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Microstructural Analysis with Graded and
Non-Graded Indium in InGaN Solar Cell

ilknur Kars Durukan'*, Mustafa Kemal Oztiirk?3, Siileyman Gérekgi*, Mehmet Tamer®7,

Yunus Bas®, Siileyman Ozgelik??, and Ekmel Ozbay®

In this study are graded and non graded InGaN/GaN samples grown on c-oriented sapphire substrate using
the Metal Organic Chemical Vapour Deposition (MOCVD) technique. The structural and morphological prop-
erties of the grown InGaN/GaN solar cell structures are analyzed using High Resolution X-ray Diffraction
(HRXRD), atomic force microscopy (AFM). Each structures ¢ and a lattice parameters strain, biaxial strain,
hydrostatic strain, stress, lattice relax, tilt angle, mosaic crystal size, dislocation densities of GaN and InGaN
layers are determined by XRD measurements. In accordance with these calculations, the effect of graded
structure on the defects, are discussed. As a dramatic result; although values of full width at half maxi-
mum (FWHM) are broad, a considerable decrease at dislocations is noticed. The AFM observations have
revealed that the two dimensional growth of the graded sample is more significant and its roughness value is
lower. JV measurements shown that the performance of the graded structure is higher. It is determined that

all test results are consistent with each other.
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1. INTRODUCTION

Recently, group Ill-nitride wide semiconductors band gap
has led to the development of light emitting devices
and high efficiency solar cells.' Furthermore, InGaN
alloys have become subject 1o an increasing research
effort because of its high carrier mobility, high drift
velocity, and durability in high-temperature and radia-
tion environments. All of these are necessary to pro-
duce high efficiency solar cells.”'"" However, the growth
of a high crystal quality GaN/InGaN solar cell struc-
ture is difficult because of the large difference in the
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suitable coefficient of thermal expansion (28% GaN and
InN) and the lattice disconformity (10.6% GaN and InN)
between films and substrate. For the ITI-nitrides, especially
InGaN grown on a GaN template, graded buffer layer
is used to improve the quality of the epilayer. However,
there are only a few reports researching the continuously
graded buffer layer'" "> and thus this buffer layer tech-
nique has not been accurately understood. The purpose of
this study is to report the results for In graded In Ga,_ N
(10.5 < x < 18.4) and non-graded In Ga, N (13.6 <
x < 24.9) epitaxial structures obtained by using metal
organic chemical vapor deposition (MOCVD). We have
investigated the graded interlayer technique for improv-
ing of the InGaN epilayer quality on sapphire substrates.
Our study found surface and volume defects such as
strain, hydrostatic and biaxial strain components, stress,
the plane tilt angle, mosaic crystal size, heterogeneous
strain, dislocation densities and surface morphology via
mosaic crystal model. In addition, the effects of graded
layers on different type of dislocation densities are dis-
cussed with XRD measurements. The atomic force micro-
scope (AFM) has been used for observing the surface
morphologies of the films and their roughness. Further,
Current density, potential (JV) measurements and the
solar battery performance of the grown structures are
discussed.
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2. GROWTH CONDITIONS

In the present study, InGaN/GaN solar cell structures
(Fig. 1) were grown via the MOCVD technique on
c-oriented sapphire substrates. When sample A was
deposited as graded, sample B was deposited as non-
graded. Prior to the growing process. substrales were
cleaned under H, gas to eliminate the contaminations on
the surface. After the decontamination procedure, for each
sample, a GaN nucleation layer was grown. The thickness
of this nucleation layer was 10 nm. Following the comple-
tion of the nucleation layer growth, the GaN buffer layer
was grown. The thickness of the GaN buffer layer was
1.6 um. The growing process was endured by releasing
the SiH, source and an n-type GaN layer was obtained
with the aid of the SiH, source. Furthermore, the flow
rate of the SiH, source was 10 sccm. The In,Ga, N
active layers were grown for samples A and B at temper-
atures between 745-760 °C degree and an In flow rate of
75 scem, While the InGaN layer thicknesses in sample A
were 25 nm (graded) and 200 nm (graded), the InGaN
layer (non-graded) had a thickness of 220 nm. The active
layers were grown between 1.9 pm thick n-type GaN and
p-type InGaN contact layers.

The p* InGaN layer was grown by using a Mg doping
source. The Mg flow rate was adjusted 1o 40 scem to pro-
vide more doping. The InGaN layer was converted 1o a
graded status by keeping the InGaN layers’s in flow rate
continuous.
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3. RESULTS AND DISCUSSION
3.1. XRD Analysis
Omega curves of samples A and B at a wide angle and
diffraction peaks of InGaN and GaN for all symmetric
diffraction planes are defined (Fig. 2). The layers of InGaN
and GaN are repeated as triple peaks (or sets). These peaks
match up to (002), (004) and (006) symmetric planes of
hexagonal crystal structure, respectively. For both samples,
the peaks of GaN coincide with those of in case of strain-
free. Besides, low severe azimuth peaks belonging to GaN
and Al,O; can be observed. The peaks with high intensity
and low FWHM of InGaN show that they are of high qual-
ity. For sample A, the peaks show continuity depending on
In ratio of graded InGaN layer (Fig. 2 inset). For sample
B. two different peaks as x, and x, alloy rates of InGaN
are observed depending on the rate of In. On the other
hand, X-ray diffraction peak from asymmetric planes (105)
is examined Lo investigate quality of the crystal structure
(Fig. 3). In addition, peak of In graded InGaN and two
peaks of In non-graded InGaN are observed. The (004)
peak for every two samples is separated with InGaN's two
omega peaks in the inset of Figure 3. High intensity and
lower FWHM values verify that the crystal quality is high
(Table I). Otherwise, the asymmetric peak positions and
FWHM are used for calculations of lattice parameter and
mosaic defects of hexagonal structure.

Nitrogenous compounds and alloys like GaN, InGaN
are in hexagonal structures. The crystal quality decreases
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when the symmetric peaks are broadened. The broadening
of the symmetric and asymmetric peaks for these types
of layers are noticed by the change in plane tlt, twist
angles and the lateral crystal sizes parallel with the sub-
strate surface.

FWHM values of sample A except for GaN (004) value
are found to be wider than those of sample B. The split-
ting of sample B cannot be observed because sample A has
graded structure (Fig. 2). Therefore, a large amount out of
the FWHM value in sample A depends on the constant of In
ratio. For example, this FWHM value is the 890.64 arcsec
unit and belongs to InGaN (004) for sample A, which is
the expected value according to InGaN structure.

According to the Vegard’s law, the ratio of the alloy in
InGaN layer depends on the peak positions of InN and
GaN. When the x value of InGaN is different from what
it is supposed to be, the Vegard’s law is used for calcula-
tion. However, to differentiate the strain value appendage
of InGaN at x value, the cubical equation of Ax®+ Bx?+
Cx+D =0 can be used." A, B, C and D coefficients of
this cubical equation includes InN, universal a and ¢ lat-
tice parameters ol GaN and Poission ratios. x ratio can be
solved using a program in O-1 interval, and qualities such
as strain and relax are calculated, afterwards.

Ge 022 (+. —, —. +) monochromator and Goebbels
mirror were employed 1o separate ke, and ke, in the
parallel sheal and to eliminate ka, in the HRXRD
technique. The measurements of the symmetrical and
asymmetrical reflections, Bragg angle 6 and lattice
curving angle 7 can be calculated through the # =
(0, +60)/2and 7 = (A, +6_)/2 equations." a and ¢ lat-
tice parameters of corrupted InGaN hexagonal unit cell are
calculated from a proper angle of the hk (-h-k)I reflec-
tion. Three different techniques could be used to calculate
the lattice parameters. For the first technique, the lattice
parameter of the InGaN, by taking the Vegard's law into
consideration, is found by adding x numbered InN lattice
parameters (o (1 — x) numbered GaN latlice paramelers.
To obtain @ and ¢ lattice parameters on the asymmetrical
planes, by means of using sin7 and cos 7 at the denomi-
nator of the equations below, the second technique can be
procured."

Al
(:25in6cns1' ()
AVAJ3V 2+ hk+ k2 2)
a=

2sin@sinT
For the last technique, using the (1—Dcos® #)/(rsin )
error function and Bragg Law, the parameters could be
calculated by:

[A
— X ! [ 1 3
c 25inH‘ (error function) (3)
4/3)(h* +k* + hk
a™" = cd,, Lt )(QI +w :+ ) (4)
e = Pdyy,

Equations (3) and (4).' On the error function, D is the
possible displacement of the sample with goniometer axis
on asymmetrical plane (equatorial plane), and its value
is 0.02. R, which is the distance of the sample from the
detector (450 mm).

The lattice parameters of InGaN graded solar cell (sam-
ple A) are given as value ranges (Table II). The reason for

Table 1. Peak broadening of (004), (105) diffraction planes of InGaN and GaN in arcsec unit.

Sample InGaN (004) InGaN (105) GaN (004) GaN (105)
A 890.64 2271.96 285.12 859.68
B (550.08, 542.52) (1679.40, 1606.30) 300.60 804.24
J. Nanoelecitron. Optoslectron., 12, 109-117, 2017 111
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Table IIl. The ¢- and a-lattice parameters found through Vegard's law, Vegard's law with cubic equation and error function on InGaN layer(s) for all

samples and their comparisons.

Cveg.vu')luwwlmtulﬂ:nqm[lm cq. 1 ceq.} A\\:gln'lliwwuhcubil:u.[mliun Au].? AN-“
Sample (nm) (nm) (nm) (nm) (nm) (nm)
A 0.52813— 0.52748— 0.52813— 0.32302— 0.32445— 0.32118—
0.52619 0.52567 0.52619 0.32218 0.32332 0.32261
B 0.53130, 0.53067, 0.53130, 0.32503, 0.3264, 0.32360,
0.52615 0.52565 0.52615 0.32225 0.32332 0.32325

this behavior is broadening of InGaN reflection as a conse-
quence of increased In ratio. Lattice parameters are given
as different two values for the non graded InGaN solar
cell (sample B). Correction function is applied for the lat-
tice parameters in Eqgs. (1) and (2) because peak intensity
observed in large Bragg angles is far away from linearity.
The absolute lattice parameters were obtained using cor-
rection functions (3rd and 4th equations). Accordingly.
the lattice parameters obtained with cubic equations and
Vegard's law match the lattice parameters obtained by
error calculations.

The point and line defects of GaN layer cause direc-
tional shifts on the lattice, and the shift leads to minute
deviations on the peak. The distance between strain planes
is directly related to the lattice parameters and to the
ratio of In. Moreover, the strain risen as the polar angle
increases and the square of the sinus of the angle provides
a definition for the strains on the lattice. If these strains are
gradient, they must have three axes, and in this case there
must be a component of the surface-normal strain. A strain
can be calculated using the base plate or its universal val-
ues. Here, the strain is calculated using the universal values
of InGaN and AlGaN. The strain equation can be given as

S—d.%.g-——ﬁﬂcolb‘ (5)
g .a ¢
with its error function,"

On two dimensions, biaxial strain is known as lattice
stressed or strained. Lattice strain is the sum of the biaxial
strain components on two dimensions and the sum of the
hydrostatic components on three dimensions. The compo-

nents of biaxial and hydrostatic strain are as follows:'”"?
— — ol
g, =€.t&, ¢&,=¢&,+¢g, (6)
€.+ 2018,
== 2 z [7)
C3+ €33

When strain values are between (0.995 —1.23) x 10~
ranges for sample A, they are (0.995 — 1.80) x 10~ ranges

Table IIL

for sample B (Table I1I). The second InGaN peak of sam-
ple B is overlapped with the right edge of the graded
InGaN peak of sample A (Fig. 2 inset). Thus, strain
values are obtained as the same values. While a-strain
values of sample A are [(—0.441)— (—0.353)] x 10~
ranges, they are [(—0.429) —(—0.331)] x 10~ ranges.
These values show that hexagonal lattice of sample A
is more compressive strain. While the crystal lattice of
sample A in ¢ direction for the two dimensional strain
values is more extensional, it is more compressive in
a direction. Two dimensional strain values are given in
Table III. It is seen that hydrostatic strain values result-
ing from point defects is more compressive in InGaN
crystal structure. Hydrostatic strain values are given in
Table IT1.

Alloy structures on hydrostatic strain are affected by
doping and point defects. Depending on the size of the
strain defects, the lattice can be compression or tensile.
Different types of point defects might emerge, depending
on the growth conditions. In general, it can be expected
that the effective hydrostatic strain in GaN originates from
Alg,. Ny, Gay,, Ng, substitutional type point defects, N;,
Ga;, Al and In interstitial point defects, V,, and Vg,
vacancies Refs. [20, 21| The covalent radius of the Al
(1.43 A) can come from AlL,O;. Ga (1.22 A) and In
(1.63 A) atoms are considerably larger than the covalent
radius of the N (0.70 A) atom. Covalent values can be
easily found in textbooks or in some other way. Therefore,
Alg,. Gay Ing, Aly, Ing,, Iny, In;, Ga,, Al; and N; type
defects cause a crystal lattice expansion, whereas Ga,,
Nga» Nigs Naps Gay, Al Van Veas Vi and Vg type point
defects lead 1o crystal lattice compression. In our case,
we find that the hydrostatic strain in first two tempera-
ture values of the InGaN layer is of compressive character
and large by absolute value (Table VI). Therefore, we sup-
pose that the relative concentrations of Gagy, N, Nj» Ny,
Gay,. Aly,. Va Viae Vias and Vy type defects are dominant
in other types of point defects.

a- and c-lattice strains, a- and ¢-biaxial strains, hydrostatic strain in InGaN layers of all the samples.

¢-strain nm a-strain nm Biaxial strain ¢ Biaxial strain a Hydrostatic strain

Sample (x10%) (x107%) (x107%) (x107%) (x10-%)
A 1.23-0.995 (—4.41)-(—3.53) (2.47)-(1.99) (—3.18)(—2.53) (—1.20)-(—0.995)
B 1.80, 0.995 (—4.29), (=3.31) (2.37), (1.87) (=3.11), (—2.38) (—1.18), (—0.930)
112 J. Nanoelectron. Optoelectron., 12, 109-117, 2017
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Table IV. Stress x, y, z and stress size of InGaN.

Sample x-stress (Gpa) y-stress (Gpa) z-stress (Gpa) Stress size (Gpa)
A (—1.33)-(1.04) (—1.35)-(1.05) (—1.32)-(—1.03) 1.80-2.31
B (—1.35), (0.97) (—1.37), (0.98) (—1.34), (-0.97) 1.69, 2.35

On the epitaxial layer, the internal plane strain can be
calculated using the equations below, if the a-oriented
biaxial strain and the material elasticity constants are
knnwn‘[‘}.!l

2
o= ({.'” + ¢ — 2(—”)55: (8)
' C33

Here, the information in the parenthesis is labeled as
biaxial module {MJ,-}; hence, the biaxial strain is shown
with o, = M €}."

The magnitude of stress is obtained by using stress com-
ponents (Table 1V). When the sizes of stress for sample A
changes between (1.80-2.31) GPa ranges, the values of
(1.69, 2.35) GPa are observed for sample B. Thus, it is
seen that the stress components are about same sizes for
the two samples.

Strain relax is defined as the percentage ol the ratio
of the difference of relaxed lattice length between layers
and substrate layers to the difference ol universal lattice
lengths, and it is represented with the equation below. '

Limeans) Simeans)
o M. AT (9)
® L(0) Si0) ’
a I = t‘a'”

Lattice structure of sample A has more relaxation than
that of sample B (Table V).

The symmetric plane is the plane which intersects the
normal of the surface. Assuming that the sample plane is
initially in the z direction, if this plane diverges with an
angle to the z axis, creating a surface angle, there will
be a crystal plane with observed asymmetric diffraction.
The incident and reflected wave vectors used to provide
the interference of these planes are to ensure the Bragg
diffraction conditions. If a symmetric diffraction cause the
lateral crystal size of the mosaic blocks and the plane tilt
angle failure the expansion of the HRXRD (wist curves
which are vertical to the pole axis.” The expansion of
the reflection plane used to differentiate between both
defects is defined by a linear equation. The Williamson-
Hall (W-H) study can be used for this purpose.” The W-H
graphic is the FWHM graphic of the HRXRD twist curve
as a function of the reflection plane level, meaning that

Table V. Lattice relax of InGaN layers in the samples.

cach reflection is FWHM (sin #)/A drawn against (sin 8)/A
and the drawn curve is quitted with the linear equation.
The W-H curves for the GaN buffer, InGaN contact and
active layers for A and B solar cell samples are shown
in Figure 4(a). Where the FWHM measures for maximum
half-width peaks; A and € are the X-ray wave length and
Bragg angle respectively. Meanwhile the plane tilt angles
for GaN and InGaN are determined from the inclination
ol the lines seen in the Figure 4, the lateral mosaic sizes
L, arc obtained from the points which section the y axis.

The lateral crystal sizes and tilt angles obtained from
the W-H curves for the GaN buffer, InGaN active and con-
tact layers are shown in the fourth and sixth columns of
Table VI. The data related to the structural features of GaN
are separated in the table with a comma from those of the
InGaN layer and the */" symbol is used for the InGaN
layers. The lateral crystal sizes and tilt angles for the GaN
buffer layers in A and B InGaN solar cell samples provided
the same values. This situation shows the same growing
conditions at MOCVD for both samples. In comparison,
the InGaN layers of both samples have lateral mosaic crys-
tal sizes, and similar behavior like that of GaN. Further-
more, it is seen that the plane tilt angles of the second
InGaN layers of samples had the same value. In addition
to this similarity, there are some differences determined
between the mosaic parameters of these InGaN layers. The
lateral mosaic crystal length of the second InGaN layer
and the plane tilt angle in the first InGaN layer of sam-
ple A had a lower value than those of the same layers in
sample B. when the tilt in the graded structure is compared
with non-grade structure, a significant difference does not
exist. The reason for this is because the insertion of graded
interlayers has more effect on twist than the tilt.***

Furthermore, this result had a negative effect on the
crystal size, for it decreased the plane angle. When com-
paring the crystal sizes and the layer tilt angles of the
interior InGaN layer of each sample, it was determined
that the crystal sizes of the buffer layers were greater but
more imperfect due to the higher plane tilt angle.

A vertical mosaic size and an ¢-axial combined strain
in the radial scan direction of symmetric reflections cause
an increase in FWHM values of the Bragg reflections. In
the W-H graphic?®® a counter graphic of FWHM (cos #)/A
versus (sin@)/A is drawn for each reflection and a linear
output is performed in Figure 4(b). The vertical mosaic

Sample Lattice relaxation (%) dimensions L, are determined by Eq. (10) from the y,
A 1.34783-1.34826 section point of the obtained line.
B 1.22875, 1.32033

L, =0.9/(2y,) (10)
J. Nanoelectron. Oploelectron., 12, 109-117, 2017 113
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In the tilt of the obtained lines created from perform-
ing linear outputs by drawing FWHM (cosfl)/A versus
(sinf)/A for each reflection in the W-H graphic are the
determined heterogeneous strain values and the obtained
vertical mosaic sizes regarding InGaN solar cell samples
A and B (Table VI, column 3 and 5).

The vertical mosaic crystal size for the GaN layers
of both samples provided the same experimental result,
although the vertical mosaic crystal sizes for the InGaN
layers have shown a different behavior. The vertical mosaic
crystal sizes in the InGaN layers of the preliminary layer in
sample A are lower than those of the Preliminary layer in
sample B. However, this shows the exact opposite behav-
ior of the collateral InGaN layer in samples A and B.
Similarly, the same is observed on the preliminary and
preliminary InGaN layers of samples A and B.

The vertical mosaic crystal size of the collateral prelim-
inary of sample A was higher than that of the preliminary
layer, the vertical mosaic crystal size of sample B’s first
layer was higher than that of the collateral layer (Table VI).
The bulk of mosaic crystal size is due to the calibration
trend of the MOCVD, though In contents of InGaN and
layer thicknesses are different, yet this is related to the
crystal quality of the layer.

The heterogeneous strains obtained for both samples are
shown in the third column of Table VI. The heterogencous
strains of the GaN and InGaN layers of sample A are

FWHM*Cos(8)(x10-3)/a (A~ 1)

0.6

6 rrr T T rr T T T T T
2.4
22

2.0

18 F h
@ InGaN (first layer of sample A)
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Sin(O)/x (A1)

Williamson-Hall graphics for the GaN, active and contact InGaN layers.

slightly higher than those of sample B. It is determined
for the InGaN layer that the heterogeneous strains of the
collateral layers of samples A and B are higher than those
of the preliminary layers.

A method regarding the calculation of the edge and
screw dislocation is based on the Burgers vectors as
well as both the tilt angle and the lateral mosaic sizes.
All types of dislocations are related to the mosaic crys-
tal sizes, tilt angle and the twist angle. Metzger et al.*
stated that edge type dislocations with a mean twist angle
Burgers vector b = 1/3(11—20) and screw type dislo-
cations with a mean tilt angle Burger vector b = (0001)
(TDD) are related to each other. The intensity of the
screw type dislocation density can be calculated by using
Eq (] I)»Ei_l’?—-jl]

2
in

|b.“.'ll.'“' Iz

Here ay, is a tilt angle for GaN and b, = 0.5185 nm.
The Burgers vector equals the lattice parameters. There-
fore, the Burgers vector of the InGaN layers is calcu-
lated using Vegard's law. The b ., value of the InGaN
layers for sample A is determined to be 0.5240 nm
and 0.5281 nm, and for sample B 1o be 0.5256 nm
and 0.5315 nm respectively. Edge type dislocations con-
verl consistently with the azimuthal rotation of the crys-
tals around the surface normal by the Burgers vector

N,

screw T

(1)

Table VI. Mosaic defect features of samples A and B.
In Heterogenous Lateral Vertical Tilt Serew TDD Edge TDD

Samples GaN Content Strain mosaic mosaic angle (x10%, (x10°,
InGaN/InGaN (%) (x107%) size (A) size (A) (x107%) (Deg.) 10°/10%) (em=2) 107/107) (cm™?)
A (graded) 10.5/18.4 —3.75, 2.25/4.75 9000, 900/250 321, 265/346 1.70, 4.2/1.03 7.51, 4.43/2.68 5.50, 0.806/290
B (non- 13.6/24.9 —4.00, 1.0/3.75 9000, 900/265 321, 450/281 1.70/ 5.0/1.03 7.51, 6.56/2.82 5.56, 1.06/361

graded)
114 J. Nanoelectron. Optoelectron., 12, 109-117, 2017



Durukan et al,

Microstructural Analysis with Graded and Non-Graded Indium in InGaN Solar Cell

b=1/3(11 =20). The edge type dislocation intensity can
be calculated by the measured a,,, twist angle. The edge
type dislocation intensity can be calculated by Eq. (12)
when the dislocations in the structure accumulate within

the low angle grain boundaries.’*-3!
ad
Ny = 5 (12)
2.1]bg Ly

Where a, is the half-width peak of the asymmetric plane
is related with twist. Burgers vector value is 0.3189 nm
for GaN, and L is the lateral CL. For InGaN layers in
sample A b, are obtained as 0.3226 and 0.3253 nm, and
0.3237 and 0.3276 nm for the layers in sample B. The
edge and threading dislocations of samples A and B are
obtained in Table 1. The edge and threading dislocation
values of the GaN layer in both samples have an almost
equal value. It is seen that both the edge and the threading
dislocations of the InGaN layers are lower in sample A.
In previous presented studies, the insertion in the graded
layer significantly reduces the edge and screw dislocation
densities have been reported. It is observed that sample A
has a more qualitative structure.

The FWHMs of @ and ¢ scans are determined by fit-

ting to the Pseudo-Voigl. In this fitting, the FWHMSs of

w-scans increase due to scaling up of the y angle and
the FWHMSs of ¢-scans decrease due to the increase of
the y angle. Besides, the @ and ¢-scans (12.1) coincide
with each other at reflection y*' at 78.6°. In fact, the
Xx angle reaches 90° when the reflection plane is verti-
cal to the sample surface. According to these results, the
HRXRD rotating peak widths of @ or ¢ scans for this
high x angle are similar to their twist angles. In any case,
the FWHMs of the ¢-scans are greater than those of the
w-scans when a change in the y angle occurs. Therefore,
the mean twist angle of y = 78.6° needs to be the mean
value of the FWHMSs ol the @ and ¢ scans. The twist
angles of GaN are determined as 0.118° and 0.141° for
samples A and B respectively. ™ It is seen that the value
of sample B is slightly higher than that of sample A. For
the InGaN layers. the image ol the twist angle (12.1) was
unable to be solved due to the reflection peaks of the plane
remained in the background. ™

Sample A ‘}'

Fig. 5. AFM images of samples A and B.

3.2. AFM Observations

The difference between the layers of multilayered struc-
tures is able to cause significant topographic changes on
the sample surface.*® Therefore the surface features of the
structures with InGaN layer of samples A and B are exam-
ined by AFM. For this purpose the surface images of the
samples are obtained by using an Omicron VT STM/AFM
device. The scans are performed on the surface in an area
of 5x5 um?. AFM images obtained by the scans con-
ducted on the InGaN layers of the hetero-structures with
InGaN layer of samples A and B (Fig. 5). It is brought
to attention that there is a difference of the surface mor-
phologies of the samples. Pits are seen on the surfaces of
both samples. This is a typical situation for InGaN sur-
faces. However, meanwhile pit array are dominant on the
surface of sample A, ordered hillock rows are dominant on
the surface of sample B. Furthermore: the two-dimensional
growth on the graded sample is more significant compared
1o the other. This is related to the diffusion of atoms,

On the other hand, roughness is a type of surface imper-
fection. There are many parameters used for the determi-
nation of the roughness. Root-mean-square (RMS) is the
most widespread parameter used for the evaluation of the
surface roughness.***” The RMS roughness values of sam-
ples A and B are measured to be 2.24 and 4.88 respec-
tively. These values are determined to be coherent with the
smooth surface of sample A, where the lateral growth was
greater compared to the others. Chen et al. have reported
segregation of indium next to vacancy islands or ordered
vacancy rows on the surface.'”* According (o this, the
rough surface of sample B with a higher indium percent-
age attributed to the segregation.

3.3. JV Analysis

Electrical performance of a solar cell could be determined
by current density versus voltage (J-V) measurements,
which is the most common technique in photovoltaics.
[n value is inversely proportional to V. in InGaN solar cell
structures. Furthermore crystal imperfection in the struc-
tures changes the value of V. depending on changing of
In concentration at low growing temperature.*” The V, for
the grown InGaN solar cells is typically 0.4 eV. According

Sample B
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to the V,_ value, the solar cell performances of the graded
sample A and sample B are 3.69% and 2.04%. respec-
tively. In the light of these results, it is determined that
the solar efficiency of sample A has a higher performance.
These results correspond with the other HRXD, AFM and
JV results. As a result, the continuous Indium flow indi-
cates that the structural, morphological and electrical fea-
tures of sample A are better than that of sample B. Graded
InGaN structures have shown an enhanced performance
in relaxing the strain in the InGaN/GaN structures grown
on sapphire. as compared to conventionally grown GaN
structures.*”

4. CONCLUSION

In this study, we have studied the graded interlayers
approach to improve the MOCVD grown InGaN epi-layer
quality. By comparing In graded InGaN structure with non
graded InGaN structure, we have found that the graded
structure can improve the surface morphology and crys-
talline quality. The graded InGaN layer acts as a “tran-
sition layer” between InGaN epilayer and GaN template.
It is demonstrated that the layer can release the strain
and can significantly reduce tilt and the dislocations in
the InGaN epilayer. Pits on the surfaces of both sam-
ples are seen in the AFM analysis. However, the pit array
on the surface of In graded are dominant and the two-
dimensional growth is more distinct, compared to non
graded. In non graded. the ordered hillock rows are domi-
nant. Furthermore, the RMS roughness values of In graded
and non graded are obtained as 2.24 and 4.88 nm, respec-
tively. These values show that In graded film is coherent
with the smooth surface compared with the non graded
one. According to the final conducted JV calculations the
solar battery performance of the graded samples A and B
are determined to be 3.69% and 2.04% respectively. The
experimental results show that graded growth of InGaN
is a superior growth technique for high performance solar
cell devices.
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