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Abstract

Indium gallium nitride (InxGaixN) materials have held great potential for the
optoelectronic industry due to their electrical and optical properties. The tunable band gap that
can span the solar spectrum was one of the most significant features that attracted researchers’
attention. The band gap can be varied continuously from 0.77 eV for InN to 3.42 eV for GaN,
covering the solar spectrum from near infrared to near ultraviolet. Additionally, it has a high
absorption coefficient on the order of ~10° cm™, a direct band gap, high radiation resistance,
thermal stability, and so on. Nevertheless, the epitaxial growth of high quality In-rich InxGaixN
material has faced numerous challenges to date due to lattice mismatch between InN and GaN
(up to 11%) and the difference in growth temperatures. This can be the main reason for spinodal
decomposition that results in phase separation, relaxation of the strain at the interface, or
compositional pulling. Therefore, a high density of defects will be generated in the InxGai-xN
layer, depending on the growth conditions, which can degrade the optical properties of the
material. Thus, understanding and improving the growth conditions which also affect the amount
of In incorporated in the material is significant.

Here, graded composition InyGaixN layers have been grown on GaN/sapphire templates.
The gradient was accomplished by a continuous increase of the In mole fraction in the atomic
flux used to grow the crystal. The growth was done at different temperatures (555 °C to 475 °C)
in plasma-assisted molecular beam epitaxy (MBE) to establish good parameters to grow a thick
film grading the entire range from x = 0 to 1. Furthermore, this study focused on the optical and
structural characterization of the material. It was found that the composition was not linearly
graded as expected and was accompanied by strain relaxation along the growth direction. As

expected, lower growth temperatures allowed for higher In content. A simple growth model was



used to understand the growth conditions and the parameters that affect the In content in the
material. Moreover, nextnano® software was used to simulate the band structure and determine
the optical transition probabilities as well as the ground state wavefunctions, which can help in

future device development.
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Chapter 1: Introduction and Physical Properties of I11-Nitride Materials

In 2014, the Nobel Prize in physics was awarded to engineers Isamu Akasaki, Hiroshi
Amano, Shuji Nakamura for their GaN-based blue light-emitting diode (LED) invention in
1990[1]. That invention has opened many opportunities for I11-nitride materials to be used not
only in LED technology but also to other fields such as photovoltaics and power electronics.
Though many difficulties are yet to be solved, the unique properties of Ill-nitride materials make

them a great candidate for many applications.

1.1 Band Gap of Group Il1-Nitrides

Ternary group Il1-nitrides (like InxGa:xN and AlxGai1.xN) have a wide and direct band
gap that can be varied depending on the alloy composition, from 0.64 eV for InN to 3.43 eV for
GaN and extending to 6.14 eV for AIN[2],[3].

Vegard’s law is normally used to determine the band gap of the alloy as follows:
Eg(InGaN) = ((1 —x) x Eg (GaN)) + (x x Eg (InN)) — (b x x x (1 —x)) (Equation 1)

where the E, (GaN) at 300 K is 3.39 eV, E, (InN) is 0.7 eV and b is a bowing parameter which
estimates the deviation between InN and GaN. Many values have been reported for the bowing
parameter, b, such as 1.43, 1.36 and 1.65 eV, as a result of strain, phase separation, fluctuation of
composition, and so on, making it difficult to determine an accurate value. Figure 1 demonstrates

the band gap values versus In composition where b = 1.43.

1.2 Crystal Structure f Group I11-Nitrides

There are three types of crystal structure structures that group 11 nitrides share wurtzite,
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Figure 1. Strain free band gap energy of InGaN vs. In content

zinc blende and rock-salt. For bulk nitride material (AIN, GaN, and InN), the wurtzite structure
is the thermodynamically most stable phase. Nitrogen atoms have larger electronegativity
compared to the other elements of group V, which leads to higher ionicity in IlI-nitrides than
other semiconductors. This causes the crystal structure of group I1I-nitrides to favor the wurtzite
structure[4].

The unit cell of the zincblende phase is formed by two penetrating face-centered cubic
(fcc) lattices which have a bond length of 1.623 A. In each corner of the cubic lattice there is one
atom of group 11 attached tetrahedrally to four N atoms. On the other hand, the unit cell of the
wurtzite phase is a hexagonal structure which has the lattice parameters a and ¢ where the ratio

is as follows:

“/a = V8/3 =1.633 (Equation 2)



Moreover, the wurtzite structure includes two penetrating hexagonal close-packed (hcp)
lattices that have the same axis but displaced by an amount u, where isu =3/8 =0.375 as a
displacement along the c axis. The atoms in each unit cell are arranged in tetrahedral symmetry
that is composed of an atom of group 111 attached to four nitrogen atoms[5]. The schematic

diagram of the wurtzite unit cell and zinc blende unit cell of Il1-nitrides is shown in Figure 2.

(A) Wurtzite (B) Zinc Blende

Figure 2. Schematic diagram of the wurtzite unit cell and zinc blende of I11-nitrides.

The unit cell of GaN is a hexagon that has the bonds along the c-axis with different
length than the bonds that are not on the c-axis. This results in spontaneous polarization. Another
property in nitride materials is the electronegativity difference between group 111 metal cations
and the nitrogen anion. It is another important characteristic that induces strain in the unit cell
and results in another type of polarization. To explain, the electronegativity difference can be

defined as the ability of an atom to attract electrons in a bond that it forms with another atom.



The nitrogen anion has a larger electronegativity (3.04) compared to the group Il metal cations
Ga (1.81), In (1.78), and Al (1.61), which affects the wurtzite structure.

Therefore, in GaN unit cell, Ga atom will be bonded to 4 N atoms and the electrons will
be shifted towards N and less toward Ga as shown in Figure 3. This cause polarization along the
bond (Ga-N) like a dipole. The total in-plane polarization will cancel each other but the total
vertical polarization in the z direction (the growth direction) will not cancel each other.
Therefore, the unit cell is polar acts and like a dipole. This will cause strain in the unit cell and
induce piezoelectric polarization. In another words, an internal electric field arises along the c-
axis direction which is called piezoelectric polarization; this will be discussed in the following
section. The total polarization in the crystal will be the spontaneous polarization plus the
piezoelectric polarization. This polarization effect leads to either a negative or positive effect

depending on how it is engineered in the device[6].

The lattice constants and band gap energies as well as the spontaneous polarization are

different in group 111 nitrides because of the difference in bonding energy with nitrogen and the
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Figure 3. The bond between Ga and N atoms.



ionic radii[7]. Table 1 shows the lattice parameters and spontaneous polarizations for GaN, InN,

and AIN[8],[9],[10].

Table 1: The lattice parameters and spontaneous polarizations for GaN, InN and AIN.

Parameter GaN INN AIN

Lattice constant ¢ (A) 5.186 5.685 4.9808
Lattice constant a (A) 3.189 3.517 3.112

c/a ratio (ideal = 1.633) 1.62606 1.616 1.60054

u (ideal = 0.375) 0.3789 0.377 0.3869
Spontaneous polarization (C/m?) -0.029 -0.032 -0.81

1.3 Properties of Nitride Alloys

1.3.1 Polarization Effects

One of the important properties inherent in the 111-V nitride semiconductors (GaN, AIN,
InN) is large polarization effects. Unlike the zinc-blende crystal structure, the wurtzite crystal
structure is non-centrosymmetric, meaning it lacks inversion symmetry which causes
spontaneous polarization. In addition, the bond between Ga and N exhibits large ionicity that
induces a piezoelectric polarization effect. Thus, both zinc-blende and wurtzite crystal structures
exhibit piezoelectric polarization, whereas the symmetry in the zinc-blende structure prohibits
spontaneous polarization. Another characteristic of nitride materials is that the heterostructures
of Ill-nitride materials possess a large difference in lattice constants of the binary compounds
GaN, AIN, and InN. This large lattice mismatch during epitaxial growth induces strain in the top
epitaxial layer to adjust its lattice constant to the underlying semiconductor. This, in turn, results
in piezoelectric polarization which can dramatically affect device performance. Therefore, the
net polarization in the wurtzite structure of nitride materials is comprised of two components:

spontaneous polarization which is inherent in the material, and piezoelectric polarization which



is induced by strain in the material. A considerable amount of literature has been published on
polarization-engineered I11-nitride materials which results in polarization doping, carrier
confinement and band engineering[11],[6],[12].

The most common epitaxial growth direction of I11-V nitrides is the c-axis of the wurtzite
hexagonal structure. Spontaneous polarization exists along the c-axis which is the growth
direction. Polarization can be detrimental to carrier collections in photovoltaic devices as it
generates an internal electric field and potential wells that can increase the recombination rate.
However, polarization can be engineered to improve device performance as well as realize
polarization doping.

Polarization doping can be achieved through graded composition, which is an advantage
of using a graded structure. It helps to get p-type doping without the introduction of any dopants,
which is a challenge in GaN due to the high activation energy of Mg (Ea ~ 200 meV) [13].
Simon et al. introduced using this for ultraviolet light emitting diodes (UV LEDs) using AlGaN.
It was demonstrated that using graded composition instead of sharp heterojunctions will produce

regions of three-dimensional electron slabs (3DES) or 3D hole gas according to Equation 3:

p(z) = =V.P(z2) = (3—1;) X (%) (Equation 3)

where p(z) is the volume density of polarization charge in the z direction and V is the divergence
operator[13],[14].

In theory, grading from GaN to InxGai-xN will result in p-type material, while grading from
InxGai1-xN to GaN will result in n-type doping. The polarization (P) increases when x (In

content) increases so the unbalanced bound charge in any two adjacent unit cells when the



material is graded down from GaN to InxGaixN will be negative. Thus, equivalent holes will be
introduced from native defects, such as background intrinsic carriers and Ga vacancies according
to the Poisson equation[15]. These holes will neutralize the negative bound charge and result in
p-type doping as they lower the Fermi level[16]. Likewise, a positive bound charge will be
attained when grading up from InyGai.xN to GaN. Therefore, equivalent electrons such as donor-

like surface states will be attracted to realize n-type material as demonstrated in Figure 4[13].
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Figure 4. Schematic diagram of polarization doping in InGaN.

The crystal planes of the wurtzite structure of GaN can be classified based on their
polarity into three categories: polar, for instance c-planes or (0001), semipolar such as (3031),
(2021), (1011), and nonpolar planes including m-planes or (1010). A strong polarization-induced
electric field is present when a device is grown along the c-axis, which affects the device
performance due to the quantum-confined Stark effect (QCSE) and results in band bending. This

phenomenon results in reduced electron-hole wavefunctions overlap, which in turn will decrease

the efficiency. However, the semi-polar and non-polar devices show higher electron-hole



wavefunctions overlap because of the decreased QCSE due to the eliminated polarization effect.

This increases the rate of radiative recombination which leads to high efficiency
devices[17]. Schematics of polar (c-plane), semipolar, and nonpolar (m-plane) were used from

reference[17], as shown in Figure 5.
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Figure 5. Schematics of polar (c-plane), semipolar, and nonpolar (m-plane)[17].

1.3.2 Lattice mismatch and Strain

The large mismatch in the lattice constants of sapphire substrate and group Il1-nitride
material results in a strained layer if the thickness of the grown layer is below a critical thickness.
However, if the growth is above the critical layer thickness, relaxation will occur due to defects

present. Higher In mole fraction reduces this critical thickness[18]. The lattice mismatch strain



can be either compressive or tensile. In the case of InyGaixN growth, InN has a larger lattice
constant than GaN, which leads to compressive strain. However, it is the opposite when it comes
to AlxGaixN growth, as the AIN lattice constants are smaller than the GaN lattice constants,
which causes tensile strain. Figure 6 presents the two types of lattice strain, and it shows this

according to the equation[19]:

(Equation 4)
where f is the lattice strain, a, is the lattice constant for the layer, and aq is the lattice constant of

the substrate. Compressive strain occurs when the lattice constant of the layer is larger than the
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Figure 6. Compressive and tensile strained films (the red atoms) on a substrate (the green atoms)
[19].



lattice constant of the substrate, and this is the case in InGaN. On the other hand, tensile strain
occurs when the lattice of the layer is smaller than the lattice constant of the substrate, such as in

AlGaN.

1.4 Growth of InxGaixN

Many growth methods of wurtzite InxGai-xN films on a sapphire substrate have been
reported such as metal organic vapor phase epitaxy (MOVPE), molecular beam epitaxy (MBE),
metal organic chemical vapor deposition (MOCVD), hydride vapor phase epitaxy (HVPE), and
so on. In this research, molecular beam epitaxy (MBE) generally forms a two-dimensional layer-
by-layer growth of thin films under a high vacuum at about 107° torr. This process requires a
lower growth temperature compared to other techniques, especially with the presence of nitrogen
plasma as a nitrogen source. With a plasma nitrogen source, nitride materials can be grown at
low growth temperatures, which lowers the thermal stress [20].

The growth of InxGai-xN material is challenging due to two reasons: the large difference
in the interatomic spacing between InN and GaN which causes a solid phase miscibility gap, and
the low growth temperature of InN that is needed to overcome the thermal decomposition since it
has high vapor pressure compared to GaN. The growth temperature of InN is generally below
550 °C, while GaN can be grown at temperatures above 800 °C. However, this low temperature
will result in low-quality InxGai-xN material. Also, the low growth temperatures lead to indium
segregation and the formation of metal droplets on the surface that hinders In incorporation in
the material. These In clusters increase with decreasing the growth temperature[21],[22].

Other difficulties include distributing a uniform temperature across the substrate, which is

due to radiation losses and the reflection of the coating of the back of the substrate material.
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Overall, the growth can be optimized by controlling the growth parameters and monitoring the
growth using reflection high energy electron diffraction (RHEED)[20]. Some parameters that
can overcome some of these problems are the flux ratio of 111/V that should be higher than one, a
relatively low growth rate, and low growth pressure[23].

Phase separation is a major issue for InxGai.xN growth due to the miscibility gap. Ho and
Stringfellow calculated the phase diagram for spinodal decomposition curve for strain free
InGaN, but the strain must be considered for the growth of InGaN on GaN substrate. It was
theoretically demonstrated that the interatomic difference between InN and GaN results in a big
miscibility gap, as shown in Figure 7. At a temperature of 800 °C, the solubility of In in GaN is

found to be 6%, which indicates that this gap is a substantial issue during the epitaxial

growth[24].

Temperature (°C)

Figure 7 . Binodal (solid curve) and spinodal (dashed curve) for InGaN [24].
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Additionally, the two lines of the spinodal and binodal were described by Karpov. It was
observed that the miscibility gap shows a slightly asymmetric shape that is closer to the In-rich

region due to the strain that increases with higher In content[25].

1.5 Photovoltaic Devices

The tunable band gap of IlI-nitride materials and their photovoltaic effects make them
suitable for optoelectronic applications such as light emitting diodes (LED) and solar cells. The
focus of this work is on solar cells, which will be discussed in this section.

A solar cell is a semiconductor device consisting of a p-type junction and an n-type
junction that convert sunlight into electricity due to a photovoltaic effect. The most common
material for solar cells is silicon (Si) because of its non-toxicity, abundance, and low
manufacturing cost[26].

Silicon solar cells can absorb a wide range of solar spectrum, from NIR to UV, but it
loses efficiency at energies higher than the bandgap which is lost to heat. Additionally, for high
energy light such as UV and above, the absorption is too strong, and the light does not penetrate
to the active region as it gets absorbed at the contacts. Thus, other materials and structures have
been explored throughout the years, and a lot of improvements have been achieved.

One option is using InxGai-xN material to overcome these issues, as it has a wide and
direct bandgap. Also, it absorbs a wide spectrum efficiently compared to Si solar cells. This work
presents a lot of analysis and studies of the InxGaixN material, but the physics of solar cells will

be presented first.
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1.5.1 P-N junction

Like a diode, a solar cell is a p-n junction that is formed by p-type material and n-type
material. As demonstrated in Figure 8[27], under equilibrium conditions electrons flow from the
high concentration of n-type to the p-type region. Similarly, holes tend to flow from the high
concentration p-type region to the n-type region. This flow generates ionized charges on both
sides of the junction which creates an internal electrical field opposite to the flow direction of
electrons and holes. A depletion region (or space-charge region) will be formed in between the p-
type and n-type materials that is depleted of mobile charges. The Fermi level is constant in this
case and the width of depletion region depends on the doping density. A solar panel is composed
of solar cells. They can be connected in series or parallel or a combination of both methods to
obtain the needed electrical power. A schematic diagram of a solar panel is shown in Figure 9

[28].
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Figure 8. Migration of electrons and holes in a PN-junction [27].

When the solar panel is illuminated by sunlight, the energy of the incident photons is

converted into electricity. Under open-circuit conditions, the net current inside the pn-junction is
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Figure 9. A schematic diagram of solar panel [28].

zero. Thus, the photo- and thermally generated carrier flux is equal to the recombination rate. On
the other hand, when a load is applied between electrodes of a pn-junction under illumination,

the photogenerated current will flow in an external circuit creating a flow of electricity[26].

1.5.2 Ideal |-V Characteristic

The p-n junction ideal I-V curve is explained by Shockley’s equation:

qv
I'= Iphoton — o (eXT-1) (Equation 5)

where 1 is the net current, I, is the dark saturation current which is the leakage current density in

the absence of illumination, I,00n IS light generated current, v is the applied voltage, q is the

absolute value of electron charge, K is Boltzmann's constant, and T is the absolute temperature in

degrees kelvin (K). The photogenerated current is described by the following equation:
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Iphoton = qAG(Le + W+ L) (Equation 6)

where L, is the electron minority carrier diffusion length, L;, is the hole minority carrier diffusion

length, W is the depletion region depth, A is the cross-section area of the illuminated device, G is

the electron-hole generation rate, and q is the electron charge. Current-voltage (I-V)

measurements normally describe the potential current or power available from a solar cell as a

function of the applied voltage.

The I-V curve as shown in Figure 10[29] describes the relationship between the current

and voltage and identifies the device operation within an electrical circuit. This curve describes

how in order to acquire the solar cell maximum power, the solar cell has to operate at the

maximum power (Pmp)[29].

A

IV curve vl";."lF" |Mp
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Figure 10. The current-voltage curve (I-V) [29].
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1.5.3 Recombination and Generation

One of the most substantial elements that determines the photovoltaic device efficiency is
recombination. Recombination is a process that happens when electrons lose their energies and
move back to their valence band and recombine with holes.

There are three types of recombination: radiative, recombination through defect levels,
and Auger. The two most dominant recombination processes are Auger recombination and

recombination through defect levels[30].

Radiative Recombination

Radiative recombination, also known as band-to-band recombination, is a well known
mechanism in direct bandgap semiconductors like light emitting diodes (LED), concentrators,
and space solar cells. However, indirect bandgap semiconductors have very low rates of
radiative recombination.

During radiative recombination, a photon is emitted after a recombination occurs between
an electron from the conduction band directly with a hole in the valence band. The energy
emitted from this process is similar to the energy of the band gap. Thus, the radiative

recombination process is the opposite of the photon absorption process[30],[31].

Recombination through defect levels

Shockley-Read-Hall (SRH) recombination happens through a trap level or defect energy
level in the band gap. In this type of recombination, a defect in the crystal lattice is introduced
either unintentionally or intentionally to trap an electron or hole in the forbidden region by the
energy state. The recombination occurs when the hole or electron rises up to the same energy

level before the electron is re-emitted to the conduction band. The movement of a carrier in the

16



forbidden gap depends mainly on the distance of the introduced energy level from the band
edges. As a result, there is less of a chance for recombination to happen. Therefore, the

recombination between electrons and holes increases in the near mid-gap area[30].

Auger Rrecombination

Auger recombination is a non-radiative recombination that contributes to the efficiency
loss of a device[32]. Three carriers are involved in this type of recombination. During the
recombination of the electrons and holes, the released energy is given to a third carrier, an
electron, in the conduction band instead of emitting it in the form of heat or a photon. Then, this
electron moves back to the conduction band edge thermally.

This type of recombination is very important in materials with high carrier concentration,
such as heavily-doped or high-level injected materials. Auger recombination affects the lifetime
and efficiency of silicon-based solar cells because when the material is heavily doped, the Auger

recombination lifetime is shorter[30],[33].

1.5.4 Solar Spectrum

The surface temperature of the sun is about 5762 K with a radiation spectrum
approximated by the black body radiator. Radiation that is emitted from the sun is isotropic.
Additionally, the great distance between the earth and the sun, about 150 million kilometers, has
led to the fact that only those photons emitted directly at the earth will exist in the solar
spectrum.

The radiation intensity or solar constant is about 1.353 kW/m?2. An air mass zero (AMO)
radiation spectrum refers to the spectral distribution, and it used to determine how the spectral

content and intensity of the solar radiation are affected by absorption of the atmosphere. The air

17



mass number is defined as:

) 1
Air mass = ——5 (Equation 7)

where 0 is the angle of incidence (6 = 0). The air mass number is always greater than or equal to
1 at the Earth’s surface. The AMI1.5 (6 = 48.2°) spectrum is the most commonly used standard to
compare the performance of solar cells by normalizing it to a total power density of 1 kW/m?,
There are diffusive components in the solar spectrum at the Earth’s surface that can account for
up to 20% of the incident light on a solar cell. Therefore, the air mass can be calculated by either
having or not having the diffusive components in the measured spectrum.

An AML1.5¢g (global) spectrum includes the diffuse component, while an AM1.5d (direct)
does not include it. Black body (T = 5762 K) AMO0 and AM1.5¢g radiation spectrums are shown

in Figure 11[34],[35].
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Figure 11. Standard solar spectra [35].
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1.5.5 Energy Band Structure

Energy band structure is the relationship between the energy and momentum of electrons
in the semiconductor. In free space, an electron is proportional to its mass, while in a crystal it is
proportional to its effective mass. Solving the time-independent Schrodinger equation provides

the electron wavefunction (y) that describes the dynamic behavior of the electron.

2m

VA + Tz [E-U@] =0 (Equation 8)

where E is the energy of the electron, m is electron mass, h is the reduced Planck constant, and
U(¥) is the periodic potential energy inside the semiconductor[34].The shape of the top of the
valence band and the bottom of the conduction band are parabolic shapes as shown in Figure 12.
Thus, the electron effective mass and hole effective masses are constant in the bottom of

conduction band and the top of valence band, respectively. When the bottom of the conduction

Ec —— ™ electrons
Eg
i holes
Ey rd

Valence
Band

Figure 12. A schematic of energy band diagram for a direct band gap material [34].
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band aligns with the top of the valence band, the semiconductor is considered a direct band gap

semiconductor, and if they are not aligned, then it is an indirect band gap semiconductor[34].

1.5.6 Output Parameters of Solar Cells

Short Circuit Current of Solar Cell

Short circuit current is the maximum current that a solar cell can produce when the
voltage is zero. The measurement is done by short circuiting the cell’s terminals under optimized
conditions to generate a maximum output. In the solar cell, the rate of production of current
relies mainly on the light intensity and the incident angle at which the light hits the cell. In
addition to that, it depends on the surface area that is exposed to the light. Therefore, the short

circuit current can be defined as:

I .
Joo = % (Equation 9)

where I is the short circuit current, J;. represents the maximum current density, and A is the

area of the solar cell[34],[36].

Open-Circuit Voltage

By measuring the voltage across the solar cell terminals, the open-circuit voltage can be
measured without a load connected to it. The open circuit voltage depends on the manufacturing
techniques and temperature rather than on the intensity of light and area of the exposed surface.
The most known range of an open circuit voltage (Voc) solar cell is nearly equal to 0.5 to 0.6

V[37].
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Fill Factor of Solar Cell
The definition of fill factor, FF, is the ratio between the maximum power (i.e., the power

at which the product of the current and voltage reaches a maximum) to the product of short circuit

current and open circuit voltage of the solar cell[36]:

P
FF = ——— (Equation 10)
ISC X VOC

Where I, is the short-circuit current, V,. is the open circuit voltage, and P, is the maximum

power.

Efficiency of Solar Cells

The solar efficiency is the ratio of maximum electrical power output (P, )to the radiation

power input to the cell (P,,). The efficiency of a solar cell is expressed in percentage using[37]:

n

P,
Efficiency(n) = P_m (Equation 11)

1.6 Organization

This work starts with a literature review in Chapter 2, followed by the experimental
methods in Chapter 3. Then, Chapter 4 demonstrates the results and discussion of graded
composition InxGaixN layers (3%-50% In) at different growth temperatures, as well as modeling
and simulation of the band energy diagram and the probability of optical transitions and wave

functions using nextnano®. After that, Chapter 5 shows the results and discussion of the full
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composition graded InxGai1-xN layer. Chapter 6 demonstrates a growth model to understand the
growth parameters. Then, Chapter 7 shows Raman and Reciprocal Space Map strain

calculations. The fabrication of the full graded InxGai-xN layer is presented in Chapter 8.

22



Chapter 2: Literature Review

2.1 State-of-the-Art InGaN Solar Cells

The ternary InxGaixN material is an excellent semiconductor for photovoltaic
applications due to the wide, direct, and tunable band gap from 0.64 for InN to 3.4 eV for GaN
that covers most of the available energy in the solar spectrum. Other advantages include high
thermal conductivity, a high absorption coefficient (~10° cm™) that decreases the thickness
required of a solar cell’s absorber layer, and high carrier mobility. Additionally, the InGaN alloy
is of great interest because of a high temperature resistance that allows it to be used for solar
cells that operate under harsh environments. However, much of the research up to now has
shown that it is a challenge to get high crystal quality InGaN active layers with a high In content,
which are significant for high efficiency photovoltaic devices. Nevertheless, exceeding a certain
thickness, called a critical thickness, hc, results in defect generation such as V-pits, misfit
dislocations, and cracks. In heteroepitaxial growth, hc is a transition point between a relaxed and
fully strained layer[38]. It has been shown that the critical thickness for strain relaxation of the
InGaN layer is inversely proportional to In content, which limits the thickness of the absorber
layer for solar cells[39].

Much of the previous research on InyGai.xN based solar cells has been carried out on bulk
InxGaixN absorption layers, either p-n junction or p-i-n structure. However, the primary
challenge of the growth of such material is high defect generation because of relaxation and
phase separation. This is due to the large difference between the covalent radii of Ga and In
atoms, which are 1.26 A and 1.44 A respectively; this property induces internal strain [40]. The
absence of a native GaN substrate is another problem that leads to threading dislocations in Ga

and InyGaixN epitaxial layers. That is because of the relatively high lattice mismatch (14%)
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between the mostly used substrate, sapphire (Al.Oz) with GaN template, which causes strain
energy buildup that eventually induces defects[41].

These issues decrease the In content incorporated in the material; thus, most of the
research on InxGaixN has been at an In molar fraction less than 25%. Less In content reduces the
coverage of the solar spectrum and the conversion efficiency of solar cells. Additionally, the low
quantum efficiency of the device is another consequence of strain since it causes a large internal
piezoelectric field in the active region which reduces the probability of recombination[42].

Therefore, other growth methods have been explored such as heterostructures like InxGaz-
xN / GaN, multiple quantum wells (MQWs), or superlattices (SL). In the InxGaixN MQWs
structure, the layers are less than the critical thickness (h¢) for strain relaxation, which permits
more In content compared to a bulk InyGai-xN structure. Generally, the critical thickness for the
InxGaixN layer that is grown on GaN substrate is less than 100 nm when x > 0.1. This critical
thickness reduces even more with the increasing In fraction, which results in an InxGai-xN layer
with misfit dislocations that degrade the device performance[43],[44].

The strain effect on the incorporation of In in InxGai.xN materials was studied by S.
Pereira et al.[40] It was found that the composition varies over depth, meaning that In atoms
increase in InyGai-xN lattice along the growth direction. Therefore, as the material is grown
thicker exceeding the critical thickness, it starts to relax and allows more In content to be
incorporated. This means that strain hinders In content from uniform incorporation in the
material, which is known as the compositional pulling effect[40],[45]. Consequently, strain
relaxation has been a subject of great interest to date, since relieving the strain will solve the
issue of limited solar spectrum absorption by increasing the In molar fraction. Strain engineering

can be applied through various approaches such as relaxing the InxGaixN buffer layers. Evan et
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al. examined the effect of three types of relaxed pseudo-substrates with different lattice
parameters on In incorporation. The emission of PL was redshifted not only for the buffer layer
but also for the InxGaixN /InyGai.yN MQW. Moreover, In content was increased as a result of
the decreased impact of compositional pulling via strain relaxation. Also, the efficiency of long
wavelengths was enhanced since the well width increased by the reduction of the internal electric
field that is caused by the decreased lattice mismatch between the QW and buffer layer[46].

Insertion of an InyGaixN underlayer (UL) with relatively low In content (x < 0.01) is a
method to control and reduce the internal strain. Kusanagi et al. stated that the quality of the
InxGa1xN QW was improved when reducing the strain. Additionally, the non-radiative
recombination centers decreased, and the defects did not migrate to the InyGaixN QW and were
buried in the underlayer[47].

Enhancement in the growth of InxGaixN layers - either higher-quality or higher In
incorporation - has been demonstrated via adding a graded superlattice or compositionally
graded InxGaixN layer. Graded InxGai-xN buffer layers can relax the strain that can build up
during the growth after critical thickness and decrease the compositional pulling effect [18],[39].
Besides the graded buffer layer’s advantage as a strain relaxation layer, another advantage is its
increasing the quantum efficiency of the device by enhancing the electron-hole wavefunction
overlap in the absorber layer which improves the LED performance. In addition, the graded layer
in fact allows for a clean and smooth surface without the accumulation of In droplets, which is
beneficial for any of the following growths[48],[49].

However, the strain relaxation process in the hexagonal InyGai-xN wurtzite structure
usually is accommodated with a high density of defects such as V-pit formation, stacking faults,

dislocation inclination, and other mechanisms. Thus, it is important to investigate the relaxation
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process to optimize the growth, since these types of defects could impact the performance of the
device[50],[51].

Throughout the years, several studies have been done with different structures in order to
overcome InGaN challenges and produce high efficiency solar cells. These structures, as
demonstrated in Table 2, can be classified as homojunction or heterojunction. The heterojunction
structure is similar to the InGaN-based LED, and while most of the recent good results obtained
are with such structures, it still needs improvement. However, in homojunction InGaN solar cells
even with higher In content, the solar cell efficiency is not high enough. One advantage of
nitride-based solar cells is that they are still an ongoing topic. Another advantage is that all of the
structures presented in Table 2 still have not reached high efficiency, which means that there still
big room for improvement.

The primary objective of this study was to investigate the growth of a graded InxGai-xN
layer, not simply as a buffer layer but as the active layer of the device. Incorporation of In mole
fraction in the graded InxGaixN layer versus substrate temperature was the first step to find the
optimal conditions to incorporate the target composition. Then, a full composition graded InxGas-
xN layer was grown based on previous results.

The study of graded InxGaixN as an active layer is limited, especially full composition
graded InxGaixN. Then, the material was fabricated into a solar cell device to study its electrical
properties.

There is only one recent publication that demonstrates the growth of full composition
graded InGaN on a GaN substrate. The composition was almost linearly graded along the growth

direction with a gradual strain relaxation.
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Table 2. The efficiency of InGaN based solar cells for different structures and compositions.

Structure In content | Voc Jsc FF n Year
_ Reference
(Growth method) (Thickness) | (V) | (mA/lcm?) | (%) | (%) Author
p-n InGaN
o 39% 2011
Homojunction 0.161 2.2 0.25 | 0.07 [52]
300 nm Boney et al.
MBE
p-n InGaN 14.8%- 2010
Homojunction 16.8% 1.47 0.26 57.56 | 0.05 | Jampana et [53]
MOVPE 80 nm al.
20%
INo.20GansoN/GaN .
30 periods 2013
MQW 2.26 2.10 704 | 24 [54]
(2.3 /4 nm) Young et al.
MOCVD
200 nm
INo.12GaogsN
o 12% 2013
Heterojunction 0.48 1.12 30.2 | 0.16 [55]
200 nm Zhang et al.
MOVPE
IN0.10Ga0.90N
o 10% 2010
Heterojunction 2.1 0.42 77.8 | 0.68 [56]
150 nm Zheng et al.
MOCVD
10%
INo.10Gao0.90N/GaN 60 periods 2016
MQW (1.3/8.7 2.3 0.68 56 | 0.88 | Mukhtarova [57]
MOVPE nm) et al.
636 nm
16%-10%
Ga/InGaN/GaN )
14 periods 2015
Graded MQW 1.88 0.92 64 |1.11 ) [58]
(2/5 nm) Tasi et al.
MOCVD
112 nm
Ga/InGaN/GaN
0-11% 2011
Graded InGaN layer 1.33 0.59 0.65 | 0.51 [59]
200 nm Lee et al.
MOVPE
n-Ga/i-InGaN/p-GaN 10% 2015
0.96 0.71 48.4 | 0.33 ) [60]
MBE 200 nm Fabien et al.
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Another interesting finding was the observation of multiple quantum wells at the initial
phase of the growth that were formed unintentionally.

It was explained that this phenomenon is due to the difference in growth modes as shown
in RHEED patterns. The relatively high growth temperature at the first stage of the growth
affects the diffusion length of In and Ga adatoms that have to increase in order to continue the
2D growth mode. Thus, these quantum wells resulted in a smooth surface with a sharp interface
in between the high and low In mole fraction regions and the relaxation of in-plane strain.

Additionally, the absorption spectrum is discussed, and it showed a gradual change
instead of a sharp absorption edge that is usually observed in InGaN material with single
composition[61].

Numerical analysis of graded InGaN based solar cells has been investigated in the
literature. Brown et al.[62] used a finite element approach to simulate a graded InGaN based
solar cell. The graded layer was within the depletion region to eliminate the discontinuity in the
valence band. The efficiency was predicted to be 28.9% for their tandem solar cell structure that
include p-type GaN/n-InyGai-xN/n-1n0.5Ga0.5N/p-Si/n-Si. The thickness of the graded InGaN
layer and the doping have a great impact on the solar cell efficiency. It was found that in order to
get higher efficiency, the graded InGaN layer should be thin, since having a thicker layer than
the depletion region produces a quasi-electric field in an opposite direction of the minority
carriers’ directions. Likewise, high doping results in a decrease in the depletion region which
affects the solar cell efficiency. As a result, a very thin graded InGaN layer is required to attain
high efficiency. Otherwise, the graded InGaN layer creates a barrier that inhibits the
photogenerated hole collections. The collection of the holes could be improved via p-type graded

InGaN, but the doping difficulties might hinder this kind of structure[62].
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Lee et al.[13] numerically investigated the polarization doping of Il1-nitride n-i-p solar
cells that is induced by the composition gradient. The p-type layer was linearly graded by
increasing In composition (0%-30%) going from GaN to In3GazoN, and the n-type layer was
established by decreasing the In composition (30% to 0%) going from In3sGazN to GaN. The
polarization doping removes valence and conduction bands discontinuity at the heterointerface.
Additionally, the profile of the polarization charges can be well controlled in the graded InGaN
layer when the charges are uniformly built in the unit cell. However, having random impurity
charges can result in segregation or diffusion of the carriers. As expected, the graded layer
showed small differences in the strain profile between the layers as opposed to heterostructure
GaN/InGaN with constant composition.

It was reported that the short circuit current is independent of temperature, as the
polarization charges do not require thermal energy to be activated, resulting in high efficiency

solar cells[13].

29



Chapter 3: Experimental Methods

In this work, graded InxGai-xN active layers were investigated to determine the optimal
growth conditions for In incorporation in the material. Thus, Veeco Gen Il (Veeco, Plainview,
New York, USA) plasma assisted molecular beam epitaxy (PAMBE) was used to grow thick
compositionally graded InxGaixN active layers with the same growth conditions but at different
substrate temperatures.

The growth was done on c-plane unintentionally doped GaN on sapphire templates. As
the template was transparent, the heat would not be distributed uniformly during growth, so a
back titanium (Ti) coating was required. Thus, the template was coated with 1 um thick Ti film
to assist the radiative heating. The film was then removed after the growth using buffered oxide
etch (BOE) to be able to perform transmission measurements.

A 180 nm thick buffer layer of GaN was first deposited at 775 °C (an hour of growth
gave that thickness) to have a clean surface for the following growth. With the same grading
profile and growth parameters, three samples were grown at different substrate temperatures:
555, 515, and 475 °C. Thus, the HI/N and In/Ga ramped flux ratios were kept the same to
examine the effect of growth temperature on the strain relaxation and In content incorporation.

The samples were grown with graded In composition over a 500 nm thick layer starting
with 3% In to a maximum In of nominally 50%, followed by a thin layer (100 nm) with a reverse
grade from 50% to ~30% In to create a pn-junction device without introduction of dopants such
as Mg for p-type or Si for n-type. This could be realized by polarization doping with a top
contact layer.

Then, another structure was grown with fully graded composition InyGaixN with In

composition from 3% to 50% over 500 nm at 475 °C, and another 500 nm with In content from
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50% to 100% at 400 °C. This meant the active layer was 1 pm thick. This thick graded layer was
followed by a thin layer (100 nm) with a reverse grade from 100% to ~70% In to obtain a p-n
junction by polarization doping similar to the previous structure.

Structural and optical characterizations were performed using high-resolution X-Ray
Diffraction (XRD) in a Phillips X’pert MRD (Malvern Panalytical, Malvern, UK')
diffractometer, and atomic force microscopy (AFM) was performed in a Bruker 3000 Dimension
I11 (Bruker, Billerica, MA, USA) atomic force microscope. Then, photoluminescence (PL) was
performed in a closed cycle, helium cryostat at ~16K using a helium-cadmium (HeCd) laser for
optical excitation at 325 nm, and optical absorption was performed in a Shimadzu 3600
(Shimadzu, Kyoto, Japan) spectrophotometer.

Also, microPL was used in order to study the optical properties of the full composition
since the sensitivity of the CCD camera in the PL system did not detect far infrared. A Raman
study was also performed to analyze the surface and determine the strain and composition of the
samples.

Secondary lon Mass Spectrometry (SIMS) was performed on all the samples to analyze
the composition profile. The samples were sent to EAG Laboratories (EAG, San Diego, CA,
USA) for this study.

The fully graded composition sample was prepared for Transmission Electron Microscopy
(TEM) measurements to learn more about the growth.

Next, the fabrication process was done on the sample to obtain a simple solar cell device

to study the External Quantum Efficiency (EQE) and the I-V characteristic of the p-n junction.

The following sections contain more details about the equipment.
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3.1 Molecular Beam Epitaxy (MBE)

Molecular beam epitaxy (MBE) is an ultra-high vacuum (UHV) system that is used for
thin-film deposition. It has been widely used not only in research but also industrial production
for epitaxial growth of metals, insulators, and semiconductors. The idea of MBE is based on
evaporation, where thermal beams of atoms or molecules flow under UHV pressure (10 to 1029
Torr) and react with a clean substrate[63].

The advantages of using MBE over other growth methods such as metalorganic chemical
vapor deposition (MOCVD) are: (a) the relatively low growth temperature, which is important
for very large-scale integration (\VVLSI) industry; (b) that MBE growth technique is based on
evaporation, thus no chemical reaction is considered; (c)i situ growth monitoring; and, (d) the
low growth rate, typically about 1 monolayer/second that helps to precisely control the
composition and doping profiles.

In MBE, the substrate temperature, flux rate (111/V ratio), plasma power, and source
temperature are significant variables that can be adjusted in order to acquire the target
composition and stoichiometry and improve the quality of the growth. Additionally, Reflection
High-Energy Electron Diffraction (RHEED) is one of the most crucial in-situ analytical methods.

A RHEED gun emits electrons towards the sample surface, then the incident beam is
diffracted at a very low angle. This generates a diffraction pattern on a phosphor screen, which
gives information about the quality of growth. Therefore, it is used to analyze the surface and the
quality of the growth: for example, the surface morphology, surface reconstruction, atomic
spacing, and growth rate.

The MBE system used has five effusion cells to introduce group I11-metal sources (Ga,

In, Al) as shown in Figure 13, and dopant materials as solid material are Mg (p-dopant), and Si
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(n-dopant), placed in a crucible. Then, the crucible is heated to the required evaporation
temperature for the material until it reaches a sublimation point and evaporates.

The MBE is also equipped with a nitrogen radio frequency (RF) plasma source for I11-
nitrides growth where pure N2 is converted into active molecular species[64]. In this study, a

Veeco Gen Il plasma-assisted MBE (PAMBE) system was used, as shown in Figure 14.
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Figure 13. A schematic diagram of the MBE chamber.

3.2 Transmission

Transmission is the ratio of transmitted light intensity to the incident light intensity.
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Transmission measurements are used to determine the band gap of the materials through the

optical absorption coefficient[65].

Figure 14. MBE nitrides chamber at the University of Arkansas.

If the incoming light energy is greater than or equal to the band gap of the material, the

light is absorbed. Absorbance is defined as the negative logarithm of transmittance. The quality
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of the material can be examined through the change in the transmitted light against wavelength
when the light passes the material. Also, the thickness can be evaluated from the interference
fringes in the transmission spectra. The sensitivity of the system depends on the detectors, as
illustrated in Figure 15, adapted from Ref. [66].

In this research, a Shimadzu UV3600 Spectrophotometer was used to analyze the
samples. The Shimadzu UV3600 spectrophotometer consists of three detectors to cover the
spectrum from ultraviolet light (UV) through visible light to infrared (IR). It has a
photomultiplier tube detector (PMT) to span the ultraviolet and visible regions of the
electromagnetic spectrum. In addition, InGaAs and cooled PbS detectors are also used to cover

the near infrared region[66].

165 nm 380 nm 780 nm 3300 nm

Figure 15. The sensitivity range in Shimadzu UV3600 Spectrophotometer.

3.3 Photoluminescence (PL)

Photoluminescence (PL) spectroscopy is a noninvasive analysis for the electronic

structure of the material. When the material is illuminated with light, the photons are absorbed in
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the material, and they excite the electrons in the material from an occupied state to an empty
state. Then, the excess energy can deplete through the emission of light. This process is called
photoluminescence, which is then plotted as the intensity of the emitted light against wavelength
or energy.

In this work, as shown in Figure 16 and Figure 17, a helium-cadmium (He-Cd) laser (325
nm) was used as an excitation source in the UV range at both room temperature and low

temperature (16 K).

5
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w

Figure 16. Photoluminescence (PL) measurement system.
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A parabolic reflector collected the light reflected from the sample and then focused it
onto the spectrometer through a slit. To change the dispersion in the spectrometer, there are two
different gratings from a low dispersion (75 grooves/mm) to a high dispersion (1200
grooves/mm). The slit size can be varied to change the resolution of the spectrum. The
measurements taken in the p-PL system were performed at room temperature with a He—Ne laser

(632.8 nm) as an excitation source in a backscattering configuration.
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Figure 17. A schematic diagram of the photoluminescence (PL) setup.

Furthermore, the Micro-Photoluminescence system that has a Stanford Research System

Lock-In Amplifier (Stanford Research Systems, Sunnyvale, CA, USA) was used to detect and
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amplify very small AC signals. The system consists of a single channel detector cooled with
liquid nitrogen (N2) that can detect in the spectral sensitivity range from 300 nm up to 2000 nm.
However, the PL system that was used first has a liquid nitrogen cooled Charged-Coupled
Device (CCD) that can detect from about 300 nm to 1050 nm as well as an InGaAs (IGA)

detector [67].

3.4 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a nondestructive technique that is used to characterize
crystalline materials without the need for sample preparation. It helps to determine the crystal
quality, composition, strain, defects, grain size, orientation, and other structure-related
information. The XRD system consists of an x-ray source, a detector that senses the x-ray beam,
and a sample holder. As illustrated in Figure 18, at a certain angle, the x-ray beam is focused on
the sample which results in a diffraction pattern. Then, this diffraction pattern is compared to a
database that is provided by the International Centre of Diffraction Data (ICDD). As shown in

Figure 18, constructive interference only occurs when Bragg’s law is satisfied.

nA = 2dsiné

Figure 18.The principle of X-ray difraction (Bragg’s law).
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There are different types of scans, such as rocking curve, omega-two theta scan (w/26),
and reciprocal space map (RSM)[68],[69].

In this research, a Philips X pert MRD system was used to perform High-Resolution X-
Ray Diffraction (HRXRD). The system is equipped with a copper (Cu) anode, and the
wavelength of the Kal radiation coming from the anode is 1.54056 A. The x-ray radiation was
generated with 1.6 kW with a four bounce (220) channel-cut germanium (Ge) crystal that is
detected through a three-bounce (022) channel-cut Ge crystal.

To study the strain relaxation in the samples, (w/26) scans as well as RSM were used to
determine the lattice constants and gives information about the composition. RSM can be
described through a geometry known as the Ewald sphere as illustrated in Figure 19. The line
that has a radius of 1/A represents the x-ray direction, and the sphere is centered on this line. The
reciprocal lattice rotation is comparable to the crystal rotation around the Ewald sphere. Once the
reciprocal lattice set of points (hkl) lies along the circumference of the Ewald sphere (blue line in

the figure), a strong diffraction will occur with reflection planes (hkl)[70].

Ewald sphere of reflection °

Figure 19. The diffraction x-ray occurs in reciprocal space [70].
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3.5 Scanning Electron Microscopy (SEM)

A Scanning Electron Microscope (SEM) is used to study the surface of the sample. It
consists of an electron beam that interacts with the atoms on the surface and reflects off the

surface to produce the image[71]. Figure 20 shows a schematic of the SEM system which is
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Figure 20. A schematic diagram of SEM microscope.
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adapted from Ref. [72]. It is used to analyze the surface and provide information about elemental
composition through Energy Dispersive X-ray spectroscopy (EDX) mapping. It is also used to

measure very small features on the surface and study the morphology[73].

3.6 Transmission Electron Microscopy (TEM)

The transmission electron microscope (TEM) has the same principle as SEM in using
electrons as an excitation source. The TEM system is equipped with a high-voltage electron
beam to generate high-resolution images. The TEM system includes an electron gun to emit
electrons toward the sample. The electrons pass through the microscope vacuum tube and are
focused through an electromagnetic lens. When the electrons hit the thin sample, they either hit
the fluorescent screen or scatter[72],[74]. Figure 21 is a schematic diagram of the TEM system,
which is adapted from Ref.[72].

The sample needs extensive preparation before it can be installed in the TEM
microscope. It starts with cutting the sample, then gluing two pieces face-to-face together so that
the film to study is in the middle. Then, the sample is mounted on a TEM grid using superglue.
Next, a polishing process is carried out that includes using diamond lapping films at different
sizes. The last step is when the sample is about 30 um thick, and then it will be ready for ion

milling in order to create a hole in the middle of the sample.

3.7 Atomic Force Microscopy (AFM)

The atomic force microscope (AFM) is a high-resolution scanning probe microscope that
analyzes the morphology of the surface at an atomic scale. This type of microscope combines

principles of both the scanning tunneling microscope (STM) and the stylus profilometer. Both

41



Electron source ’
r

i

Condensor lenses

— — Condensor aperture
-l Sample
Objective lens m
a » —— Objective aperture
- — Selected area aperture

Projector lenses 4“
q BF, ADF, HAADF detectors

Viewing screen

Photographic plates

EELS detectors
Magnetic prism £ CCD camera

Figure 21. A schematic diagram of TEM microscope.

conductors and insulators can be measured using AFM with no coating or any requirements. This
overcomes the limitations of using a STM, which requires conductivity of the materials it scans,

since it operates based on tunneling current between the tip and the surface of sample[75]. The
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AFM consists of a small sharp tip that is attached to a cantilever, a position-sensitive
photodetector, and a laser beam.

The AFM operates by observing the interaction force of the tip and the sample surface.
Then the image is produced by recording the deflection of the laser beam off the back of the
cantilever using a position-sensitive photodetector[76].

There are two modes: contact mode and tapping mode, and the latter was used in the
measurements. Figure 22 shows a schematic diagram that includes the key components of AFM
measurements. The AFM measurements depend on the interaction between the tip and the
sample. The force between them is calculated using Equation 12 which represents Hooke’s law

through the stiffness of the cantilever and the measurements of the cantilever deflection.

F=—kz (Equation 12)

— Photodetector

Cantilever

Sharp tip

Sample

Figure 22. A schematic diagram of AFM basic setup.
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Where F is the force between the AFM tip and the sample, K is the lever stiffness, and z is the

distance that cantilever bends[77].

3.8 Raman Scattering

Raman scattering is an inelastic scattering of photons when incident light interacts with a
crystal’s modes of vibration. It helps to determine the strain, morphology, and composition of
I11-nitrides alloys[78]. However, the crystalline quality of the material degrades with increasing
In mole fraction, which makes it difficult to interpret the results of Raman spectroscopy. In this
study, micro-Raman scattering at room temperature was performed in a backscattering
configuration along c-axis. Both the incident beam and scattered beam propagated along the z
direction and perpendicular to the sample surface.

The system, as shown in Figure 23 and Figure 24, was equipped with an He-Ne laser
(Melles Griot, Carlsbad, CA, USA) that had an excitation power of 5 mW and an excitation
wavelength of 632.8 nm. Another laser was also utilized, the green laser (532 nm), to study the
effect of excitation energy. The laser spot that was about 1 um diameter was focused using in a
Olympus BX41 microscope, with a 100x objective lens and a digital camera. A Horiba Jobin-
Yvon LabRam HR800 (Horiba, Kyoto, Japan) spectrometer with a 0.75 m focal length was used
to collect the signal. Also, the system had a thermoelectrically cooled Si charge-coupled device

(CCD) camera. The software used to conduct the measurements was LabSpec (Horiba).

3.8.1 Phonon Modes in Nitrides

The wurtzite structure for GaN has eight phonon modes at the I" point, consisting of

2A1+2B1+2E1+2E>. There is one set of acoustic modes for both A1 and E1 modes and six optical
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modes (A1+E1+2B1+2E>). As shown in Figure 25, six types of Raman active modes are
displayed 2A1+2E1+E>-Low (L)+E>-Hight (H). The phono modes A; and B, vibrate in the plane

in a parallel direction to the c-axis. However, E; and E2 phonon modes vibrate in the plane

perpendicular to the c-axis.
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Figure 23. A schematic diagram of Raman scattering measurements setup.

The cations and anions of the E> phonon mode oscillate in opposite directions, which
cancels the electric dipole, so the E2 phonon modes are non-polar. On the other hand, A; and Ex

modes are polar modes since their cation and anion displacement modes is in the same direction

[791,[80].
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Figure 24. Raman Scattering Microscope.

In Al and E1 phonon modes, the net dipole moment results in splitting them into
longitudinal optical (LO) and transversal optical (TO) modes. Raman study in this work was
done in a backscattering configuration that allows only the E> and the A1(LO) modes[78]. Table
3 shows the phonon frequencies of GaN, AIN, and InN that are taken from

literature[81],[82],[80].
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Table 3. Raman-active mode frequencies of nitride materials (wurtzite structure).

Phonon mode GaN (cm™) AIN (cm™) InN (cm™)
E2(low) 144 248.6 87
Ai(TO) 531.8 611 447
E+(TO) 558.8 670.8 476
E(high) 567.6 657.4 488
A(LO) 734 890 586
E1(LO) 741 912 593
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Figure 25. The optical phonon modes in wurtzite group Il1-nitride crystals [80].

3.9 Secondary lon Mass Spectrometry (SIMS)

Secondary-ion mass spectrometry (SIMS) is a destructive method that is used to analyze
the composition of the material. Additionally, the thickness of the growth can be determined

using the composition profile that is extracted from SIMS.
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As represented in Figure 26, the incident primary ion beam interacts under an ultrahigh
vacuum with the surface which sputters and ionizes the elements on the material.
Some of the sputtered material will be will be accelerated towards a double focusing mass
spectrometer in order to characterize the exact quantity of various elements as a function of the
depth of sputtering[83].

In this work, the samples were sent to EAG Laboratories to analyze the In composition in

the graded composition InGaN materials.
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Figure 26. A schematic diagram of SIMS technique.
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Chapter 4: Graded InGaN Thick Films Grown by MBE as a Function of Temperature
4.1. Structure and band diagram simulation

To estimate a sufficient thickness to grow the graded material in order to absorb most of
the incident solar spectrum, an 90% absorption was used as a goal. The minimum thickness
required to absorb 90% of the solar spectrum was then calculated for different In compositions

using the following equations:

[=1,e ™ (Equation 13)

<= éln(lo) (Equation 14)
where a is the absorption coefficient, x is the thickness of the absorber layer, I is initial light
intensity, and | is the final light intensity, such that I/lo = 0.1. Subsequently, an average of the
resulting thicknesses over the various compositions would be used as the minimum growth
thickness for the compositionally graded film, with the assumption that each composition
predominantly absorbs the light at its bandgap energy, leaving the lower energy light to be
absorbed by the next layer.

The absorption spectra presented in Figure 27 was taken from Kazazis et al. [12]. The
data was obtained via spectroscopic ellipsometry for InyGai.xN samples that were grown by
MBE on commercial free-standing GaN substrates.

Thus, the absorption coefficient was taken at the absorption edge for each composition in

the plot to give a rough estimation of the required thickness. Table 4 shows the thickness for an

absorber layer with different composition required to absorb 90% of the light at the bandgap

49



l | — l ) l | l § I l I l j=—g -4

o
o

—_— pr——
- N

S
n

Absorption coeff. (10°cm™)

lllll 'J'lllLl lllllll

S
—

1.0 1.5 2.0 2.5 3.0 3.5 4.0
Photon Energy (eV)

Figure 27. Absorption coefficient spectra of GaN substrate and InGaN layers at different In
content[12].

Table 4. The estimated thickness for an absorber layer.

In composition a (cm1)x 10% cm™! Thickness (x) (nm)

0 1.15 200.22

10% 0.9 256

20% 0.5 461

30% 0.55 418.65

40% 0.6 384

50% 0.4 576

60% 0.25 921

Average thickness = 459.55 nm
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energy of that layer. The calculated thickness varied from 200.22 nm for GaN to around 921 nm
for InGaN at 60% In content. The average was determined to be 459.55 nm. Thus, the graded
composition with (0.03-0.50) In content InGaN active layer was done over 500 nm. It should be
emphasized that this calculation is not comprehensive, but only used as an estimate to start the
study of this material as an absorber for solar cells. However, other factors would need to be
taken into consideration such as the lifetime of the carriers when choosing the thickness of the
active layer.

The structure is demonstrated in Figure 28. It was grown at different temperatures to find
the optimal conditions to grow graded composition InGaN with higher In content.

The electronic structure and optical properties were simulated using the nextnano®
software package. The nextnano® software starts with strain calculation to obtain the band edges
(conduction and valence bands) by applying band offsets and deformation potential theory. Then,
this is followed by the Poisson, current, and the Schrdédinger equations that are solved self-
consistently including doping, pyroelectric charges, and excitonic effects. These calculations
help to determine the built-in electrostatic potential, as well as calculating the energy levels and
the wave functions [84],[85].

The nextnano® software package was employed to numerically simulate the band
structure of ideal linearly graded InGaN active layers and calculate the optical transition
probabilities. Only the ground states are highlighted here which are the lowest energy states.

The intended growth consisted of a composition graded from 3% to 50% In over a 500
nm layer, and then reverse graded over 100 nm with In content varying from 50% to 30% In, as
shown in Figure 29. The background n-type doping, or unintentional doping resulting from

impurities in the growth chamber and other intrinsic defects, for example, was set to the order of
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Figure 28. A schematic diagram of graded InGaN layers structure.
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Figure 29. In profile that was simulated in nextnano?®.
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10%6-10%" cm?3, as it was proven through this research group’s results that experiment results
match the simulated results under this background doping. First, the ideal case was simulated for
graded InGaN material with linear grade up over 500 nm (3%-50% In) and reverse grade down
over 100 nm (50%-30% In).

Figure 30 shows the band diagram for homogenously strained material, i.e., strained to
the GaN substrate in-plane lattice constant, and Figure 31 shows the band diagram for the same
material with no strain, i.e., completely relaxed. The strain condition affected the band diagram

greatly as well as the transition energies and probabilities.
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Figure 30. The band diagram for strained InGaN.
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Figure 31.The band diagram for fully relaxed InGaN.

The polarization doping as demonstrated in Figure 30 resulted in p-type material in the

graded up active layer (0.03-0.50) In composition, and n-type in the thin reverse graded layer

(0.50-0.30) In composition. That is the expected case from the literature as mentioned in Chapter

1. However, the relaxed simulation in Figure 31 loses the p-type region, and generally takes on

the doping of the background type and concentration. This highlights both the importance of the

strain state, as well as some current uncertainty in the observed results, both in the present work

and in other published works. The probability of transitions was examined for both the whole

structures as well as at different depths in the structure, at the quantum region, i.e., the region

over which the wavefunctions were calculated was isolated to specific regions of interest as
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shown below. This helped to compare the simulated results to the effective observable band gaps
that were found in the photoluminescence experiments due to the limited penetration depth of the
UV laser that was only few nanometers close to the surface. This was as a result of UV light
penetration depth in InGaN material being very small as will be discussed later.

Table 5 shows the band gap energies which were calculated using nextnano?® that
correspond to the highest transition probabilities at different depths. Then, the corresponding In
composition could be determined using the In profile that was used in the simulation. In the
homogeneous strain state, the transition occurs at the interface between the GaN substrate and

graded InGaN.

Table 5. The energy band gap for both strained and fully relaxed InGaN at different depths.

. Energy (eV) Energy (eV)

Quantum region (Homogenous strain) (No strain)
All structure 3.37 1.76
Surface (30 nm) 2.25 2.20
Surface (70 nm) 1.97 1.97
Surface (120 nm) 1.89 1.76
Surface (200 nm) 1.95 1.76

However, in the fully relaxed state (no strain), the highest transition probability is closer
to the surface. The wavefunction probabilities are demonstrated in Figure 32 and Figure 33. It
can be seen that the transition energy for e581-hh1 for the homogenous strain state is around
3.37 eV (~180 nm) which corresponds to 3% In content. For the other strain state, which is the
fully relaxed case, the transition energy for e2-hhlis around 1.76 eV (~678 nm) which represents

50% In content in the simulated linear graded composition profile.
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Figure 32. Band diagram and electron and hole wavefunction for the homogeneous strain state.
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The transition probabilities increased from 4.74% for the homogeneous strain condition
to 84.2% for the fully relaxed condition. In this case of Figure 33, the fully relaxed strain state is
the one that could be compared with the experimental results since it is near the surface, and it
would be expected in the experiments to obtain a band gap energy that is closer to 1.76 eV (50%
In).

The charge carrier densities are shown in Figure 34 for both homogeneous strain and
relaxed (no strain). It is clear how the strain greatly impacts the polarization doping through the
piezoelectric effect[86],[87]. In the homogenous strain case, the active layer is p-type while the
top layer is n-type as expected. However, the relaxed case results in n-type active layer with

lower electron charge density at the GaN/InGaN interface.

4.2. Experimental Results and Discussions

4.2.1. Atomic Force Microscopy (AFM)

The surface morphology of thick compositionally graded InGaN films were examined by
AFM in tapping mode. The image scan size was 5 um x 5 um as shown in Figure 35. These
surfaces were generally characterized by the underlying smooth, grainy texture. However,
superimposed on that texture were small islands which appeared significantly less dense for
higher growth temperatures. It is supposed that these were the result of excess In on the growth

surface at lower growth temperatures; however, they need further study.

The overall surface roughness could be determined to increase with increasing the growth
temperature, as the surface root-mean-square (rms) roughness decreased from 8.26 nm at a

growth temperature of 475 °C to 5.20 nm at 555 °C. It was still considered a flat surface.
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Figure 35. AFM images for graded In1.xGaxN active layers at different growth temperatures.

4.2.2 Optical Microscope

The accumulation of the metals on the surface is a common occurrence when the growth
of InGaN is done in the MBE.

The main issue is the low maximum epitaxial growth temperature which is around 500-600
°C[88]. Additionally, the growth temperature of InGaN in MBE is generally so low that the In
adatoms do not re-evaporate, particularly for InGaN with 25% In composition or higher. Also,
the growth has to be kept under In-rich conditions to obtain a smooth surface so the excess In on
the surface cannot evaporate fast, creating In droplets[89],[90].

Optical images were taken using a ZEISS (Carl Zeiss AG, Jena, Germany) optical
microscope before and after etching In droplets using HCI. The microscope uses polarized
reflected light microscopy and differential interference contrast microscopy (DIC) which
presents detailed differences and features on the sample surface. This requires light shearing
(Nomarski) prisms in addition to plane-polarized light. The DIC was used to examine the surface
of the sample after In droplet etching. These methods are contrast enhancing methods to enhance

the surface features[91],[92].

59



As demonstrated in Figure 36, at 20x and 100x magnification the droplet density
increased with the decreasing temperature, following what was mentioned above that the growth
temperature was lower than the re-evaporation temperature, which led to metal accumulation on

the surface.

Figure 36. Optical microscope images for In droplets in: (a) graded InGaN (555 °C), (b) graded
InGaN (515 °C), and (c) graded InGaN (475 °C) before etching.
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The droplet sizes ranged from between around 1pum to 10 um. It is obvious that at the 475
°C growth temperature, the small droplets merged to form larger droplets. Figure 37 shows the
surface after HCI etching. It is observed at 515 °C)and 475 °C in Figure 37b and c, respectively,
that the droplets tended to leave a ring-like structure behind following the HCI etching. Zheng et
al.[93] proposed a model to explain the formation of In droplets and the ring-like structure
considering the model proposed by Wu et al.[94] that explained Ga droplet formation. The
energy difference on the surface promotes the expansion that occurred of the In droplets through
the absorption of the In adatoms. This increased the surface tension until the droplet broke out

and liquid In was released, which formed a larger ring.

Figure 37. Optical microscope images for In droplets in: (a) graded InGaN (555 °C), (b) graded
InGaN (515 °C) and (c) graded InGaN (475 °C) after etching.
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4.2.3 Scanning Electron Microscopy (SEM)

Figure 38 shows the scanning electron microscopy (SEM) images before and after In
droplet etching by HCI. It can be observed that the droplet accumulation on the surface increased
with decreasing temperature as was demonstrated in the optical microscope images. The surface
of the graded InGaN layers again showed higher density of metal droplets as the growth
temperature decreased. However, the formation of the droplets at the higher growth temperature
(555 °C) was incomplete formation or unstable which could have been as a result of the higher
temperature. Senichev et al. noted that at 600 ° C growth temperatures or higher, indium
desorption is observed[95].0On the other hand, the merging of the small droplets into larger
droplets was present at lower temperatures as shown in (b) and (c). Thus, the number of droplets
decreased when this process occurred.

Energy dispersive x-ray spectroscopy (EDX) mapping confirmed that the metal droplets

were actually composed mostly of In, as shown in Figure 39. The color of the droplet in the

images was different in each sample, but all those colors represent In. Thus, the difference in

colors did not represent or mean anything.

Additionally, line profile analysis in Figure 40 that goes over the droplets reveals that the
In curve increased when the line was on the droplet. This means that those droplets had higher In
content than the surface. Confirming that the droplets were pure In was significant to show that

Ga atoms were incorporated in the material to form InGaN.

4.2.4 Transmission

The room temperature optical transmission measurements shown in Figure 41
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demonstrate the variation of the average bandgap for each sample in comparison with the GaN
substrate. For GaN, there was a sharp cutoff at ~365 nm which corresponds to the direct band
gap at 3.4 eV. The InxGaixN curves show a general shift toward longer wavelengths with

decreasing the growth temperature, which implied higher In content in the material.

Additionally, the cutoff was not sharp which was likely the result of the graded bandgap.
Examining Figure 41, on a linear scale there was an absorption cutoff at ~448 nm (2.8 eV)
observed for the highest growth temperature sample (555 °C, red curve) which corresponds to ~
18% In. For the lower growth temperatures (515 °C and 475 °C), the absorption edge was
observed at ~585 nm (2.1 eV) and ~ 693 nm (1.7 eV), respectively. These corresponded to

higher In compositions of 39% and 53%, respectively.

For a single composition film, one might estimate the bandgap energy through the use of

a Tauc plot using Equation 15[96]:

(ahv)™ = k(hv — Eg) (Equation 15)

Here, k is a constant, a is the absorption coefficient, hv is the photon energy, and E, is
the bandgap energy. The exponent, n, determines the type of optical transition, by which value
creates the best linear fit to the data at the band edge energy. It has been shown that if n = 2, then
the transition is across a direct bandgap, and if n = %, then the transition is across an indirect

bandgap[97]. In Figure 42 Tauc plot analysis was used to determine the average optical bandgap

of the material.

Here, (ahv)? was plotted against the photon energy. The power, n = 2, was the best fit,

reinforcing the understanding that here was a direct band gap transition. Then, a straight line was
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Figure 38. SEM images that show In droplets on the surface of graded InGaN.
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Figure 39. EDX mapping for In droplets on graded InGaN surface.
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Figure 42. Tauc plot for graded In1-xGaxN active layers at different growth temperatures.
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extended from the linear region in the resulting plot to the x axis which determined the bandgap

energy.

The average band gaps determined for the three samples were 1.9, 2.1, and 2.6eV for the
475, 515, and 555 °C samples, respectively. This corresponded to In compositions of 24%, 40%,
and 46%, again, respectively. All of the above compositions were determined from a Vegard’s

law calculation including bowing, shown in Equation 16[98]:

Eg(InGaN) = ((1 —x) x Eg (GaN)) + (x x Eg(InN) — (b x x x (1 —x)) (Equation 16)

Since both of these techniques—absorption edge and Tauc plot—are based on the
assumption of a continuous film of a single composition, it was not clear which was more
representative of the samples. They were examined by XRD and PL (below) for further

corroboration.

4.2.5 Photoluminescence (PL)

The photoluminescence was excited with a UV, HeCd laser at 325 nm with a power of
~10 mW. The general redshift seen in the transmission with decreasing growth temperature was

similarly observed in the PL.

Figure 43 shows the room temperature PL as well as the low temperature which showed a
characteristic shift with temperature. It can be seen that the PL peaks at 16 K were blue shifted
by about 0.15 eV compared to those taken at 300 K. This was approximately what would be
expected from the shifting of the bandgap with temperature alone, which would indicate that the
emission was coming from bulk-like regions of the material, i.e., not from phase separated

localized regions of high indium composition.
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Figure 43. Graded InGaN PL measurements at room temperature and 15 K for different growth
temperatures.
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The low temperature PL at 15 K demonstrated an extremely wide spectra with all curves
having full widths at half maximum (FWHM) of ~150 nm or ~0.5 eV. It was found that the
representative PL peaks were significantly shifted to lower energy in comparison with the
bandgaps derived from the transmission measurements. The PL peaks were at 1.44, 1.59, and
1.75 eV for the 475, 515, and 555 °C samples, respectively. If these were thick films of bulk
relaxed material, the emission energies would represent In compositions of 51, 58, and 64%,

respectively.

Additionally, the large dip and most of the oscillations present in these spectra were the
result of interference in the collection optics and filters and were not features of the
luminescence from the samples. Furthermore, the narrow lines seen in the room temperature
data from the 475 °C sample, along with similar lines observed in the other samples, were
artifacts due to long detector integration times and light leakage into the spectrometer. The
recombination of photoexcited excitons was expected generally to occur at the interface between

the grade up and grade down layers.d grade down layers.

This was a combination of the result of very low penetration depths for the 325 nm laser
(~50-80 nm), and the relatively long diffusion length of excitons (up to ~100 nm) in Il1-nitride
semiconductors[99]. Under these conditions, it was expected that the excitons would find the
lowest energy band gap and, thus, the highest In composition for recombination. However, with
the current simple models, what is not taken into account was the potential energy shift of the
luminescence due to the built-in field of the p-n junction resulting from the polarization doping.
That should lower the recombination energy resulting in an over-estimation of the In content[96],

[39].

The penetration depth of the laser (h) was estimated using the absorption coefficient as a
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function of the wavelength (a())). The absorption coefficient depends not only on the photon
energy but also on the composition of the film. The following relation was proposed by Brown et

al. and was used to calculate and plot Figure 44:

a(d) =« \[a(x)(E — Eg) + b(x)(E — Eg)z (Equation 17)

Where a(x) and b(x) are fitting parameters and E is the energy of the photon (E = hc/ A)[62].
However, the fitting parameters were given for small In content, thus Belghouthi et al. adjusted

these parameters using the following relations[100]:
age = 12.87x* — 37.79x3 + 40.43x% — 18.35x + 3.52 (Equation 18)

bge = —2.92x% + 4.05x — 0.66 (Equation 19)

In Table 6, the absorption coefficient was calculated at different In compositions to

determine the penetration depth of the UV laser (325 nm) in InGaN.

Penetration depth (h) = i (cm) (Equation 20)

where h is the penetration depth of the laser in the material and « is the absorption coefficient.

Finally, there was a significant decrease in overall PL intensity with increasing indium
content, i.e., decreasing growth temperature. This was demonstrated by the increased noise of

the PL for the 475 °C sample.
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Figure 44. The absorption coefficient for InGaN at different In content.

Table 6. The calculated penetration depth of the UV laser (325 nm) in InGaN.

X - bri Eq E-Eq o Depth Depth
@) | @) | ) | (cm) (nm)

0 3.52 -0.66 3.4 0.42 116115.23 | 8.61x10° 86.12
0.10 2.05 -0.28 3.00 0.81 121770.34 | 8.21x10° 82.12
0.20 1.19 0.03 2.63 1.18 120431.47 | 8.30x10° 83.03
0.30 0.74 0.29 2.29 1.53 134369.97 | 7.44x10° 74.42
0.40 0.56 0.49 1.98 1.84 164162.59 | 6.09x10° 61.00
0.50 0.53 0.64 1.69 212 199836.90 | 5.00x10° 50.00
0.60 0.57 0.72 1.44 2.38 232868.83 | 4.29x10° 42.90
0.70 0.61 0.74 1.21 2.61 257919.14 | 3.88x10° 38.80
0.80 0.64 0.71 1.01 2.80 271704.23 | 3.68x10° 36.80
0.90 0.65 0.62 0.84 2.97 272224.72 | 3.67x10° 36.80
1.00 0.68 0.47 0.70 3.12 258458.96 | 3.87x10° 38.80
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Some of this noise appeared to be spectral information, however those were determined
to be artifacts due to scattered room lights, which were only visible during very long low
intensity integrations in the spectrometer. This was accentuated by the fact that the sample
emission was gradually shifting into a range where the silicon CCD detector was becoming
inefficient. To determine the true relative emission intensities of the types of samples, a long

wavelength-sensitive detector was needed.

To further understand the origin of these emission bands, power dependent PL
measurements were performed as demonstrated in Figure 45, Figure 46, and Figure 47. Figure 45
shows the power dependent PL of the 555 °C sample over nearly three decades of excitation
power. Apparent, as with the other samples, was that there was no shift in energy with power.
This indicated that this was bulk-like recombination, exhibiting no evidence of confinement
either through state filling or quantum confined Stark shift. This indicated that the material from

which the luminescence was derived was single phase with little phase separation.

Assuming the PL intensity (1) is proportional to the excitation power (P), the emission

can be modeled through a power law expressed in Equation 21.:

[ < P (Equation 21)

where the power law factor, a, represents various recombination processes. For bulk-like
recombination, if o is equal to 1, it indicates that the radiative transition is generally exciton-like.
If o = 2, it indicates that the radiative transition is due to free carrier recombination where a free

electron in the conduction band can recombine with any free hole in the valence band.

In addition to these values, if a > 1, it indicates that a Shockley-Read-Hall (SRH)
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defect mediated non-radiative recombination is competing with free carrier, radiative

recombination. And finally, a value of a < 1 suggests that the radiative recombination

mechanism includes defects or impurities such as free-to-bound and donor-acceptor pair

transitions which are spatially indirect transitions between electrons bound to donors and holes

bound to acceptors[101].
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Figure 45.Graded InGaN (555 °C) PL measurements at 16 K at different excitation

74



InGaN (T,=515°C)

1@ High excitation power
| =325 10
| T_=15r|]<m — 0910
] ——0.810
= ——0.6310
>
3 —— 0,510
(3]
=
5
E -
125 15 175 200 225 250

Energy (eV)

1(b)

Low excitation power

—0.110
- 0.0810
= 0.06310
= 0.0510
- 0.0310

Intensity(arb.unit)

1.25 1.50 1.75 2.00 2.25 2.50

Energy (eV)

Figure 46. Graded InGaN (515 °C) PL measurements at 16 K at different excitation power.

The PL spectra were each fit using a single Gaussian to obtain the spectral parameters. In

Figure 48, it was found that a for the low growth temperature samples was close to but slightly
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Figure 47. Graded InGaN (475 °C) PL measurements at 16 K at different excitation power.

greater than unity. Therefore, it was concluded that for low temperatures, the emission was

generally due to bulk excitons with some competition from nonradiative channels, likely due to
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defects or impurities. However, for the other two materials at 555 °C and 515 °C growth
temperatures, they showed a greater than unity indicating a Shockley-Read-Hall (SRH) defect

mediated non-radiative recombination.
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Figure 48. Integrated PL intensity of InGaN films as a function of laser excitation power.

4.2.6 X-Ray Diffraction (XRD)

Symmetric (0002) x-ray diffraction /20 scans of the thick graded InxGai-xN samples in
Figure 49 showed GaN and AIN peaks from the substrate. Additionally, each showed a long tail

to low angle, which is a signature of graded films[102],[103]. The high temperature growth
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(555 °C) showed a relatively uniform broad tail. The low angle extent of this tail decreased with

the growth temperature, indicating that lower growth temperature allowed for higher In content,

which is similar to the transmission results. However, the peaks evolving at the high and low end

of the tail may have been the result of phase separation and/or relaxation in the film.

T, ' ,
1(15.672) (17.286) o~ | E
1NN (0002) GaN (0002) —— InGaN (5557C)|E

—— InGaN (515°C)|
—— InGaN 4759C)|

Graded InGaN

AIN (0002)

Intensity (a.u)

150 155 16.0 165 170 175 18.0 185 19.0 195 20.0
®/20 (deg)

Figure 49. Symmetric (0002) X-ray diffraction of thick graded InGaN films at different
temperatures.

Simple simulations of the structure assuming linear grades with no relaxation or phase
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separation (not shown here) indicated that the maximum In composition according to the omega-
2 theta scans was around 30%. However, more details could be found from the reciprocal space
maps (RSMs) of the 475, 515, and 555 °C samples around the (105) reflection, shown in Figure

50, Figure 51, and Figure 52, respectively.

Immediately evident for all samples was the tail extending down from the main GaN
(105) reflection due to the thick template layer of the substrate. However, for the lower
temperature sample, Figure 52, the tail closely followed the relaxation line, which is shown as a
dashed line, tilted from the fully strained line in each frame. This indicated that the layers were
nearly fully relaxed and, in fact, some relaxation early in the growth appeared to have led to
tensile strain in some of the material with higher In content as the reflections appeared to the

right of the relaxation line.

Additionally, the maximum In content for each sample was determined without
ambiguity to be 50, 40, and 32% for the 475, 515, and 555 °C samples, respectively. Those were
found from the central position of the bottom right intensity maximum in each frame. It is not
clear how the material continuously evolved throughout the graded layers. However, those RSMs

did not indicate noticeable phase separation.

It might be expected that phase separation could appear as a separated, distinct reflection
which is strained to the layer it is separated from, since this separation would be the result of loss
of In in one region and gain in another, i.e., no general relaxation. However, to the contrary, it
was found that the high In composition spot separated in both composition and lattice from the
graded material, i.e., indicating that this material was the result of relaxation, not phase

separation.
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Figure 50. (a) /26 scan and (b) RSM showing the (105) reflection for the graded InGaN (555
°C).
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Figure 51. (a) ®/20 scan and (b) RSM showing the (105) reflection for the graded InGaN (515
°C).
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Figure 52. (a) ®/20 scan and (b)RSM showing the (105) reflection for the graded InGaN (475
°C).

82



4.2.7 Secondary lon Mass Spectrometry (SIMS):

Secondary ion mass spectrometry (SIMS) was used to determine the thickness and
composition profile of the graded InGaN layer. The analysis was performed using a QUAD-
SIMS instrument using a Cs+ ion beam with 3 keV energy. The angle of incidence was 60° to
sample normal and the sputtered area was about 300 um? to 500 um?. The analysis was done by
EAG Laboratories.

The SIMS depth profiles in Figure 53, Figure 54, and Figure 55 revealed an increasing
maximum In incorporation with decreasing growth temperature, which is generally accepted in

the literature for constant composition InGaN films[104].
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Figure 53. SIMS profile for graded InGaN (555 °C).

The high temperature growth (555 °C) showed a maximum In content of ~30%, which

occurred at approximately the designed maximum point of 500 nm. This indicates that while the
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maximum content did not follow the designed ratio of Gal to In, the growth was still generally
responsive to the changing flux.

Additionally, there were two main features of this composition profile that deserve
attention. First, there was a significant thickness at the base of the growth, ~170 nm, where there
was no In incorporation. Then, second, there was a significant thickness following the initial In
incorporation where there In content remained relatively constant at ~7%, from ~170 to ~420
nm. The pure GaN growth at the beginning was likely due to excess Ga on the surface
preferentially incorporating over In, only allowing InGaN to form when the surface
concentration of Ga fell below the N stoichiometric point. And, the relatively constant
composition between 170 and 420 nm was likely do to a compositional pulling effect.

In the case of the 515 °C sample as demonstrated in Figure 54, maximum In composition
reached just over 40%, also at ~500 nm. However, there was a lesser maximum of ~38% reached
at ~400 nm. Additionally, there were the same features as seen in the 555°C sample of no In
incorporation (only for the first ~70 nm) and a significant growth with the same composition
(~7% from ~70 nm to ~350 nm).

It is likely that the lesser maximum here was the result of strain buildup and relaxation.
This relaxation could have resulted in a sudden increase in In content as the effects of
compositional pulling were relaxed, followed by a deficiency of In resulting in the downturn in
the composition.

Finally, the 475 °C sample in Figure 55 demonstrated a very high In maximum content of
~70%, however, this was not at the 500 nm mark. At 500 nm, the composition, in fact, was the
as designed 50%. Similar to both the 555 and the 515 °C samples, the 475 °C sample also

demonstrated a pure GaN region at the start of the growth for ~40 nm, and a relatively constant
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5-7% region from ~40 to ~320 nm.

In addition, like the 515 °C sample, at ~320 nm the sample apparently experienced a
relaxation event and suddenly increased in composition. It is believed that this was followed by
two more relaxation events at ~400 nm and ~420 nm, where the relaxation creates a surface with
high In composition of ~70%. This was followed by growth with a lower composition resulting
from a sudden loss of available In. However, it is likely that this subsequent growth was strained
to the larger lattice constant of the higher In content material. This explains the tensile strain

observed in Figure 52.

4.2.8 Comparison of the Experimental Band Gap Energies and nextnano® Band Gap Energies

Table 7 summarizes all the effective observable band gap energies that were found using

transmission, XRD-RSM, and PL. Then, the optical transitions that were simulated using
nextnano® were used to compare with those values. For the ideal case, the band gap energy that
was calculated using nextnano® was 3.37 eV for the homogeneous strain condition and 1.76 eV

for no strain condition.

Table 7. The band gap energy of graded InGaN from different measurements

Measurement method InGaN(555 °C) Eg | InGaN(515 °C) Eg | InGaN(475 °C) Eq4
Transmission

2.6 eV (24%) 2.1 eV (40%) 1.9 eV (46%)
(Average band gap)
XRD-Reciprocal Space Map

2.2 eV (33%) 1.9 eV (40%) 1.6 eV (50%)

(Surface average band gap)

Photoluminescence
1.75 eV (51%) 1.59 eV (58%) 1.44 eV (64%)
(Observable band gap)
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Comparing PL results for all the samples to those values, it is clear that they were in
between and closer to the fully relaxed band gap (1.76 eV) which was reasonable since the
transition occurs close to the surface. However, the observable PL band gap for graded InGaN at
475 °C and 515 °C showed less band gap energy which meant higher In content than InGaN (555
°C). This could have been a result of the In accumulation on the surface, as was demonstrated in

SEM and optical microscopes that higher In accumulation happened at lower temperatures.

nextnano® was also used to simulate an In profile that was determined by SIMS
measurements since using these realistic material parameters helps to get a better understanding
of the growth. Figure 56 represents the In profile for graded InGaN that was grown at 555 °C

which was extracted from the SIMS plot.
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Figure 56. In profile for graded InGaN (555°C).
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As the ideal case was simulated with a linear graded composition to determine the band
structure and electron and hole wavefunction, the same was performed here. Figure 58 and
Figure 58 show the band diagram for both strain states: strain and no strain (fully relaxed)
material.

The homogenous strain case exhibited p-type doping for the initial grade, forming a
depletion region at the interface with the GaN substrate. Thus, for the sample, a p-n junction was
not expected to form within the optically active region, because there was no significant reverse

grade to form the n-type region.
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Figure 57. The band diagram for strained InGaN (555 °C).
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Figure 58. The band diagram for fully relaxed InGaN (555 °C).

In the relaxed material, the same In profile generated all n-type material as a result of

removing the piezoelectric polarization component, similar to the ideal structure in Figure 31.

In the simulation shown in Table 8, the band gap energies were constants for both strain
states even at different depths and background doping. Looking at the electron and hole
wavefunctions that are illustrated in Figure 59 and Figure 60, the highest transition probability
was at the surface for both strained and fully relaxed InGaN.

The transition energy in homogenous strain for €399-hh1 was 2.074 eV, at ~890 nm

which represented (~37%) In content using the SIMS In profile in Figure 56. On the other hand,
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Table 8. The energy band gap and the corresponding In composition for InGaN(555°C).

Energy (eV) Energy (eV)
Quantum region
(Homogenous strain) (No strain)
All structure 2.074 2.071
Surface (30 nm) 2.074 2.071
Surface (200 nm) 2.074 2.071

the fully relaxed condition showed a 2.071 eV transition energy for e1-hh1 at ~890 nm which
was (~37%) In content.

Note, the notation €399, for example, represents the electron state 399 within a pseudo-
continuum of electron energy levels calculated quantum mechanically with a ground state simply
labeled as el. In the above strained case, it was electron state 399 which maximized the
transition probability with the heavy hole state, hhl, which was well localized at ~890 nm in the
valence band of the structure. For the relaxed case, however, it was found that the maximum in
transmission probability was found when the well localized heavy hole state, hhl, recombined
with the similarly well localized electron state el.

The transition probabilities were both high but decreased from 99.75% for the
homogeneous strain to 96.96% for no strain. When comparing the band gap energies to the
experimental results, they were closer to the RSM surface average band gap (2.2 eV), which
corresponded to 33% In.

The profiles of the charge carrier densities resulting from using the measured In profiles
from SIMS in the Nextnano® simulations are shown in Figure 61. This complicated structure
should be compared to the ideal case with a linear In profile shown in Figure 34. Similar to the

ideal case, here the strain had a great impact on the polarization doping in the material.

90




4 L L L L L
Homogeneous strain o
34 - InyGaj_yN (555°C) 2| ©
hEC (We)z X X (\Ve) a
r~ S
2 L S
v 1 =
S
=]
— 1- L o
>1 T 300 =2.07 €V S
) 2
> (W) P o
> 0 =
S = e7
c
I L
214 L g<;
21 I : 3
Fe_rnll I:evel 8
o
-3 L ‘é’_
Homogeneous strain
-4

0 200 400 600 800 1000
Position (nm)

Position
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Figure 62 shows the SIMS In profile after importing into in nextnano® for graded InGaN

that was grown at 515 °C.
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0.5+

0.4

0.3

Alloy content

0.2 1

0.1

0.0 1

SIMS In profile

T T T T T T T T T
200 400 600 800 1000
Position (nm)

Figure 62. In profile for graded InGaN (515 °C).

The band diagram is shown in Figure 63 and Figure 64 for the strained and relaxed cases,

respectively. In the homogenous strain, there was a similarity to the band diagram of the 555 °C

sample, as it started with p-type GaN and the interface with the substrate formed a depletion

region. Again, the active layer was p-type doped material just by polarization doping without the

introduction of any dopants. At the region where there was a change in In profile, there were p-

type and n-type InGaN materials. However, for the relaxed case, again, the loss of the

piezoelectric component of the polarization doping was significant enough to remove the

possibility of a p-type doping.

Table 9 displays the band gap energies that were simulated in nextnano®. It shows a constant

band gap energy for both strain states. The band gap decreased with decreased growth
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Figure 64. The band diagram for fully relaxed InGaN (515 °C).
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temperature, which indicated higher In content matching the experiments. Again, the XRD-RSM

surface average band gap energy, 1.9 eV, was closer, which corresponds to 40% In content.

Table 9. The energy band gap and the corrsponding In composition for InGaN (515 °C).

. Energy (eV) Energy (eV)

Quantum region (Homogenous strain) (No strain)
All structure 1.76 1.84
Surface (30 nm) 1.76 1.84
Surface (200 nm) 1.76 1.84

The wave functions of the electron and hole were again mostly localized at the surface as
shown in Figure 65 and Figure 66. The transition energy between the e484 electron state and the
hhl heavy hole state for the homogenous strain condition was 1.76 eV at ~987 nm (49% In)
while the fully relaxed condition el-hhl was 1.84 eV at ~989 nm (51% In).

The probability of the transition increased from 83.95% to 92.36%. Figure 67
demonstrates the electron and hole densities for graded InGaN (515 °C). Similar to the higher
temperature growth, the polarization doping resulted in a complicated charge density as a result
of the unexpectedly complicated In profiles.

Figure 68 demonstrates the In SIMS profile as it was imported into nextnano?® for graded
InGaN that was grown at 475°C. This again was used to determine the band gap diagram and
doping densities as well as the optical transition and wavefunctions. In the homogeneous strain
condition in Figure 69, the band diagram showed p-type GaN and a similar depletion region at

the substrate interface as the other two samples. However, the active layer included p-type and n-
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Figure 67. Electron and hole density in InGaN (515 °C).
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Figure 69. The band diagram for strained InGaN (475 °C).
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type near the surface as a result of the complicated In profiles determined by SIMS. However,
even there, the fully relaxed material demonstrated primarily n-type material throughout. This is

shown in Figure 70.
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Figure 70. The band diagram for fully relaxed InGaN (475 °C).

As the band diagram was changing especially near the surface, it affected the band gap
energies, so they varied at the surface compared to the rest of the structure, as shown in Table 10.
The PL band gap energy was close to the band gap for the whole structure, even though it was
expected from the laser penetration depth that the laser only reached the interface between grade,
up and grade down. However, the accumulation of In on the surface for all the samples affected

the results.
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Table 10. The energy band gap and the corrsponding In composition for InGaN (475 °C).

. Energy (eV) Energy (eV)

Quantum region (Homogenous strain) (No strain)
All structure 1.43 1.31
Surface (30 nm) 1.83 1.88
Surface (200 nm) 1.83 1.31

The wavefunctions of the electron and hole in Figure 72 and Figure 71 show that the
position is close to the interface between the grade up and grade down region where, naively, the
largest In content and the smallest bandgap would be expected.

In the homogenous strain, the transition energy of e447-hh1 was 1.43 eV at ~795 nm
which corresponded to 66% In content, and the transition energy for no strain state e216-hh1 is
1.31 eV at 820 nm which corresponded to 46% In content.

Again, the electron and hole densities in Figure 73 were complex and interchanged
between p-type and n-type material. This was due to the In profile that was not linearly graded as
intended.

Looking at the nextnano® simulation results using the SIMS In profile, the polarization
doping in the material requires more investigation. Some things that need to be taken into
account: the layer thicknesses, the doping profiles, or even adding Mg to assist the p-type

polarization doping in the material.
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Chapter 5: Full Composition InxGai-xN Thick Film Grown by Molecular Beam Epitaxy

5.1 Structure and band diagram simulation

A full composition graded InGaN structure was also grown and studied in which the In
composition was graded linearly from 3% to 100% over 1000 nm and reverse graded from 100%
to 70% over 100 nm. To begin the study, this structure was simulated in nextnano®.

Figure 74 shows the In profile that was simulated for the ideal case.

1 s 1 s 1 s 1 s 1 s 1 s 1

10; Linear graded In composition InN -
0.9-
0.8 -
0.7 - R
207 S )
0.5 &S -
0.4- R
0.3- R
0.2- R
0.1- R

: GaN L
0.0 -

ooV

0\ OO
T

Alloy content

T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
Position (nm)

Figure 74. The In profile for the ideal case.

Figure 75 and Figure 76 show the band diagram of this structure for both the
homogenous strain case and the no strain case. Again, similar to the ideal band diagrams seen

for the 50% graded samples, the homogeneous strained system demonstrated strong p-type
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polarization doping throughout the grade-up region, and n-type in the reverse grade
region, while the no strain simulation showed the exact opposite. An interesting difference
though is that for the strained system, when the concentration reached greater than ~90% In, the
bandgap inverted, i.e., the valence band edge became higher in energy than the conduction band
edge. This can be seen more closely in Figure 77, where the bandgap was plotted for both the
strained and unstrained cases as functions of the In composition.

There, the relaxed (no strain) InGaN was calculated using Vegard’s law in Equation 1,
while the strained material band gap was extracted using nexnano® simulation for InGaN

material at different compositions using the appropriate bowing parameters and deformation

potentials.
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Figure 77. InGaN band gap against In composition for strained and relaxed material.
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This point of inversion was a theoretical point, and definitely of interest, but in that case,
there was little chance that the material would be strained to the GaN substrate lattice spacing.
In fact, as will be shown below, the material showed no evidence of this.

Table 11 shows the band gap energies for the ideal case at both strain conditions. In the
homogenous strain, the band gap was inverted so the band gap was negative. However, -0.30 eV
at ~1160 nm corresponded to 98% In content. This was close to where the inversion occurred as
shown in Figure 75. For the fully relaxed sample, the band gap energy was 0.93 eV at ~1200 nm

which corresponded to 94%. At different depths, the band gap energies varied.

Table 11. The energy band gap for graded full composition InGaN.

Quantum region (Horﬁggzz?\%tgi\s/t)rain) E(rllleorgs)t/rg?r\s)
All structure (0-1280 nm) -0.30 0.93
Surface (30 nm) 0.66 1.14
Surface (70 nm) 0.12 0.93
Surface (120 nm) -0.30 0.93
Surface (200 nm) -0.30 0.94

The electron and hole wavefunctions are presented in Figure 78 and Figure 79. In the
homogenous strain, the transition happened at the inversion region. For the fully relaxed layer,
the transition happened at the interface between the graded InGaN and reverse graded InGaN.
The hole and electron density are shown in Figure 80. Again, the homogenously strained
simulation showed a high density of holes in the active layer and electrons in the top layer. On

the other hand, the relaxed state (no strain) was almost exactly reversed.
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Figure 81 shows a schematic diagram of the sample structure as designed for growth.
Similar growth conditions previously mentioned in Chapter 4 were applied to this structure.
First, the back surface of the sapphire was coated with a titanium (Ti) film around 1 pm thick to
uniformly absorb the heat in the substrate. This coat was then removed using a buffered oxide
etch (BOE) to be able to study the material by transmission measurements.

The growth was done on c-plane unintentionally-doped GaN templates on sapphire

substrates via plasma assisted molecular beam epitaxy (PAMBE).

100nm reverse grading InGaN
(100%-70% InN)

500nm graded InGaN
(50%-100% InN)

500nm graded InGaN
(3%-50% InN)

180nm GaN buffer layer

GaN
__ HVPE GaN/sapphire
AN template
Sapphire

Figure 81. A schematic diagram for graded InGaN sample (475 + 400 °C).
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The growth started with a GaN buffer layer (180 nm) at a 775 °C to serve as a clean
surface for the following growth.
The previous set of samples in Chapter 4 showed higher In content at a low growth temperature
(475 °C) and, in-fact, was able to demonstrate the designed 50% In content maximum. This
growth temperature was therefore chosen to grow the first half of this full graded sample to
ensure high enough In incorporation. Thus, a full graded composition-thick InGaN layer was
grown first at a 475 °C with an In content gradient from 3% to 50% over 500 nm.Then, another
500 nm InGaN layer with graded In composition from (50% to 100%) was grown at lower
growth temperature (400 °C) to incorporate higher In content. Another thin layer, 100 nm, was
then grown at 400 °C with In content reverse gradient (100% to 70%) to create a p-n junction
through polarization doping. Based on previous work that was done studying the initial growth
of InN on GaN substrate, 400 °C was chosen to incorporate higher In content. This growth
temperature showed InN that was grown successfully on a GaN substrate[105].

The growth of this structure is investigated in the following sections. Both the structural
and the optical properties were examined experimentally. Similarly, as was done with the
previous set of samples, nextnano3 was used to simulate the full composition graded InGaN

using SIMS profile.

5.2 Experimental Results and Discussions

5.2.1 Atomic Force Microscopy (AFM)
AFM images (5 x 5 um) and (1x 1 pum) are represented in Figure 82. The surface

morphology showed a 3D-like structure and was attributed to the In accumulation on the surface.
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At the low growth temperature that the sample was grown at (475 °C), and then even lower (400
°C) for the top 600 nm layer, the surface was covered with In.

The roughness was found to be 6.15 nm for a 1x 1 um scan that is shown in (b), and 8.57
nm for 5 x 5 pm scan. These numbers were similar to the values that were found for the other
sample sets (515 °C) at 6.31 nm to about 8.26 nm for graded InGaN that was grown at 475 °C.
This indicated that the surface was almost flat with these step-like structures which could be as

result of a bunching effect.

Height 400.0 nm

Figure 82. AFM images of 5 x 5 um in (a) and 1x 1 pm in (b).

5.2.2 Optical microscope images

The optical microscope images in Figure 83 for the full composition graded InGaN
showed large and dense droplet accumulation on the surface, with some of them reaching around
45 nm in diameter. The sample was completely covered with In after the growth was done. Then
the optical microscope was used to investigate the surface after about 30 minutes of HCI etching.

As was explained previously for the other set of samples, the small droplets tended to merge into
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one large droplet. In other words, the larger In droplets absorbed the surrounding In adatoms, as
proposed by Wu et al.[94]. Then a breakdown happened when the droplet surface tension

increased, so the volume of the metal droplet increased after HCI etching as shown in Figure

83(b).

Figure 83. Optical microscope images for graded InGaN (475 °C + 400 °C): (a) before HCI
etching and (b) after HCI etching.
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5.2.3 Transmission

Figure 84 shows the transmission spectra of the full graded composition InGaN/GaN
structure at room temperature. Looking at the curve, the absorption started gradually from 1900
nm to 1200 nm without a sharp absorption edge which represents a graded material. The sharp
cutoff absorption edge at 3.4 eV for GaN was not present in graded InGaN; instead, there was a
graded absorption edge that confirmed the graded material. The band gap was 0.86 eV which
corresponded to approximately 92% In content, as shown in Figure 85 and was found by the

Tauc plot method.

GaN (E, = 3.4 eV)

Graded InGaN/GaN (arb. unit)

I ! I ! I 1 ! 1 ! 1 ! 1 !
300 600 900 1200 1500 1800 2100 2400
Wavelength (nm)

Figure 84. Transmission spectra for graded InGaN (475 °C + 400 °C).
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Figure 85. Tauc plot for graded InGaN (475°C+400°C).

5.2.4 Room temperature photoluminescence

Figure 86 shows room-temperature micro photoluminescence (p-PL) spectra of the full
composition graded sample. The p-PL study demonstrated the optical properties of the material’s
peak position and spectral bandwidth.

The system was equipped with a single channel detector cooled with liquid nitrogen (N2)
that could detect in the spectral sensitivity range from 300 nm up to 2000 nm. The measurement
was taken at room temperature with a He—Ne laser (632 nm) as an excitation source in a

backscattering configuration.
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Figure 86. Room temperature PL measurement for graded InGaN.

The peak maximum that represented the band gap energy was at 0.8 eV (1760 nm) which
corresponds to about 100% In mole fraction. A Gaussian fit was used to find the peak which was
at 1760 nm and the full width at half maximum (FWHM) that was extremely broad at about 368
nm. This wide spectrum is a typical characteristic for graded materials with different band gaps,
and it is important when it comes to photovoltaic applications since it will cover most of the
solar spectrum.

There was a small redshift in the band gap when comparing the band gap of the PL
spectra to the band gap that was calculated using the Tauc plot and transmission data. These
variations in the band gap depend on the methods of measurement, but they were all in a good

agreement.
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The laser penetration depth in InGaN for laser 632.8 nm was calculated using the single
composition formula from 50% to 100% In content, since the energy of the incident laser is less
than the band gap of the material when InGaN has an In mole fraction of 40% or less so light
does not get absorbed.

The penetration depth using the absorption coefficient ranged from 231 nm for
Inos0GaosoN to 78.7 nm for InN, and the average depth was 121.66 nm. However, transmission
measurement averages the band gap of the entire structure.

The peak emission that was at about 0.8 eV was close to 0.7 eV for InN peak emission. A
band gap energy of InN between 0.8 to 0.7 eV was observed at room temperature[106]. This was
expected as the last layer of the growth was graded from 100% to 70% In. It meant that InN was

close to the surface and PL measurement was only probing the surface.

5.2.5 X-Ray Diffraction (XRD)

X-ray diffraction measurements of the full composition graded sample are shown in
Figure 87. Figure 87a shows the symmetric omega-2theta measurements around the (0002) peak
of GaN. The observed range of the XRD (0002) diffraction peaks from 17.29° (GaN) to 15.67°
(InN) indicates full In composition. The shoulder in between these two peaks confirmed the
composition gradient.

The red curve showed XRD of the sample before In droplet etching. Then, the droplets
were etched using hydrochloric acid (HCI) and the measurement was performed again as
presented in the blue curve. It is clear that there were In peaks at 16.46° and 18.14° in the red
curve before In droplet etching. That was confirmed in the blue curve after etching where they

were not present anymore.
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Figure 87. XRD w/20 of the plane (0002) and RSM for full graded InGaN.
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The RSM in Figure 87b showed a fully relaxed graded InGaN material since the graded
InGaN was aligned on the inclined relaxation dashed line (R=1). The composition was
determined using the measured lattice constants and the relaxed lattice constants as well as the
Poisson ratio. Therefore, the InGaN peak that was down the relaxation line was corresponded to

InN material.

5.2.6 Secondary lon Mass Spectrometry (SIMS)

The SIMS depth profile for the full composition graded InGaN as demonstrated in Figure
88 showed that In was incorporated almost linearly in the first 500 nm layer. Then, it quickly
reached 100% In in the second layer and remained almost constant.

In the reverse layer, In content dropped from 100% to about 70% for the reverse layer

grading and then jumped back to about ~89%.
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Figure 88. Graded full composition InGaN SIMS profile.
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All the samples in SIMS measurements showed high In composition on the surface,
which could explain the PL measurements. PL measurements did not show the same maximum
In content in the XRD or SIMS results. That was due to the limited absorption coefficient of the

laser in the graded InGaN layer. Table 12 shows the compositions that were found using these

different methods.

Table 12. Experimental band gap energy for graded full composition InGaN.

Measurement method INnGaN(475+400°C) Eq
Transmission 0
(Average band gap) 0.86 eV (88%)

XRD-Reciprocal Space Map

~ 0
(Surface average band gap) 1 eV (100 %)
Photoluminescence .
(Observable band gap) 0.8 eV (92%)

Nextnano® was then used to simulate the In SIMS profile and compare it with the ideal

case and the experimental results. Figure 89 shows the In profile imported into nextnano® for the
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Figure 89. In SIMS profile for graded full composition InGaN.
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full composition graded InGaN that was graded over 1pum (0-100% In) and then was reverse
graded (100% to 70% In) over 100 nm.

The band diagram in Figure 90 in the homogenous strain case shows that the polarization
doping resulted in n-type GaN and the interface of the heterostructure is the depletion region.

The active layer is a p-type material to the point where the inversion occurs in the band diagram.

4 L | L | L | L | L | L | L | L | L |
|Background doping: n-type 1.2x10" cm™  Homogenous strain|

In,Ga, N (SIMS In profile)f
(T¢=475°C-400°C)

Fermi level

Energy (eV)

1
SN

O 200 400 600 800 1000 1200 1400 1600
Position (nm)

Figure 90. InGaN (475°C + 400 °C) band diagram for homogeneous strain.
In the no strain material band structure in Figure 91, the Fermi level is closer to the

conduction band, meaning that it forms an n-type material. However, the surface forms a p-type

layer where the reverse grading happens.
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The relaxed case represents more the experiment since XRD-RSM showed almost full

relaxation for full graded InGaN where the peaks of InGaN are exactly on the relaxation line.

1 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 - | 1 |
Background doping: n-type 1.2x10%7 cm3 ~ Nostrain
0 =
Fermi level
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>
S
(<D}
C
] i

3 - _
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-200 O 200 400 600 800 1000 1200 1400 1600
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Figure 91. InGaN (475°C + 400 °C) band diagram for no strain.

Table 13 shows the simulated band gap energies for the whole structure of graded InGaN
using the In SIMS profile as well as the band gap energy at different depths. Comparing the
experimental results of the band gap energy for graded full composition InGaN in Table 12, the

fully relaxed band gap at the surface was closer to the transmission average band gap but less
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than the PL (92%), which could have been affected by the In accumulation on the surface that

gives a signal from the surface.

Table 13 The energy band gap for full graded composition InGaN (475°+400C).

Quantum region (Honfgggx)c/ngg\s/t)rain) E(rlllec:%)tlrg?;;)
All structure (0-1280 nm) -0.30 0.94
Surface (30 nm) 0.59 1.22
Surface (70 nm) 0.59 0.91
Surface (120 nm) -0.29 0.93
Surface (200 nm) -0.30 0.93

The wavefunctions of the electron and hole where the highest transition probability

happens was at the surface for both strain states in Figure 92 and Figure 93 .

4
Homogeneous strain o
3 (a) - InyGag_yN (475+400°C) (b) S
[oX
c
21 2 2.
— Fermi Level (We) o
=1 ! o\ . = e AL |-l
~ 1_ 2
> (We) o
s | & e 5 2
Lch 0 Ef B T1—>1 =-0.30eV
1T
2
-1 (Wh) <
2
(wp) %
2 — — a
(¢°]
5
-34 Ev 3 a
Homogeneous strain
-4 A———
-200 0 200 400 600 8001000120014001600 .
Position

Position (nm)

Figure 92. InGaN (475 °C + 400 °C) band diagram and electron and hole wavefunction for
homogenous strain state.
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The transition energy was -0.30 eV for el1-hh1 in the homogenous strain state at ~1350
nm (99.5%), Figure 92. However, in the fully relaxed case the transition energy was 0.93 eV for
€918-hh1 at ~1460 nm (90.8%), Figure 93. The probability of transition decreased from 92.4%

for homogenous strain to 3.11% for no strain.
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Figure 93. InGaN (475 °C + 400 °C) band diagram and electron and hole wavefunction for no
strain state.

Figure 94 shows the electron and hole density which demonstrated n-type active layer
and p type top layer in the relaxed state. This was the opposite of what was expected from the

literature.

5.2.7 Transmission Electron Microscope (TEM)

The graded layers can be seen in Figure 95 using transmission electron microscopy (TEM).

The first graded layer (3%-50% In) was grown at 475 °C over 500 nm, while the other graded
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Figure 94. Electron and hole density for full graded InGaN.
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layer (50%-100% In) was grown at the lower temperature of 400 °C. Then, a reverse graded

layer (100%-70% In) was grown over 100 nm.

830 nm

Figure 95. TEM images for graded full composition InGaN.
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Figure 96(a) high-resolution TEM images exhibit that graded composition InGaN was
grown epitaxially on the GaN substrate. Figure 96(b) shows the Fast Fourier Transform (FFT)

image lattice image that proves it was crystalline film.

Figure 96. TEM and FFT images for full graded composition InGaN.
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These layers are shown in Figure 95(a). However, the different contrast variations
confirmed the graded In composition which usually is an indication of the indium fluctuation
content in a constant composition InGaN material. Additionally, the lighter contrast was after the
342 nm layer where the growth temperature was lowered to 400 °C.

Figure 97 shows energy dispersive x-ray spectroscopy (EDS) measurements that evaluate

the In composition profile in the graded layer.
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Figure 97. EDS image that shows the composition profile in the graded InGaN layer.
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The line was taken along the graded layer’s direction of growth. The composition profile
was in a good agreement with SIMS results. However, SIMS measurement is considered more

precise and reliable compared to EDS.

Note that the small yellow box was a reference as the sample moved during the line scan

measurements. This reference helped to correct for the drift.
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Chapter 6: A Growth Model for Graded InGaN

The growth of InGaN is controlled and affected by many different parameters: the
polarity of the substrate, the impinging flux of Ga, In, and N, the ratio of metal/N, as well as the
substrate temperature during growth.

Additionally, the strain that is introduced in each layer during the growth strongly
influences the composition of subsequent layers[107].

It was reported that In incorporation in InxGai-xN films increased when decreasing the
growth temperature[108]. Moreover, it was observed that there is a linear dependency of the
amount of In incorporated in the film on the In-flux and an inverse relationship with the growth
temperature.

The difference in sticking coefficients of Ga and In, In segregation, as well as thermal
desorption could explain these properties. Other factors that affect In incorporation are the
growth conditions such as the high indium segregation at the metal-rich condition and the high
desorption of In at the near stoichiometric condition[109],[110].

Additionally, under metal-rich conditions, the In content generally depends on the Ga
flux even at a constant Ga/ln ratio because Ga is preferentially incorporated into InGaN over In.
On the other hand, only the Ga/In ratio affects the In composition under N-rich conditions[111].

A simple growth model was proposed to interpret the results from SIMS. The growth was
modeled by assuming metal fluxes from the effusion cells which change exponentially with
temperature. Additionally, a starting flux was taken to be slightly Ga rich, which is a normal
condition for GaN growth with an additional In flux equal to that required to grow Ino.03Gao.o7N,
assuming strictly stoichiometric flux conditions.

Subsequently, the compositionally graded growth was modeled by simultaneously
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decreasing the Ga cell temperature and increasing the In cell temperature linearly such that at the
end of the ramp the fluxes would be equal to those required to grow IngsGaosN or InN, assuming
strictly stoichiometric flux conditions.
Figure 98, Figure 99, Figure 100, and Figure 101 show the results of these simulation. The main
features presented here are:
1) a large excess of Ga initially saturates the growth to be entirely GaN;
2) while Ga is in excess, In accumulates on the surface without incorporation;
3) when the Ga excess is finally consumed by growth and/or evaporation, the In excess begins to
incorporate at a maximum metal to N ratio, i.e., the growth proceeds under a metal rich condition
where the In is in excess;
4) when the excess In is finally consumed, the composition drops suddenly and the growth
proceeds under a N rich condition until the final layers; and,
5) during the last layers, the flux of the In finally catches up to the N and the growth proceeds
in a metal rich condition, again with In in excess.

In this growth model, only the first graded layer of the structure was simulated. The
SIMS data that were simply modeled are in Figure 53, Figure 54, Figure 55, and Figure 88.

These plots show similar behavior to some of the features in the In profiles that were
found using SIMS measurements. One is that In incorporated faster with a lower growth
temperature. Second, the maximum In expected was higher as the temperature decreased.These
simulations show that Ga excess plays a major role in growth. Once the Ga excess becomes low
enough or is consumed, the accumulated In starts to incorporate in the material. Thus, at higher
temperature such as in Figure 98, excess Ga is higher compared to the other growth temperatures

which prohibits the In incorporation in the material until it is all consumed.
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Figure 98. Simulation of In SIMS profile for graded InGaN (555°C).
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Figure 99. Simulation of In SIMS profile for graded InGaN (515°C).
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Figure 100. Simulation of In SIMS profile for graded InGaN (475°C).
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Figure 101. Simulation of In SIMS profile for graded InGaN (475+400°C).
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This results in less maximum In than expected, showing 41% rather than 50% In. Also,
for graded InGaN that was grown at 515 °C, Figure 99 shows higher In content at 45% as In
started to incorporate faster. A further increase in maximum In was shown in Figure 100 at 47%.

Additionally, the first stage of growth is GaN with no In incorporation, matching the
SIMS profile to be 170 nm, 70 nm, and 38 nm for InGaN grown at 555 °C,515 °C and 475 °C
respectively. That was done by decreasing the excess Ga as the temperature decreased.

For the full graded composition in Figure 101 InGaN, the curve is very similar to the
experimental results. In this case, Ga excess is so low that In started to incorporate at the first
stage of growth, which led to the expected maximum In content (100%).

Other factors could contribute to the profile that was shown in SIMS results and were not
included in this simple model, such as strain buildup and relaxation. Different theories have
calculated the critical thickness that could help explain the relaxation incidents at which there is
a jJump in In composition.

These theories or strain relaxation models are basically the same but different in how they
calculate the strain energy and the misfit dislocation energy. The strain energy that could occur
as a result of mismatch between the lattice constant of the film and the substrate is proportional
to the thickness of “pseudomorphic” epitaxial layer. This leads to a high-quality material and
thermodynamically stable critical thickness. This was first explained by Frank and Van der
Merwe[112].

The Matthews and Blakeslee relaxation model (Equation 22) and People and Bean
relaxation model (Equation 23) are similar in considering the misfit dislocation explicitly.

However, People and Bean added ““an areal energy density” indicating that the misfit dislocation
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will replace the film strain when the areal energy density of the film exceeds the areal strain

energy.

b 1- 29 h .
veos ( < ) (Equation 22)

he=-————(In-S+1
¢ 8nf(1l+v)cosA nb+

h, ~ — (1_V)b1hc Equation 23
eV \T1v afznb (Equation 23)

where h, is the critical thickness, b is the Burger vector, f is the misfit, 0 is the angle between
the Burger vector and dislocation line, and A is the angle between the slip direction and the film
plane direction[113],[112],[114].

Figure 102 shows the results of their calculations of the critical thickness[114]. To
compare the In profile in Figure 53 for InGaN (555 °C), if it is assumed that 717 nm was a
relaxation point where the In increased suddenly, the thickness was about 250 nm before that
jump. The average In content was about 9.5%.

Using the curve of People and Bean in Figure 102 (red curve) which is usually closer to
the experimental results, the critical thickness almost matches the In profile. On the other hand,
at about 870 nm just before the second jump in composition, the critical thickness is about 66 nm
with an average In composition of about 29%. Then, compared to the red curve, it is found to be
higher than the critical thickness value from the curve (8 nm). This is attributed to the fact that
these calculations are considering that InGaN is strained to the substrate (GaN) while in the
graded layer that is not the case when it comes to the top layer away from the substrate.

Therefore, only the first few layers would follow the relaxation models.

134



& 10.22 1046 10.6 10.67
_ 105 \ —»— Matthews et al (Ref. 20)
E 1\ —e—People et al (Ref. 21)
” 10° . » Srinivasan et al. (Ref. 23)
é Y —v—Fischer et al (Ref. 24)
BT B S § L
o - " %
=~ \l.v .°o.
®
8-
=
®

Indium composition, x

Figure 102. The critical thickness for graded InGaN vs. In composition from different theories.

The In profile for InGaN (475 °C) has a thickness of about 247 nm at an average In
content of 7%. Comparing that In content to the People and Bean curve, the critical thickness is
about 300 nm. These assumptions confirm that these points are relaxation events that occur as a
result of the accumulated strain in the film that reached the dislocation energy.

Using nextnano® strain values for InGaN (555 °C) as a function of position that were
extracted from Figure 103 and Equation 23, the critical thickness could be determined. Note that

the Burgers vector that was used in the calculations was the lattice constant as an approximation.
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Figure 103. Simulation of strain component for graded InGaN.

The average critical thickness of the position 518 nm to 710 nm was 177 nm, and for

positions 803 and 873 nm was 2 nm. The critical thickness that was calculated using nextnano®

and the critical thickness from the People and Bean in Figure 102 were found to be comparable.

Table 14 shows the critical thickness calculated values. The blue shaded rows represent

the points that are closer to GaN substrate before the jump in In composition. The grey shaded
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rows represent the points with high In composition closer to the surface. The average was

calculated for each two points.

Table 14. The critical thickness calculated values.

Position (nm) In (%) a (nm) \Y Exx hc (nm)
518 5 0.320 0.524 -0.0055 316
710 12 0.322 0.524 -0.0134 38
803 26 0.327 0.590 -0.0286 4
873 30 0.329 0.602 -0.0326 2
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Chapter 7: Strain -RSM-Raman-Scattering Study of Graded InyGai.xN Thick Film

Raman scattering as well as x-ray reciprocal space mapping (RSM) were used to
determine the InN mole fraction and strain relaxation.
7.1 Lattice Parameters and Composition (RSM)

The lattice parameters and In compositions could be determined through analysis of the
x-ray reciprocal space maps (RSM). The measured coordinates Qx and Qz for each peak in the
RSM were converted to the corresponding lattice constants of the wurtzite structure a and ¢ using

the following equations [102], [115], [116]:

2 2
a=-— (8—ﬂ) X M (Equation 24)

3 Qx

c=2mX @ (Equation 25)

The XRD calculations of the measured in-plane “a” and out-of-plane “c” lattice
parameters as well as the relaxed parameters ao(x) and co(X) that were calculated using Vegard’s
law are presented in Table 14. These equations were used to calculate the in-plane &,, and out-

of-plane strain &,, components:

€y = % (Equation 26)
_ [a—a,(X)] i
= = W (Equation 27)
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Also, the relaxation degree was calculated using:

_ [a(L) —ag(9)] .
R= ag(L) = ag(S)] (Equation 28)

where (L) stands for the layer, a(L) is the measured and ao (L) is the relaxed lattice constant; and
(S) stands for the substrate and ao (S) is the relaxed, in-plane lattice constant [117]. Table 15
shows the calculated in-plane and out-of-plane strain components and the relaxation degree in
each sample for both top (TL) (the peak that was not strained to GaN) and bottom (BL) InGaN

layers near the GaN peak.

Table 15. The converted lattice constants.

samole a measured ¢ measured a relaxed c relaxed O

P (10 m) (100 m) (10 m) (10 m) i

InGaN (555 °C) 318 5.21 3.19 5.20 4
BL

InGaN (555 C) 3.26 5.42 3.30 5.35 33
TL

InGaN (515 °C) 3.19 524 3.20 5.21 6.7
BL

InGaN (515 C) 3.31 5.44 3.32 5.39 41
TL
BL

InGaN (475 C) 3.37 5.44 3.36 5.44 50
TL

InGaN (400 C) 3.23 5.23 3.23 5.25 14
BL

InGaNT(EOO C) 353 5.69 3.53 5.69 100
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Table 16. Strain and relaxation degree calculations.

Sample

X
(%)

Cis
(Pa)

Cas
(Pa)

574

Ex

(%)

InGaN
(555 °C)
BL

4

10.3x10%

39.8x10%

12.8x10°3

-12.4x10°3

9.92

InGaN
(555 °C)
TL

33

9.94x10%

34.5x10%°

1.34x10°3

-3.99x10°3

65.26

InGaN
(515 °C)
BL

6.7

10.2x10%

39.4x10%

4.37x1073

-4.87x1073

26.50

InGaN
(515 °C)
TL

41

9.85x10%°

33.1x10%

9.63x10°3

-7.78x103

82.35

InGaN
(475 °C)
BL

10.2x10%

38.8x10%

-0.923x10®

-2.00x10®

80.02

InGaN
(475 °C)
TL

50

9.75x10%

31.5x10%

0.864x10°

1.10x10%®

100

InGaN
(400 °C)
BL

14

10.1x10%

38x10%°

-3.81x10°

-0.811x107

94.93

InGaN
(400 °C)
TL

100

9.20x10%

22.4x10%

-0.359x10®

-2.10x103

98.13

As can be seen from Tables 15 and 16, the BL films all had low In concentrations and

high strain (low relaxation value), while the TL films had high In concentrations and relatively

low strain (high relaxation value), but overall, the In concentrations increased and the residual

strain decreased as the growth temperature decreased.

In all cases, the in-plane strain component (ex ) was negative, demonstrating compressive
strain, except for the 475 °C sample. There the resulting sign was opposite, demonstrating tensile
strain for the average material. This can be understood if there was a relaxed layer underneath a

strained layer, which had lower In content.
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Looking at SIMS result for the sample in Figure 55, there was a spike in In concentration
(from 35% to 70%). Thus, the layer with high In content was relaxed and then the other layers
grown on top with lower In content were under tensile strain due to the smaller lattice constants.
The growth on smaller lattice constant led to compressive strain while the growth on larger
lattice constant led to tensile strain[118]. The negative signs for out-of-plane strain component
for the low temperature samples was a resulted of the big InGaN peak that results in an error.

Additionally, there were other contributions to the strained material from different layers
in the growth. Thus, different points were taken for the peak position and then the average and
standard deviations were calculated. For the graded InGaN (475 °C) BL (9% In), the average of
out of plane strain was —1.19 x 1073 and the standard deviation is 5.06 x 10™*.

For full graded composition InGaN, the average for the out of plane strain in TL (100%
In) was 4.62 x 10~* and the standard deviation was 3.40 x 10~*. On the other hand, the BL
(14%) out-of-plane strain was —3.12 x 103 and the standard deviation was 7.30 x 10~%,

Table 15 also shows the relaxation degree (R%) which increased with increased In
content, which was expected as was observed in the RSM. The graded InGaN material was

aligned on the relaxation line.

7.2 Raman Scattering for Graded InGaN:

The strain was evaluated again using room temperature Raman scattering which was used
to analyze the surface of the graded layer. As previously stated in Chapter Three, in the back
scattering configuration that was used in these experiments, only A1(LO) and E2 phonon modes
were allowed[78], [119].

PL background was present as displayed in Figure 96 and has been subtracted in the

following figures. Figure 105 shows Raman signal before PL background subtraction.

141



Figure 106 exhibits the phonon modes A1(LO) for the graded InGaN layers as well as a
GaN template and InN that was grown on GaN for comparison. These data were all excited
using a 632.8 nm HeNe laser. The spectra of GaN shows E> and A1(LO) as demonstrated in

Figure 104.
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Figure 104. GaN template Raman spectra.

The frequency of A1(LO) phonon mode was blue shifted which indicated higher In
content as the growth temperature decreased. This was in good agreement with all previous
measurements. The broadening of the peak increased for higher In content as well which

indicated there was In fluctuation that again confirmed the graded composition.
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Figure 105. Raman scattering for graded InGaN excited with a 532 nm laser line.
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Figure 106. Room temperature Raman spectra of graded InGaN excited with a 632.8 nm laser.

Raman scattering was also performed using an excitation wavelength of 532 nm. Figure
107 shows the Raman spectra for the graded InGaN material with a similar behavior as the other
wavelength. This was due to the penetration depth of the laser since the accumulation of In on
the surface would absorb the laser before it penetrated further in the material. However, there

were small variations in the A1(LO) frequencies as shown in Figure 110.
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Figure 107. Raman spectra of graded InGaN excited with 532 nm laser.

To make it clear, Figure 109, and Figure 108show the full graded InGaN A1(LO) phonon
peak and InN/GaN A1(LO) phonon peaks under the two excitation laser sources

Grille et al. studied the phonon modes of the ternary alloy and predicted one mode
behavior for InGaN in wurtzite structure and modeled the mode behavior with composition with
the Modified random-element isodisplacement (MREI) model[120]. This predicts a continuous
and linear frequency relationship with composition, a “one mode behavior” for the A1(LO)
phonon mode. Figure 110 shows this relationship (dashed line) using the following equation

along with the peak positions measured from Figure 106 and Figure 107[121]:
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wo(X) = (7361) - (14922) X
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Figure 108. InN/GaN Raman spectra.
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Figure 109. Full graded InGaN Raman spectra.
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The frequencies of the A1(LO) modes detected using the green laser (532 nm) as
excitation were slightly higher than those excited with the red laser (632.8 nm) as demonstrated
in Figure 110. The difference in penetration depth of the two excitation sources could explain the
result. The composition was different at different depths as well as the strain which resulted in a
frequency shift.

Thus, it was important to consider the light attenuation to determine where the observed
signal was coming from which depended on the band gap of the material. The penetration depth
(h) of the green and red laser in InGaN was calculated in Table 17 and Table 18 using the
absorption coefficient as a function of the wavelength (a(A)) as previously mentioned in Chapter

Four for a UV laser.

| s | s | s | s | s |

404 - = - MREI model -
1 5 _ L
790 .. m InGaN (A=632.8 nm)| |
- ] Yo m InGaN (A=532nm) | |
" 700 ot -
> 680 - “\ i
S 660 - -
E T ~~ I
3 [
-l >

< 620 .. -
-4 ~~~ 3
600 -
| oy(X) = (736+1) — (149+2)x o |
580 -

T T T T T T T T T T T
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In molar fraction x

Figure 110. Measured frequency of the A:(LO) phonon and the MREI model (dashed line).
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Table 17. The penetration depth for 532 nm laser.

X ait bii (eE\% (Ee5§ (cr(:rl) [(’frﬂt)h [()r?rﬁ)]t)h
0.30 0.74 | 029 | 229 | 004 | 1755855 | 5.7x10° | 569.52
0.32 068 | 034 | 222 | 011 | 2763311 | 3.62x10° | 361.88
0.34 064 | 038 | 216 | 017 | 34610.26 | 2.89x10° | 288.93
0.36 060 | 042 | 209 | 023 | 40446.49 | 2.47x10° | 247.24
0.38 058 | 046 | 204 | 029 | 458016 | 2.18x10° | 218.33
0.40 056 | 049 | 197 | 035 | 5098219 | 1.96x10° | 196.15
0.42 055 | 053 | 192 | 041 | 561413 | 1.78x10° | 178.12
0.44 054 | 056 | 1.86 | 047 | 6135057 | 1.63x10° | 162.99
0.46 053 | 059 | 1.80 | 053 | 66634.62 | 1.5x10° | 150.07
0.48 053 | 061 | 175 | 058 | 71990.25 | 1.39x10° | 138.91
0.50 053 | 064 | 169 | 064 | 77398.07 | 1.29x10° | 129.20
0.60 057 | 072 | 144 | 089 |104125.94| 9.6x10° | 96.04
0.70 061 | 074 | 121 112 | 127419.43 | 7.85x10° | 78.48
0.80 064 | 071 | 101 | 132 |144248.94| 6.93x10° | 69.32
0.90 065 | 062 | 084 | 149 |153001.62 | 6.54x10° | 65.35
1.00 068 | 047 | 070 | 1.63 |153589.48 | 6.51x10° | 65.11

Using Poisson’s ratio, the strain could be determined using the following relationship:

Aw(x) = [2a — bv]g (x)

_ (%)
e (X)
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where Aw(x) = wexp — g , (experimental Raman frequency - relaxed material frequency), a and

b are deformation potential constants[122], [123], v is Poisson’s ratio, and €, (x) and &,,(x) are

in plane and out of plane strain components, respectively[121]. Table 19 shows the results of strain

calculations for graded InGaN.

Table 18. The penetration depth for a 632.8 nm laser.

« - bri Eg E-Eq a_l Depth Depth
(eV) (eV) (cm™) (cm) (nm)
0.42 0.55 0.53 1.92 0.04 15419.89 | 6.49x10° 648.51
0.44 0.54 0.56 1.86 0.10 24321.29 | 4.11x10° 411.16
0.46 0.53 0.59 1.80 0.16 31266.37 | 3.2x10° 319.83
0.48 0.53 0.61 1.75 0.21 37472.07 | 2.67x10° 266.87
0.50 0.53 0.64 1.69 0.27 43318.82 | 2.31x10° 230.85
0.60 0.57 0.72 1.44 0.52 70316.712 | 1.42x10° 142.21
0.70 0.61 0.74 1.21 0.75 93739.367 | 1.07x10° 106.67
0.80 0.64 0.71 1.01 0.95 111576.23 | 8.96x10° 89.62
0.90 0.65 0.62 0.84 1.12 122478.93 | 8.16x10° 81.65
1.00 0.68 0.47 0.70 1.26 126575.02 | 7.9x10° 79.00
Table 19. The measured Raman frequencies and the calculated strain components.

Sample X (RSM) % | o (cm™) wo (cm™) & £x
InGaN(555 °C) 33 705 686.49 5.78x107 -9.43x107
InGaN(515 °C) 41 688 674.73 4.22x107 -6.62x107
InGaN(475 °C) 50 670 661.5 2.76x107 -4.14x107
InGaN(400 °C) 100 590 588 0.719x10° | -0.876x10°
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The values of in-plane strain decreased as In content increased in the graded InGaN
material. This matched the results in RSM strain calculations that had close values on the order of

103,

7.2.1 Strain Corrected Frequency

Based on the in-plane and out-of-plane strain values from the XRD reciprocal space maps
in Table 15, for high temperature growth the samples exhibited a higher degree of strain
compared to the lower temperature sample (In-rich) material.

Also, it was observed in Figure 86 that only the fully relaxed sample that was grown at
400 °C followed the dashed line of the MREI model. Thus, the strain-free frequency had to be
corrected for the measured A1(LO) frequencies and the out-of-plane strain values from XRD-
RSM. Assuming biaxial strain as well as using the deformation potential that corresponds to the

surface composition in each sample, the corrections were made using the following equation.

2, (x)C33(x)

€, Equation 32
() ) (Eq )

wo(x) = Wexp. — (ba(x) —

where a; (x) and b, (x) are the composition dependent deformation potentials, C55; and C;5 are
elastic constants for the wurtzite structure that were found for each composition using Vegard’s
law, and €, is the out-of-plane strain[124]. The corrected frequencies are tabulated in Table 20.
Figure 111 shows the strain corrected values along with the uncorrected values for the
632.8 nm excitation. These correspond to the model very well indicating that the XRD and
Raman measurements are self-consistent and that the graded InGaN layers are well behaved

according to strain theory.
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Table 20. The strain corrected frequency.

Sample X% A1(LO) o (cm™) A1(LO) Corrected o (cm™)
InGaN(555 °C) 33 705 685.67
InGaN(515 °C) 41 688 674.08
InGaN(475 °C) 50 670 668.91
InGaN(400 °C) 100 590 589.92

740 = = MREI model
N B InGaN (2=632.8 nm)
7204 ‘e @ Strain corrected A1(LO) frequency
—~ b < L
‘-.'LE) 700 — S . . |
g ] [ ]
& 680 ¢ N
c e
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4 b J
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0.0 0.2 0.4 0.6 0.8 1.0

In molar fraction x

Figure 111. The strain corrected A1(LO) frequency.
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Chapter 8: Preliminary Results for Future Work

This chapter demonstrates the results of a full graded composition solar cell device. It is
important to note that the simulation showed insufficient polarization doping to get both p-type
and n-type. nextnano® band diagram simulation showed n-type in the active layer with very small
p- type material in the top layer. However, it was just a first attempt to examine how this material
behaves as a solar cell. That attempt will help future work on this material.

MATLAB was used to calculate the optical generation rate for the full composition
graded InGaN as well as the efficiency of the device. The parameters that were used are listed in

Table 21 [62], [125]. The calculations were performed assuming a relaxed material.

Table 21. The parameters of GaN and InN that were used in the simulation.

Parameter GaN InN

Band gap E4 (eV) 3.4 0.7

Dielectric constant 8.9 10.5

Electron mass me/mo 0.2 0.05

Hole mass mn/mo 1.25 0.6
Electron lifetime te (NS) 1 1
Hole lifetime 1 (nS) 1 1

The intrinsic carrier concentrations were calculated using the following equations[126],

[127]:

) _
n; = (N:N,,)Z exp (ZkBgT> (Equation 33)
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where N, and N, are the effective densities of states in the conduction band and valence band

and can be found as follows:

For GaN: N, = 4.3 x 101 x T% (cm™) (Equation 34)
3 .

N, = 8.9 x 10% x T2 (cm™3) (Equation 35)

For InN: N. = 1.76 X 10™* x T2 (cm™3) (Equation 36)

N, = 106 x T% (cm™3) (Equation 37)

The solar spectrum AM1.5 was used, and the absorption coefficient was calculated using
Equation 17 in Chapter Four. The generation rate is defined as the intensity times the absorption

coefficient.

G=axlI (Equation 38)

Due to the multiple layers in the graded material with different absorption coefficients,
the incident light intensity (lo) will change as it passes each layer as demonstrated in Figure 112,
Thus, for layer one, the generation rate is G; = a; X I; , for layer two the generation rate is G, =
a, X I, ,and so on.

The absorbed light must also be treated layer by layer. Therefore, the light intensity after
layer one is I; = I,e~*1t and the light intensity after layer two is I, = [;e~%2t=] e~ %1t~ %t

This means that light intensity in layer N is:

IN = Ioe_zgait

(Equation 39)
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Figure 112. A schematic diagram for the light intensity passing through a graded material.

If each layer is then taken to go to zero thickness, the intensity at depth x can be given as a

continuum:

I, (x) = Iyexp [— J-Xoc()‘()di(l (Equation 40)
0

Thus, the generation rate at depth x:

G(x) = a(x)Iyexp [— j:(x()‘()df(l (Equation 41)
The total generation rate, including wavelength dependence is:
G(x,A) = alx,)I;(AM)exp I— J:a(f(, A)df(l (Equation 42)
Then integrating over wavelength and depth gives:
(Equation 43)

t [o.¢]
Grotal = fo f G(x,A) dAdx
0

where t is the total thickness of the film.

Figure 113 shows the composition profile of In that was simulated to get the optical generation
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rate. The optical generation rate is displayed in Figure 114.
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Figure 113. In profile from SIMS measurements.
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Figure 114. The optical generation rate in graded InGaN.
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It is clear how the GaN layer generated few carriers while the optical generation rate increased
with increasing In composition. This was a result of the AM1.5 spectrum which has only a small
amount of light above the GaN band gap[62].

This simulation was done assuming the light was incident on the InN material first using
the In profile in Figure 115. However, Figure 116 shows the calculated optical generation rate if

the light is incident on the GaN substrate first.
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Figure 115. In profile from SIMS measurements.

8.1. Experimental details

The detailed steps for the fabrication of the solar cell device are as follows:
The sample was cleaned with acetone and methanol. Then, a positive photoresist was applied

that is 7.71 pm thick.
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Figure 116. The optical generation rate in graded InGaN.

The sample after that was soft-backed, and the thickness of photoresist was confirmed using
Dektak-3.

The mesa mask shown in Figure 117 was then mounted in the Karl Suss MJB-3 mask
aligner followed by the sample mounted and aligned to the mask window. The exposure time (51
sec) was calculated using this equation:

Exposure dose x photoresist thickness

Exposure time = lamp intensity (Equation 44)

After that, the sample was exposed to UV light and transferred to a developer (developed
in AZ300MIF). Then, the sample was blow-dried using a dry N2 gun. The optical microscope

was used to see the developed pattern under bright field, white light illumination.
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Figure 117. The mesa mask.

Again, Dektak-3 was employed to measure the photoresist thickness. The developed
areas should not have any remaining resist.

The required time for InGaN etching (130 sec) was then calculated using the following
equation:

The required thickness to etch

The required time to etch = (Equation 45)

etch rate

A dry etch was then performed (an etch rate of 111-N is 6.36 nm/sec and the etch rate of
photoresist is 8.79 nm/sec). The development of the structure was inspected in the optical
microscope.

The positive photoresist was removed with acetone and methanol using a spin coater, and
Dektak-3 was used to measure the etched depth. The samples were then ready for the top side

and back side contacts. Positive photoresist (PR thickness 5.65 pum) was applied, and under a
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contact mask in the Karl Suss mask aligner the sample was exposed to the UV light (37.5 sec).

After that, the sample was developed in a (AZ300MIF) developer to remove the exposed
photoresist for about 2 minutes. The metal stack used for top contact (p- type) was: Ni/Au/Ni/Au
(20/20/20/100) nm.

Then, the photoresist was lifted off of in an acetone bath (1 minute at 40°C). Similarly,
the steps for the n-type contact were repeated. The metal stack used for back contact (n type)
was: Ti/Al/Ti/Au (20/100/45/60) nm. [A schematic diagram illustrating these standard
photolithography steps are presented below].

Figure 118 shows the contact mask that was designed to study the effect of different grid
designs. The grid geometry has a great impact on the absorption of the light since it determines
the loss due to shadowing in addition to the carrier lifetime.

The idea in this work was to have both top and back metal contacts on the top side

(growth direction). Then, the light would be absorbed from the back side (the sapphire substrate).

Figure 118. The contact mask.
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However, this device was an initial attempt to study the device which will help make an

optimized solar cell for future work.

Figure 119 shows the final device that was ready for electrical measurements after it was

loaded in the chip carrier and wire bonded.
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Figure 119. The graded InGaN device in a chip carrier.
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8.2. Results and Discussions

The IV measurements were done using a solar simulator system that included a tungsten
lamp light source. The light generated from the lamp and the intensity (1000 W/m?)
approximated the Air Mass 1.5 (AM1.5) spectra. The bias voltage was swept from -1 to 1 V
using a Keithley system. The I-V curve as shown in Figure 120 under illumination and dark
behaved like a photoresistor[128].

0.04 Illuminated 1V
Dark IV

0.02

0.00

Current (mA)

-0.02

-0.04

06+ T T T T T
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Figure 120. Current-voltage measurements of graded InGaN device under dark and illumination.
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The photoresistor is a device that is used to detect the existence or lack of light as it is
sensitive to the light[129].

The photocurrent is demonstrated in Figure 121, which is basically the current under
illumination minus the current under dark. It shows that the device was generating a
photocurrent, but only very weakly. The lack of a diode like an IV curve was attributed to

multiple reasons in both material growth and fabrication process.
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Figure 121. The photocurrent of graded InGaN.

Figure 122 shows the I-V curve first derivative. It can help to get some quantities when
comparing the fitting equation to the non-ideal diode equation[130].

The non-ideal diode equation:

[=1, (en% — 1) (Equation 46)
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The exponential fitting equation:

y = A(ebx)

Comparing the fitting equation to Equation 47:
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Figure 122. The IV curve first derivative.
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Then, the ideality factor, n, was calculated and shown in Table 22. Ideality factors
typically are between one and two. This is due to the carrier drift-diffusion process as well as the

Sah—Noyce—Shockley generation-recombination process.

Table 22. The calculated ideality factor using IV curve measurements.

Al t1 b=1/t1 n I R

IV measurements Q) V) (V) (unitless) A) @
IV -llluminated | 0.00146 | 1.01062 | 9.89E-01 39 9.21E+15 | 6.85E+02
I\V/-dark 0.00164 | 1.10804 | 0.902494 |  42.80 | 1.13E+16 | 609.7561

The competition between these two processes results in high ideality factor range.
However, if the ideality factor is higher than two, it was is attributed to the current leakage and
the trap assisted tunneling[131].

The calculated ideality factor was large for the illuminated and dark current
measurements 39 and 42.80, respectively. The large ideality factor was connected in previous
reports to the existence of a shunt resistance[131].

The external quantum efficiency measurement (EQE) was used to determine the device
behavior at different wavelengths. It calculates the ratio of generated electrons to the number of
incident photons. The measurements were taken at different bias voltages. The response or the
EQE percentage was very weak and noisy.

Therefore, the EQE measurement was run without a sample to check these features in the
spectra whether it was a result of the sample or the Xenon lamp spectra. As expected, the EQE
response was similar for both cases with and without a sample as shown in Figure 123. However,

the sample did demonstrate a significantly higher EQE signal than the background. Therefore,
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Figure 123. EQE spectrum for graded InGaN device.

the two scans were subtracted. Figure 124 shows the EQE for different wavelengths as an
example at different bias voltages.

Based on these preliminary results, the device was not generating a photocurrent which
could be as a result of a short in the device. Another important possible reason was that the
polarization doping was not enough to create p-type and n- type as expected. Looking at the band
diagram simulation and the carrier density in Chapter Five, it showed for the no strain case, the

active layer was n- type instead of p- type while the surface is only very weakly p- type.
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Figure 124. EQE for certain wavelength at different bias voltages.
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8.3. Summary

Thick, compositionally graded InGaN films have been successfully grown on GaN
templates by molecular beam epitaxy. By lowering the growth temperature from 555 °C to 475
°C, it was demonstrated that maximum indium compositions on the order of 50% through optical
absorption and XRD RSMs were achieved. Photoluminescence artificially indicated much higher
In content due to internal fields arising from the uncontrolled polarization doping. Additionally,
PL showed no evidence for phase separation, in that it indicates single phase recombination in
the power dependence, i.e., no state filling or quantum confined Stark effect. Generally,
transmission or absorption measurements are deemed more useful to determine the composition
of thin films, however, the ambiguity seen here as to where to define the bandgap made this
technique difficult to interpret. The accumulation of In increased as the growth temperature
decreased, as shown in optical microscope images and SEM. Additionally, SIMS measurements
exhibited the concentration profile along the grown layer and revealed some interesting features
that need more investigation and optimization of the growth parameters. None of the samples
met the expected In profile except the full graded InGaN layer was almost linearly graded and
reached 100% maximum In. However, all samples showed an increase in In content on the
surface. TEM confirmed the graded composition through EDS as well as the contrast difference
in the layers. Also, it showed almost 1100 nm graded InGaN thickness, which confirmed the
planned growth thickness. A growth model was proposed to explain aspects of the SIMS In
profile and the growth conditions. Furthermore, the band structure was simulated using ideal

graded In composition and the real data that was extracted from SIMS measurements.
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8.4. Conclusion

This dissertation was mainly focused on examining the graded InGaN material. The
growth in MBE was performed at different growth temperatures and it was found that higher In
concentration was incorporated as the growth temperature decreased. This was found and
confirmed via optical and structural characterization. The optimal growth temperature to
incorporate 50% In was 475 °C and the optimal growth temperature to incorporate 100% In was
400 °C. Additionally, the growth of full graded InGaN was achieved and confirmed using SIMS
measurements. The optical properties of full graded InGaN showed InN band gap around 0.8 eV
(92%) and 0.86 eV (88%). Moreover, the graded InGaN solar cell showed very small current in
IV measurements, but the EQE measurements showed absorption in whole solar spectrum.

Optimizations are required for future work.

8.5. Future work

Optimization of the growth conditions should be done as well as and growing full graded
composition InGaN on a polished sapphire substrate in order to illuminate the graded structure
from the back side of the grading, i.e., the GaN or high energy side. Polarization doping and
doping enhancement needs to be investigated to get the p-type and n-type materials that are
required to form a good p-n junction. Thus, introduction of Mg dopants is suggested for future
work as well as optimizing the device fabrication process. Additionally, studies of the

contact quality for higher efficiency is significant.
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Appendix I: The Fabrication Process of Graded InGaN Solar Cell
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Appendix A: Description of Research for Popular Publication

Three-Five Semiconductor Materials for Solar Cells Applications

By Manal Aldawsari

Sunlight is a source of life on this planet, not only for its heat and light, but also for
mental and health benefits. It helps create strong bones of the human body through formation of
vitamin D. Sunlight is also a great source for energy applications. Solar panels have been widely
used to generate electricity as a renewable source of energy as well as to complement other
sources of energy to reduce the dependence on fossil fuel.

Manal Aldawsari, a scientist and a graduate student at the University of Arkansas, has
been passionate about the sun and its light and energy. Her research focus was on group I1-
nitride materials which have been proven to accomplish significant impact in the optoelectronics
field.

Studying the material at nanoscale is a fascinating area of science. If you see, for
example, a transmission electron microscope (TEM) sample, you would be surprised how tiny it
is but how much information scientists can get out of it!

Working with Dr. Morgan Ware’s team, we were able to make novel designs of InGaN
materials (111-V) which can be used in optoelectronic devices. A solar cell is simply a device
with a p-type material and an n-type material that are joined together to form a p-n junction. The
working principle is converting the sunlight to electricity.

One thing that makes nitride materials attractive is the tunable band gap that changes with
indium composition. This is what makes InGaN material have a wide band gap that spans the

whole solar spectrum from ultraviolet region (UV) to near infrared (IR). However, there are
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some challenges that are faced during the growth of the material. The growth of a thick material
with full indium composition results in a defective material. Consequently, the optical and
electrical performance of the device is jeopardized. Multiple approaches have been considered to
produce high quality material, such as quantum wells, but there is still much room for
improvement.

Full graded composition InGaN material is the solution. It is not only a solution for the
growth of the material, but it also makes it possible for the sunlight to be completely absorbed at
different depths in the material, hence, gaining the benefit of multijunction solar cells at lower
cost.

Dr. Morgan Ware and his team have ongoing research developing this concept and
investigating the graded InGaN material in different aspects. Optimization and studying the
growth conditions and the material properties was the primary focus of Manal Aldawsari’s PhD

work. This material can then be utilized in different applications, particularly solar cells.
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Appendix B: Executive Summary of Newly Created Intellectual Property

The following list of new intellectual property items were examined in this research:

1.

Full graded composition InGaN with a reverse graded InGaN to create a p-n junction for
solar cell application was investigated.

The optimal growth conditions were identified through a growth model.

The optical and structural characterization for graded InGaN.

Using SIMS In composition profile to simulate the band diagram as well as the optical

transitions.
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Appendix C: Potential Patent and Commercialization Aspects of Listed Intellectual
Property ltems

C.1 Patentability of Intellectual Property (Could Each Item be Patented)

There are no potential patent and commercialization aspects of listed intellectual
property items. The list of new intellectual property items that were examined in this
research cannot be patented because the results are based on existing knowledge and known
methods.

C.2 Commercialization Prospects (Should Each Item Be Patented)
There is no commercialization prospects in this work.
C.3 Possible Prior Disclosure of IP

There is no possible prior disclosure of IP in this work.
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Appendix D: Broader Impact of Research

D.1 Applicability of Research Methods to Other Problems

The use of graded InGaN material has great potential to improve different applications as
a promising material for solar cells and sensitive photodetectors applications. The current solar
cells have limitations in absorbing the solar spectrum. The low energy sunlight does not get
absorbed while the high energy sunlight gets lost to heat which result in overall device
performance degradation. Multijunction solar cells is one of the solutions to match the sunlight
energy with different materials. This comes at the cost of the engineering simplicity and the
expense.

The graded material makes it possible to absorb the whole sunlight spectrum at different
depths with using only one material. This can be done by varying the In composition which
results in changing the band gap of the material from near UV light to near IR covering the
sunlight spectrum.

Other issues or challenges also can be tackled using graded InGaN such as doping the
material as n or p type without adding dopants. Furthermore, applications for high temperatures
or harsh environment also can be made using InGaN material such as concentrated solar cells.
Another example is space solar power stations as GaN can tolerate the damage that can be
caused by space radiation. Thus, this study helps to provide in depth understanding and
characterization of the graded InGaN material that can contribute to advances in both research
and applications. This information will open more opportunities for related InGaN structures to

be grown and studied for future optoelectronic applications.
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D.2 Impact of Research Results on U.S. and Global Society

Using InGaN material has a wide variety of applications such as lasers, light emitting
diodes (LED) and solar cells. The impact of using graded InGaN material as an active layer for
solar cell application is significant and was the focus of this research. The graded material helps
to absorb the sunlight at different depths in the active layer utilizing the whole spectrum by using
only one junction. Thus, it is similar to the multijunction solar cells but at a lower the cost.

Furthermore, exploring the graded InGaN material eases the path for further research in
photovoltaic applications which is required to provide clean energy. This helps provide
sustainable energy for not only the USA but also the world. Therefore, using 111-V materials

provides both economic advantages and environmental benefits for the US and global society.

D.3 Impact of Research Results on the Environment

The I11-V materials are used in efficient-energy applications such as LED which is also
cost effective. Furthermore, the temperature tolerance of InGaN material helps to save energy as
high temperature devices do not require cooling systems.

Using InGaN based solar cells will save energy, decrease air pollution, and reduce the
dependance on other sources of energy that are not renewable such as fossil fuel.

The impact of using InGaN material in applications such as LED and solar cells is well
known as this material has been widely used previously. Therefore, it is well understood how to
handle the chemical waste. All the safety standards were followed carefully in handling both the

equipment and chemicals used in this research.
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Appendix E: Microsoft Project for PhD. MicroEP Degree Plan
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Appendix F: Identification of All Software Used in Research and Dissertation Generation

Computer #1:
Model Number: HP ENVY 14t-u000 Windows 8 Business Laptop PC
Serial Number: 5CD4386MS1
Location: 4209 NE Meadow Creek Circle, Fayetteville Ar,72703
Owner: Manal Abdullah Aldawsari

Computer #2:
Model Number: Dell XPS 15 7590
Serial Number: 259Q3X2
Location: 4209 NE Meadow Creek Circle, Fayetteville Ar,72703
Owner: Manal Abdullah Aldawsari

Software #1:
Name: Microsoft Office 365-Student version
Purchased by: University of Arkansas Site License

Software #2:
Name: MATLAB R2018b
Purchased by: University of Arkansas Site License

Software #3:
Name: MATLAB R2019b
Purchased by: University of Arkansas Site License

Software #4:
Name: MATLAB R2020b
Purchased by: University of Arkansas Site License

Software #5:
Name: OriginPro 2015b (Research Lab) -Student Version
Purchased by: Manal Aldawsari

Software #6:
Name: OriginPro 2018b (Research Lab) -Student Version
Purchased by: Manal Aldawsari

Software #7:
Name: OriginPro 2019b (Research Lab)
Purchased by: Dr. Morgan Ware

Software #8:

Name: nextnano®
Purchased by: Dr. Morgan Ware
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Software #9:
Name: Nanoscope Analysis 1.5
Purchased by: Free

Software #10:
Name: ImageJ
Purchased by: Free

Software #11:
Name: Microsoft Project 2010
Purchased by: University of Arkansas Site License

Software #12:
Name: Dropbox
Purchased by: Free

Software #13:
Name: Mathematica
Purchased by: University of Arkansas Site License

Software #14:

Name: Mendeley
Purchased by: Free
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Appendix G: All Publications Published, Submitted and Planned

Published:

P. K. Ghosh, H. V. Stanchu, Y. Maidaniuk, M. Sarollahi, M. A. Aldawsari, A. V. Kuchuk, Y. I.
Mazur, G. J. Salamo, and M. E. Ware, “Investigation of the Structural and Optical Properties of
Compositionally V-Graded Strained InxGal—-xN Layers,” Phys. Status Solidi Basic Res., vol.
257, no. 4, Apr. 2020, doi: 10.1002/PSSB.201900591.

M. Sarollahi, P. K. Ghosh, M. A. Aldawsari, A. Kuchuk, and M. E. Ware, “Luminescence
Properties of GaN/InxGai-x<N/InyGa;-yN Double Graded Structures (Zigzag Quantum Wells),” J.
Electron. Mater., vol. 49, no. 6, pp. 3512-3519, Jun. 2020, doi: 10.1007/S11664-020-08033-W.

M. Sarollahi, P. K. Ghosh, M. A. Aldawsari, S. Davari, M. |. Refaei, R. Alhelais, Y. |. Mazur,
and M. E. Ware, “Experiment-simulation comparison of luminescence properties of
GaN/InGaN/GaN double graded structures,” J. Lumin., vol. 240, p. 118411, Dec. 2021, doi:
10.1016/J.JLUMIN.2021.118411.

M. Sarollahi, R. Allaparthi, R. Alhelais, M. A. Aldawsari, M. A. Refaei, M. H. U. Maruf, and
M. E. Ware, “Effects of numbers of wells on optical properties of periodic InGaN graded
structure,” https://doi.org/10.1117/12.2598268, vol. 11800, pp. 54-60, Aug. 2021, doi:
10.1117/12.2598268.

Submitted:

Study of Simulation of GaN/InGaN Double Graded Structure and single quantum well solar cell
under strain condition Mirsaeid Sarollahi, Manal A. Aldawsari et al, (submitted to journal of
Vacuum Science & Technology B)

Planned:

Raman and x-ray reciprocal space mapping study of thick graded InGaN films grown by
molecular beam epitaxy

Manal A. Aldawsari, Pijush K. Ghosh, Mirsaeid Sarollahi, Andrian Kuchuk, Morgan E Ware
(In preparation)

Growth model for graded InGaN thick films

Manal A. Aldawsari, Pijush K. Ghosh, Mirsaeid Sarollahi, Morgan E Ware (In preparation)

Conferences:

Manal A. Aldawsari, Pijush K. Ghosh, Mirsaeid Sarollahi, Andrian Kuchuk, Morgan E
Ware,” Optical Properties of Thick Compositionally Graded InGaN Films* 13th International
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Conference on Nitride Semiconductors ICNS-13 (2019), 7-12 July in Bellevue, Washington,
USA.

Pijush K. Ghosh, Hryhorii V Stanchu, Yurii Maidaniuk, Mirsaeid Sarollahi, Manal Aldawsari,
Andrian V Kuchuk, Yuriy | Mazur, Gregory J Salamo, Morgan E Ware,“Investigation of the
Growth, Structural, and Optical Properties of Compositionally V-Graded Strained InsGaixN
Layers” 13th International Conference on Nitride Semiconductors ICNS-13 (2019), 7-12 July in
Bellevue, Washington, USA.

Mirsaeid Sarollahi, Pijush K Ghosh, Manal A Aldawsari, Yurii Maidaniuk , Andrian Kuchuk,
Yurii Maidaniuk, Gregory J Salamo, Morgan E Ware, “Luminescent Properties of Zigzag-
Graded InGaN Quantum Wells” The 61st Electronic Materials Conference, June 26-28, 2019.
University of Michigan Ann Arbor, Michigan, USA.

Mirsaeid Sarollahi, Rohith Allaparthi, Reem Alhelais, Manal A. Aldawsari, Malak A. Refaei,
Md Helal Uddin Maruf, Morgan E. Ware “Effects of numbers of wells on optical properties of

periodic InGaN graded structure” SPIE NanoScience + Engineering, 2021, August 1%-51"2021,
San Diego,CA.
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