well as the absorption coefficients as functions of the bandgap

energies for both strained and unstrained conditions. Finally, the generation rate for each layer
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can be calculated after importing the absorption coefficient and light intensity relating to each
layer. Here, the original absorption data upon which absorption constants are modeled from are
obtained from experiments in Ref. [54] covering the natural relaxed alloys of InN and GaN.
Therefore, the bandgap parameter only covers that range with a minimum of 0.7 eV for InN.
Therefore, we limit our discussion of the strained material only to bandgaps within that range,
i.e.,, x < 0.9 (strained). The generation rates for the strained condition are shown in Fig. 5. As
discussed above, the generation for each nm was calculated, and then the generation for the

whole structure as a function of position is compiled for both strained and relaxed.
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Figure 6. 5. Generation rate for A shape graded structure under a) strained b) Relaxed condition

6.4 Solar cell parameters

In order to calculate the J-V characterization, AM, s is used as the total irradiance on the solar
cell, which supplies 100 % of power to the solar cell. The J-V plots for the fully strained and

relaxed graded structures are shown in Fig5 a) and b), respectively.
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Figure 6. 6. Light J-V curve under a) fully relaxed and b) strained condition for different x,,, 4,
Insert is J-V curve for x,,,,=90% under strained.

According to literature for single composition growth, for x<25% the InGaN structure
should be fully strained[28] to the GaN lattice constant, however the graded films have yet to be
studied to realize the critical thickness for relaxation, which may be much higher. According to
Fig.7, the V. effectively follows the bandgap with x,,,,, as is also shown for different graded

structures previously [28],[49].
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Figure 6. 7. Open circuit voltage for strained and relaxed condition in different x,,

By increasing x,,.y, the V,. decreases due to the overall decrease in bandgap (for both

strained and relaxed conditions). The short circuit current, ., exhibits a reverse dependency,
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where increasing the maximum indium composition, i.e., decreasing the bandgap, results in an

increase in I.. This is shown in Fig.8 and generally expected [55].
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Figure 6. 8. Short circuit current for strained and relaxed conditions

Generally, this is the expected outcome. The minimum bandgap energy of the graded
InGaN decreases by increasing the maximum indium composition. The open circuit voltage is
directly correlated to energy bandgap. In other words, the V,. is determined by the difference of
the Fermi energies (AEg) of the electron and the hole in the depletion region, which in turn is
affected by the bandgap energy [56]. Ideally, the highest value available for V,. in a given
material is governed by the bandgap energy, with lower values determined by recombination
processes [55], [57]. In contrast, the short circuit current density, /., increases with decreasing
bandgap[55], resulting from an increase in absorption and the associated generation rate in high-
indium-composition InGaN solar cells[13]. Low short circuit current density, /., due to weak
absorption over the entire solar spectrum in low indium composition InGaN solar cells is the
main reason for low solar efficiency in these structures. As the indium composition increases, /.
increases and V,. decreases, which generally leads to higher efficiency, however there are
limitations as will be shown below. The fill factor (FF) is defined as the ratio between the

maximum power (P.x = JmVin) Created by the solar cell and the product, V, /., as follows.
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Jm * Vi Equation 6. 10

]SC * VOC

Fill Factor =
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Figure 6. 9. Fill Factor for strained and relaxed conditions

According to Fig.9, FF decreases as the indium composition increases. The fill factor is
~94% for x,,,,=20% and decreases at higher x,,,,, With a minimum value of ~26% at
Xmax=90% under strain. The minimum value is ~85% at x,,,,=90% under fully relaxed
conditions. Here, the relaxed material demonstrates more stability with increasing composition
than the strained material does. Finally, the solar efficiency is reported. The solar efficiency is
defined as the part of the sunlight energy that gets converted to electricity by the solar cell and is

calculated by:

Efficiency(%) = PPLT - Plrg;x Po = FF.VocJsc Equation 6. 11

The solar efficiencies for the designed structures under fully strained and relaxed

conditions are displayed for different maximum compositions in Fig.10.
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Figure 6. 10.Solar efficiency for strained and relaxed conditions

The solar efficiency for strained InGaN shows a maximum value at x,,,,,,=60% which is
5.5%. This is lower than other reports due mainly to the much thinner structure[10], however the
resulting composition of the maximum is similar to published single composition
results[10],[13]. The minimum efficiency at x,,,,=90% is less than 0.1% (strained InGaN) and
~2% at 20% (Relaxed InGaN). However, the solar efficiency of relaxed InGaN is ~ 8.3% for
Xmax= 90%, and would likely increase with further increase in x,,,,. The sudden drop in
efficiency as the In composition increases past ~60% in the strained InGaN is the result of the
sudden drop in the fill factor at the same composition. As we can see from Eq. 10, the FF is
inversely proportional to the product of J. and V.. And, if we look at Figs. 7 and 8, we can see
that the 1/, of the strained material is roughly half that of the relaxed material, while the J. of
the strained material is only about 10% more than the relaxed material. So, as a product, J,.V,.
should decrease for the strained material relative to the relaxed material. However, we can see,
again from Fig. 7 that the V. for the strained material quickly goes to zero, and since the V,,, is
bounded by the V,., it must go to zero faster than V,., so the fraction that is the FF rapidly

vanishes as the composition increases beyond 60% for the strained material. Now, we must ask
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ourselves why the V/,. of the strained material goes to zero at high In compositions, and the
simple answer is that the bandgap in our model goes to zero due to the strain as can be seen in
Fig. 3. The performance of solar cell out of atmosphere was studies by using AMO. The solar cell
parameters were calculated under AMO (135.3mW /cm?) for both strained and relaxed. The data
show the same trend as domestic calculation. For strain, the maximum efficiency occurs at 60%.
For relax, like previous reported results for AM1.5G, the efficiency increasing by increasing
Indium composition. In other words, x,,,,=90% showed the maximum efficiency. Fig. 11a)
shows Standard Solar Spectra for space (AMO0) and domestic (AM1.5G) use, Fig. 11b)
Efficiency for strained and relaxed conditions for space using (AMO). According to Fig. 11a, the
intensity of AMO is higher than AM1.5G. The maximum efficiency for both strained and relaxed

conditions at AMO is almost the same as AM1.5G.
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Figure 6. 11. a) Standard Solar Spectra for space (AMO0) and domestic (AM1.5G), b) Solar
efficiency for strained and relaxed conditions under AMO

In order to investigate the effect of thickness on solar cell parameters at x,,,,,=60% for
the strained condition, 200 and 300 nm, A-shaped graded structures, which are defined similarly
symmetric as the above structures, are studied and compared with the 100 nm structure. The J-V

curves for the different thicknesses at x,,,,,=60% is displayed in Fig.12.
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Figure 6. 12. J-V curve for different thicknesses at x=60% for strained condition

As the solar cell thickness increases, the short circuit current increases sharply. On the
other hand, the open circuit voltage decreases slowly. The solar cell parameters for different
thicknesses are shown in Fig.13. With this increase in thickness, we see the following. According
to Fig.13a, the I, increases from 6.98 mA/cm? to 15 mA/cm?. Fig.13b indicates V,. decreases
slowly from 1.04 V to 1.026 V. Fig.13c shows the fill factor increasing from 88.12% to

~88.45%, while the overall efficiency almost doubles from 6% to 12% in Fig.13d.
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Figure 6. 13. a) Short circuit current, b) Open circuit voltage, c) Efficiency (%), d) Fill Factor in
different thicknesses

6.5 Conclusion

InGaN graded structures, where the In composition varied in a A-shape over only 100 nm
were designed and investigated through simulation to determine their potential for use as thin
film solar cell devices. The main advantage of this structure is to form p- and n- type layers due
to polarization doping as p-type doping in group IlI-nitride materials isn’t efficient. In addition, a
new model (a Vegard’s law-like equation) was presented to calculate the energy bandgap for
InGaN strained to a GaN substrate and similarly to calculate the absorption coefficient for an
arbitrary value of the InGaN bandgap. Solar cell parameters were studied for A-shaped structures
for both strained and relaxed conditions. The maximum efficiency was found to be ~5.5% with a
maximum In composition of x,,,,=60% under fully strained conditions. However, for fully
relaxed material, the maximum efficiency was found to be ~8.5% for x,,,,=90%, with an
indication that further increase in composition would increase efficiency further. Finally, the
efficiency for strained A-shaped structures with the total thickness increased to 300 nm and
Xmax=60% increased by nearly a factor of two. These results indicate a useful window for
InGaN A-graded devices to be used for solar cells. The polarization doping provides the highly
doped contact regions without the addition of lifetime killing impurities, while the compositional
grading naturally allows for higher In content and therefore stronger optical absorption without
immediate relaxation due to lattice mismatch with GaN substrates. Ultimately, we believe that
the operation of any real device based on these types of graded films will perform somehow
between the maximally strained example here and the maximally relaxed one. Generally, either

extreme is difficult to realize for any significant thickness or high concentration. So, the
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presented simulations form “boundary conditions” to the prediction of the performance of these

structures as solar cell devices.
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CHAPTER 7
Summary and conclusion

7.1 Summary

This work investigates the optical properties of A shape graded structure experimentally
and through simulation. Actual devices which were grown by molecular beam epitaxy (MBE) at
575 °C with a 400nm unintentionally doped GaN buffer grown at 800 °C, then a thin film which
contained 88 nm double InGaN graded structure. The graded structure starts from Inze,Gagze,N
and was graded linearly to In, _ Ga;_, N over 44 nm, where x,,q, is the maximum indium
composition. The next layer is 44 nm graded structure that indium composition is decreased from
In, Gaj_, _ N to Ing,GagrsN. Due to polarization doping, the first graded layer is p type (0-
44 nm) , and second (reversed graded) layer is n type. Optical properties of two structures when
Xmax= 19.5% and 22.5% were studied with photoluminescence under HeCd laser illumination
which the wavelength is 325 nm (~ UV range). Laser power is 10 mw in front of light source and
the energy of laser is larger than thin film bandgap and GaN buffer layer. To obtain the basic
understanding about the PL peak and recombination mechanism related to radiative transition
corresponded to each peak, power dependence PL was studied.

As discussed in Chapter 2, the exponent of a power law describing the PL change with
excitation intensity, a, describes the different recombination mechanisms. A table (2.2) is
provided to summarize the power law for all peaks in the two samples. It indicates there are two
peaks in each sample which are due to exciton-like transitions, with some free carrier character.
The rest of the PL peaks are dominated by free-to-bound or bound-to-bound transitions.

Another study for these A-graded structures was performed to compare with nextnano

simulation. The band to band low exciton power which is ground state hole wave-function along
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with electron wave-functions were considered. Energy band diagram of graded structures ( 3
structures) when Xmax= 19.5%, 22.5% and 26% were simulated by nextnano software. Energy
band diagram plots confirmed the p type and n type layer due to polarization doping are provided
by graded layers. In addition, electron and hole distribution verified that in the first 44 nm which
predicted to be p type, hole distribution is high. Moreover, electron distribution is high in the
second 44 nm. Intentional background doping was added to GaN Buffer layer 1.3*10%" cm™ in
order to closely match experiment. Reciprocal Space Mapping measurements showed fully
strained for Sample A (19.5%) and Sample B (22.5%) and partially relaxed for Sample C (26%).
In regard to position of wave-functions, we understood the luminescence due to band to band
transitions occurs at the interface of n type GaN buffer layer and beginning of the first graded
structure ( which is p type) where the band offset was seen due to 3% alloy. This area formed a
confined well for the holes. Transition probability among ground state hole and electron wave-
functions were considered and calculated by nextnano. For electrons, a pseudo-continuum was
considered to show available energy bands at the GaN/InGaN interface. Transition probability vs
energy was used to predict the PL for each sample.

As we were capabled to predict PL for graded structure, the next study was to compare
the predicted PL for graded structure when the number of layers were changed in periodic
structures. Three samples were designed to study their predicted PL by nextnano. The samples
had the same thickness (900 nm), containing a 500 nm GaN buffer layer (n type). Energy band
diagrams showed p and n layers due to polarization doping. In addition, degenerate n type
doping was seen for very rapid grades. Ground state electron and hole in each well were
considered for all structures and the transition probability as a function of energy was considered

as prediction of the PL. For sample A ( 1 period), two peaks were obtaind which peak at higher
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enrgies was correlated to envelope of non-zero transition probability between ground state hole
and all electrons, and peak at lower energy was due to envelope of non-zero transition
probability between ground state electron and holes. For sample B, 2 peaks at lower energies
were due to ground state electrons at each well and 2 peaks at higher energies were due to
ground state hole at each well but due to convergency in electron peaks, 3 peaks were obvious.
For sample C, 6 peaks were shown. Like two other samples, 3 peaks for electrons (lower
energies) and 3 peaks for holes (higher energies). All electrons peaks energies were in similar
energies. For holes the peaks due to well 2 and 3 had simialr enegies, while peaks at the highest
energy was due to hole in first well.

Two last chapters consider the graded structures as solar cell devices. To compare the
influence of graded structure on solar efficiency in comparison with well known structures, a 100
nm Flat Base Graded (FBG) structure which contains 20 nm ( 10 nm in each side) graded
structure was designed to compare with 100 nm Square Well (SW) and 100 nm Homojunction
(HMJ) structures. FBG starts from GaN to In,  Ga;_, N with variation of xpq, =
20% to 70%. Then structure was followed with 80 nm of constant composition
In, _Ga;_, . N, and then went back from In, Ga;_, N to GaN. Due to polarization
doping in graded InGaN layer, p and n layers were created at the edges of the device. For SW
and HMJ structures, 10 nm in each side was intentionaly doped equal to polarization doping
charge density in graded structure. All structres were p-i-n. The nextnano software was used to
simulate the graded structure under fully strained to GaN lattice constant and fully relaxed.
Nextnano gave an equation for strained and relaxed structure bandgap versus indium
composition which was used to calculate absorption coeffiecint (which is the function of energy

bandgap). Nextnano was able to calculate only generation rate for a fixed alloy layer (by
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importing light intensity and layer absorption coeffiecint) so the graded structure was considered
as step garded. A matlab code was written to calculate the generation rate out of nextnano in
each 1 nm. As the graded structure thickness was 100 nm so there were 100 layers due to step
graded definition. Matlab code calculated the generation rate in each 1 nm by considering
(calculating) alloy content, absorption coefficient and light intensity in each layer. The obtained
generation rate was imported to nextnano+ to calculate the J-V curve. All structures were
considered strained to the GaN lattice constant. The efficeincy of the HMJ is the maximum
among all structures. Efficiency in FBG is larger than SW. V. for all structures were the same so
the parameter which influeneced solar cell efficeincy was Js.. Generation rate which was
obtained by a Matlab code indicated that the maximum generation rate for HMJ is larger than the
two other structures. In addition, the generation rate for FBG is larger than SW which was due to
sharp barriers in the SW structure. However, the efficiency of HMJ is larger than FBG but we
remember that making a p type layer is difficult in InGaN structures.

For A shape graded structure, the whole structure is 100 nm which contains two graded
layers. The first layer went from GaN to In,  Ga;_, _ N (0-50 nm), then the second layer
went from In,  Ga;_, N to GaN (50-100 nm). Again, the graded layers provided p and n
type doping due to polarization doping. To study the solar cell parameters, again the graded
structure was converted to step-graded structure. Then, the illumintaed J-V curve was obtained to
study the correlated parameters such as J,., V,., Fill Factor (FF) and efficiency. V. results for
strained and relaxed structures followed the bandgap plot which already was obtained from
nextnano as there is a direct correlation between V;. and E,. On the other hand, for J,. the

relation is reverse. The efficeincy for strained structure showed a maximum efficeincy at

Xmax = 60%. For relaxed the structures, the efficieny was increased by increasing x,,q.. The
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Fill Factor for both relaxed and strained were the same in low x,,,, but for strained structure at
high x,,.,>=70% the FF drpos. To avoid facing negative bandgap, for strained structure only
Xmax<=90% was considered. For relaxed structure also x,,,,<=90% was condidered due to
unique properties between 85% to 100% for V.

7.1.1 Conclusion

Power dependence PL for A-shape graded structure was measured to study the source of
each peak for A-shape InyGa;«xN graded structure with power law. According to power law data
for Sample A, peak 1 is exciton like transition. Alpha for peak 1 is larger then one (1.25) which
can be considered as a combination of free carrier transition with competition of non-radiative
channels allowing for longer lifetime carriers to find lower energy radiative states. This idea is
confirmed by the fact that peakl shows a redshift with excitation power. Peak 2 is also exciton
like transition. For sample B, peaks 2 and 4 are exciton like transitions, with o,=1.32
demonstrating some free carrier effect. In addition, for peak2, the red shift is replaced by a
blueshift indicating a quatnum confined stark effect. All other peaks in both samples are free to
bound or donor-acceptor pair recombination.

We proved that under fully strained conditions, the PL peak position for the simulation
correlates with band to band transitions localized at interface. However, when the structure
indicates partial relaxation the experimental PL is located between the fully strained and fully
relaxed simulations.

The comparison of solar efficiency of p-i-n graded structurse with two common
structures (HMJ, SW) showed that all structures are optimum at xmqx~60% which are confirmed
in other reports. In the same study, however the efficiency of HMJ is higher than the graded

structure, but we believe that using graded structure has some advantage such as creating p type
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matieral. In addition, the graded sidewalls facilitated higher indium compositions alloys under
strain.

According to the simulations, the A-shape graded structure demonstrated p-n junction
response under both strained to GaN lattice constant and relaxed. For the strained case, the

maximum efficiency is obtained around x,,,, = 60%, but for the relaxed case, the solar

efficiency is found to continue to increase with increasing x,,,, . This indicates the potential to
develop novel, high efficiency solar cell structure by manipulating the strain in these structures.

7.2 Future study

For relaxed A-shape graded structures, as the composition increases through the range,
87% < Xmax < 100%, the V,. is found to increase. It was found ththat this is related to a change
of the polarization doping from strictly a p-n structure to a more complicated p-n-p-n structure
due to the interplay between the spontaneous and the piezoelectric polarizations. This subject
needs deeper study in comparison with an unpolarized homojunction pnpn structures. The energy
band diagram of the graded device exhibits a barier for the dark current within the n type layer
(between 55 to 85 nm) which by increasing x,,,, getting larger. To overcome this barrier,
carriers need more energy which results in higher V. to generate zero current. This can be part of
future study for these structures, especially in comparison with actual fabricated devices.

In addition to some initial studies of novel doping schemes resulting from polarization
doping, there have been some initial simulations showing that these types of Ill-nitride based
solar cells have great potential for efficient operation at elevated temperatures of several hundred
degrees. Further studies of this by both simulations and fabrication should prove extremely

fruitful.
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Appendix

Calculating generation rate for Homojunction and Square well which contain one and three
layeres respectively were done with Nextnano3. An input file to calculate generation rate for a
Homojunction structure is given here. Generally to calculate generation rate with nextnano3,
absorption coeffiecient and solar spectrum intensity which hits this layer should get imported as
alink (.dat) file in nextnano3 input file. To make a .dat file, the excel file which contains a
wavelength column and absorption coefficient (or solar spectrum intensity) were converted to
text file (.rnp). Opening the text file by notepad and save it as .dat file able us to import it into
input file.

Input file for generation:

%FunctionParser = yes

$simulation-dimension
dimension =1
orientation=100
$end_simulation-dimension

$numeric-control

simulation-dimension =1
varshni-parameters-on = yes
newton-method = Newton-1
current-poisson-method = block-iterative
current-problem = integrate-current
current-problem-iterations =100
current-problem-residual =1d-11
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current-block-relaxation-Fermi =0.1d0
$end_numeric-control
$import-data-on-material-grid

source-directory = m:/

import-generation = no

filename-generation = read_in_generation1D.in
$end_import-data-on-material-grid
$optical-absorption

destination-directory = optics/
import-absorption-spectrum = yes
file-absorption-spectrum = "C:\Users\radman\Desktop\Links\Links with Strain\HMJ-

Relaxed\Alpha-70R.dat"

import-solar-spectrum = yes
file-solar-spectrum = ""C:\Users\radman\Desktop\Links\New Links\solar 10.dat""
number-of-suns =1.0d0

calculate-black-body-spectrum = no
$end_optical-absorption
$global-parameters
lattice-temperature = 300d0
$end_global-parameters
$simulation-flow-control
flow-scheme =4

strain-calculation = homogeneous-strain
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$end_simulation-flow-control
$domain-coordinates
domain-type=100
x-coordinates = 0d0 100d0
hkil-x-direction=0001
hkil-y-direction=01-10
growth-coordinate-axis=100
pseudomorphic-on = GaN
$end_domain-coordinates
$regions

region-number =1 base-geometry = line region-priority = 1
x-coordinates = 0d0 100d0
$end_regions
$grid-specification
grid-type=100

x-grid-lines = 0d0 100d0
X-nodes = 99

x-grid-factors = 1d0
$end_grid-specification
$region-cluster
cluster-number = 1 region-numbers =1 2
$end_region-cluster

$material
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material-number = 1
material-name = In(x)Ga(1-x)N
cluster-numbers = 1
alloy-function = constant
$end_material

$alloy-function

material-number =1

function-name = constant

xalloy =0.7d0

In(x)Ga(1-x)N, vary-from-pos-to-pos =0d0 100d0
orientation =100

$end_alloy-function

As it explained earlier, to calculate generation rate for graded structure, it should change to step
graded (layers with fix alloy) because nextnano can calculate the generation rate for a fix alloy in
each imput file. A Matlab code was written to calculate generation rate for a grdaed structure(A ,
FBG) under relaxed and strined. Matlab code calculates alloy, absorption coefficient, light
intensity, and generation rate in each layer and at the end give total generation rate versus
position in the whole structure by integration over wavelength.

Matlab code to calculate generation rate for A-garded structure under relaxed to GaN lattice
constant:

D=50; %Half of thickness

d=1; %step

X=90; %maxconcentration
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N=D/d; % Number of steps /2
y=zeros; % Indium composition(%)
Eg=zeros;
a=zeros;
b=zeros;
x=zeros; % y/100
E=zeros; % Energy of photon
phi=zeros; % Photon flux
G=zeros; %Generation ( position)
g=zeros;%Generation ( position at each lambda)
Ge=zeros;%Generation ( position- concenteration)
I=zeros;% position( 2D -0)
for n=1:N
y(m)=(X/(D-d))*(n-1)*d;
end
for n=N+1:2*N
y(m)=(X/(D-d))*(2*N-n)*d;
end
alfa=zeros;
for i=1:2*N
x(i)=y(i)/100;
Eg(i)=1.399*(x(i)"2)-4.0801*x(i)+3.4372;

a(i)=12.87*(x(i)."4)-37.79%(x(i).*3)+40.43*(x(i).A2)-(18.35*x(i))+3.52;
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b(i)=-2.92*x(i).A2+4.05*x(i)-0.66:
for j=1:1522
E(j)=1240/lambda(j);
if a(i)*(E()-Eg(1))+b()*(E()-EQ(1))*2>=0 && (E()-Eg(i) >0
alfa(j,1)=100000*(a(i)*(E()-Eg(i))+b(i)*(E()-EQ(1))*2)(1/2);
else
alfa(j,i)=1;
end
end
end
t=((10)*(-7))*d;
I=zeros;
1=10;
for j=1:1522
1(G,1)=10();
end
for i=1:N-1
for j=1:1522
1G,i+1)=1(j,i)*exp(-alfa(j,i)*t);
end
end
for j=1:1522

1(j,N+1)=I(j,N)*exp(-alfa(j,N)*t);
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end
for i=N+1:2*N-1
for j=1:1522
1(,1+1)=I1(j,i)*exp(-alfa(j,(2*N+1)-i)*t);
end
end
for j=1:1522
for n=1:2*N
phi(j,n)=6.24*(10714)*1(j,n)/E(j);
end
end
for n=1:2*N
for i=1:10*d
G(i,n)=0;
for j=1:1521
g(j,i,n)=(lambda(j+1)-lambda(j))*phi(j,n)*alfa(j,n)*exp(-alfa(j,n)*(i*(10"-8)));
G(i,n)=G(i,n)+g(j,i,n);
end
end
end
Ge(1)=0;
1(1)=2*D;

for n=1:2*N
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for i=((n-1)*d*10)+1:1:(n*d*10)

I(i+1)=1(i)-(1/10);
end
end
=1,
for n=1:2*N
for i=1:10*d
Ge(j)=G(i,n);
j=i+1;
end
end
M=2*N*d*10+1;
Ge(M)=0;
hold on
plot(l,Ge,'B")
legend("X=7")
hold off
GP=zeros;
for i=-1:-1:-2*N*d*10
GP(i+2*N*d*10+1,1)=I(-i);
GP(i+2*N*d*10+1,2)=Ge(-i);

end

135



To calculate light J-V curve for graded structure, generation rate link should get imported
into nextnano plus.

# 1D example for solving current-poisson

$MYSOLAR="C:\Users\radman\Desktop\V(Graded)(100nm-devices)\V(Graded-
Relaxed)(1nm)(New-Matlab)\Temperature-
Dependence\40(TDependence)\G(300K)(40).dat*"

global{

simulatelD{}

crystal_wz{
x_hkl=10,0, 1]
y hkl=[1,0,0]
}
substrate{
name = "GaN"
¥
temperature = 300E0
}<>
grid{
xgrid{

line{ pos = -10 spacing = 0.1}
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line{ pos = 0 spacing = 0.1}
line{ pos = 50spacing = 0.1}
line{ pos = 100 spacing = 0.1 }
line{ pos = 110 spacing = 0.1}
¥
#periodic{x = no}
b
contacts{
ohmic{
name = contactl
bias = [0,0.05]
steps=2 # [V]
¥
ohmic{

name = contact2

bias = 0.0 # [V]
¥
<>
impurities{

#donor{ name=Si energy=0.0058 degeneracy=2 }
donor{ name=Si energy=-1000 degeneracy=2 }
#acceptor{ name=B energy=0.027 degeneracy=4 }

acceptor{ name=Saeed energy=-1000 degeneracy=4 }
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ky

structure{
output_region_index{ boxes =no }
output_material_index{ boxes = no }
output_alloy_composition{ boxes = no }
output_impurities{ boxes = no }
output_contact_index{}
region{
everywhere{}
generation{
import{ import_from = "GenlmportProfile" }
}
}
region{
line{x = [-10, O]}
contact{ name = contactl }
ternary_constant{name="In(x)Ga(1-x)N"
alloy_x =0.00}
doping{constant{ name="Saeed" conc=5e18 }}
}
region{
line{

x = [0EO, 50E0]
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ky

ternary_linear{
name ="In(x)Ga(1-x)N"
alloy x = [0, 0.4]

x  =[0,50]

b
region{
line{
x = [50EO, 100E0]
}
ternary_linear{

name ="In(x)Ga(1l-x)N"

alloy_x = [0.4, 0]
x =[50, 100]
}
¥
region{
line{

x = [100EO, 110E0]

¥

contact { name = contact2}

ternary_constant{name="In(x)Ga(1-x)N"
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alloy_x =0.00}

doping{

constant{ name="Si" conc=5e18 }}

ks

strain{
pseudomorphic_strain{}
piezo_density= yes
pyro_density = yes
output_polarization_charges{}

}<>

classical{

Gamma{}

HH{}

LH{}
SO{}

output_bandedges{ averaged=no }

output_bandgap{}
output_carrier_densities{}
output_ionized_dopant_densities{}

output_intrinsic_density{}
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poisson{
output_potential{}

output_electric_field{}

currents{
recombination_model{
SRH =yes
Auger =yes
radiative = yes
¥
output_fermi_levels{}
output_currents{}
output_mobilities{}
output_recombination{}
}
import{
file{
name = "GenlmportProfile"
# name for referencing the imported data in the input file

filename = $MYSOLAR
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# name of file which is imported

format = DAT

# format of the file to be imported. At the moment only AVS format and a simple .dat format is

supported.

scale = 1e18

# Import Spectra is in 1e18 1/[cm”3] imported data is multiplied by this scaling factor (optional,

default value is 1.0)

}

output_imports{}

# output all imported data including scale factor.

filenames correspond to the entry given in name = ...

files will be written to a folder called Imports/

}

run{

solve_current_poisson{

output_log = yes
iterations =5000
current_repetitions =3
alpha_fermi =0.008
alpha_iterations = 2000
residual_fermi  =1e-2 #le-6

residual =1e3

# The

# The



solve_strain{}

}<>
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