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Keywords Abstract: In this study, graded (A) InxGaixN (10.5 < x < 18.4) and non graded (B)
InGaN/GaN, InxGa1xN (13.6 < x < 24.9) samples are grown on c-oriented sapphire substrate
IS\/?(l)aCrVC];lL using the Metal Organic Chemical Vapour Deposition (MOCVD) technique. The

HRXRD structural, optical and electrical features of the grown InGaN/GaN solar cell

uv ’ structures are analyzed using High Resolution X-Ray Diffraction (HRXRD),

XRi) Photoluminescense (PL), Ultraviolet (UV), current density and potential (JV)
measurements. According to the HRXRD results; it is determined that the InGaN
layer of the graded structure has a lower FWHM (Full width at half maximum)
value. From the PL measurements, it is observed that the GaN half-width peak
value of the graded sample is narrower and the InGaN peak width value of the
graded sample is larger. From UV measurements, that the graded sample has a
greater band range. JV measurements determine that the performance of the
graded structure is higher.

Dereceli ve Derecesiz InxGai1-xN Giines Hiicresi Yapilarindaki Mozaik Kusurlarin Analizi

Anahtar Kelimeler Ozet: Bu calismada, dereceli InxGa1-«N (A) (10.5 < x < 18.4) ve derecesiz (B) InxGai-
InGaN/GaN, N (13.6 < x < 24.9) ornekleri ¢ yonelimli safir alttas tzerine Metal Organik
l(\}/[‘:)“ggémcresh Kimyasal Buhar Biriktirme Teknigi ile biyiitildi. InGaN/GaN giines hiicresi

HRXRD yapilart Yiiksek Cozinirlikli X-Ray Kirmim(HRXRD), Fotoliiminesans (PL) ve

uv ’ Ultraviyole (UV), Akim yogunlugu ve potansiyel dlciimleri (JV) ile analiz edildi. XRD

XRi) sonuclarina gore dereceli InGaN yapis1 diisik FWHM degerlerine sahiptir. PL
Olciimlerinde ise dereceli yapidaki GaN’in ortalama yarigenislik degeri daha dar ve
InGaN’ 1n pik genisligi dereceli yap1 olmasi nedeniyle daha genistir. UV
6lciimlerinden dereceli yapinin genisleyen bant araligina sahip oldugu goéruldu. JV
olciimlerinden ise dereceli yapinin performansinin daha yiiksek oldugu belirlendi.

1. Introduction It is determined that the maximum efficiency

regarding solar cell for a three-junction GalnP-
Because of the applications at light emitting diodes GalnAs-Ge structure at 1.5 AM (AirMass) 200x sun is
(LEDs), laser diodes and light sensors, AIN, GaN, InN 37.4% [8]. It is conluded that such devices will have

and the III-N material system containing these have a widespread usage because they are useful in terms of
wide usage [1,2]. Meanwhile the band range of the efficiency limits [9]. According to the detailed balance
InN alloy and the band range of the InGaN material modelling, we can increase terrestrial practical
reach almost respectively 0.65 eV from infrared to photovoltaic efficiency of more than 50 % only by
the ultraviolet areas [3-5]. This direct and wide band using the materials that have band range greater than
range made InGaN material suitable for photovoltaic 2.4 eV [10]. In addition to the wide band ranges,
applications. This range gives a opportunity for not nitrides also provides suitable photovoltaic features
only constucting high efficient multi joint sun including lower effective carrier loads, higher
battaries, also creates an possibility to manufacture a mobility, higher peaks and saturation velocities,
third generation device that bases on a interband higher absorption coefficients and radiation
solar cells made up of only nitrogen material [6,7]. tolerances [11]. The III-N technology is suitable for

growing high qualitative crystal structures and
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manufacturing  optoelectronic  devices  which
supports the potential of high efficient photovoltaic
structures.

Due to to the existing technological challenges of the
solar cell production and the additional requirements
faced during the manufacture of solar cell, The InGaN
solar cell technology remains as a widely
undiscovered application and continues to be
important. In this study, we are presented graded
InxGai1xN (10.5 < x < 18.4) and non graded InxGai-xN
(13.6 < x < 249) samples with various In
compositions grown on a c-oriented sapphire
substrate using the MOCVD technique. The structural,
optical and electrical features of the grown
InGaN/GaN solar cell structures are analyzed by a
HRXRD, PL, UV. JV measurements and the solar
battery performance of the grown structures are
discussed in detail.

2. Material and Method

The structural properties of the samples were
characterized by the high-resolution X-ray diffraction
(HRXRD) technique using a Bruker D8 system,
delivering a CuKq«1 line. PL measurements were taken
by using the JobinYvon Florong-550 PL system with a
50-mW He-Cd laser (A= 325 nm) as excitation light
source at room temperature. The current voltage
characteristics were performed using a Keithley 4200
source-meter, and an OrielSoll A class AAA solar
simulator. The UV-vis optical transmission spectra of
the InGaN/GaN solar cell structures were measured
using a lambda 2S Perkin Elmer UV-vis spectrometer
at room temperature.

2.1. Growing conditions

InGaN/GaN solar cell structures (Figure 1) are grown
by the MOCVD technique on a c-oriented sapphire
substrate. The epitaxial film is cleaned under Hz gas
at 1100°C degree for 10 minutes. In the first epitaxial
growth process, GaN nucleation layer(10 nm) are
grown at 575°C degree [12, 13]. The TMGa flow rate
is adjusted to 10 sccm, NH3 flow rate to 1500 sccm
and the growing pressure is 200 mbar. Following the
completion of growing of the nucleation layer, the
GaN buffer layer is grown at 1070°C degree. The
growth of the buffer layer is provided by keeping the
TMGa flow rate stable at 15 sccm, the NH3 flow rate at
1800 sccm and the growing pressure is 200 mbar.
The thickness of the GaN buffer layer is 1.6 pm. The
growing process is endured by releasing the SiHs
source and an n-type GaN layer is obtained whereby
the SiHs4 source. The SiHs source has attenuated
features  throughout the MOCVD  process.
Furthermore, the flow rate of the SiHs source is 10
sccm. The InxGaixN active layers are grown in
samples A and B at temperatures between 745-760°C
degree and an In flow rate of 75 sccm in between n-
and-p contact layers over nucleation and buffer. For
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this and other layers, NHs flow rate to 5000 sccm and
the growing pressure is 200 mbar for N source. While
the thicknesses of InGaN layer in sample A are 25 nm
(graded) and 200 nm (non graded), the InGaN layer
(non graded) is 220 nm thickness. The active layers
are grown as 1.9 um thickness between p-type InGaN
and n-type GaN contact layers. The p+ InGaN layer is
grown using a Mg doping source. The flow rate of this
source is 35 sccm. During the growth of the InGaN
layer were the sources, which were open during the
growth and the other layers kept closed. The Mg flow
rate is adjusted to 40 sccm in order to provide more
doping. The InGaN layer ratio is converted to a
graded status by keeping the InGaN layers in
forbidden energy band range’s. In flow rate used for
the active layer continuous.

p contact InGaN layer t=70 nm

Non graded InGaN layer t=200 nm

n contact GaN layer t= 1.9 um

GaN nucleation layer t=10 nm

(@
p contact InGaN layer t=70 nm

Non graded InGaN layer t=220 nm

n contact GaN layer t= 1.9 pm

GaN nucleation layer t=10 nm

(b)
Figure 1. The InGaN solar cell structure has a thickness of t
in the figure. Two sample structures with a) InGaN graded
(sample A) and b) InGaN non graded (sample B)

3. Results
3.1. XRD analysis

Figure 2 shows the omega scans of samples A and B.
It is seen that the Bragg peaks for the crystal planes
regarding the InGaN and GaN layers from (002),
(004) and (006) for both samples.

The half-widths of the diffraction peaks reflect the
crystal quality of the InGaN and GaN layers.
Increasing of plane tilt angle and twist angle and
limited crystal dimensions result in the expansion of
these peaks. FWHM of the symmetric peaks for the
InGaN and GaN indicated in Figure 2 are shown in
Table 1. When the measured values are compared, it
is seen that the GaN peak half-width for the
symmetric planes of both samples are almost equal.
Because both samples have similar growing
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conditions. However the InGaN layer of sample A has
a lower FWHM value compared when with sample B.
This clearly indicates that the InGaN layer in sample
A has a higher crystal quality.
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Figure 2. Omega curve of sample A and B in wide angle
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X-Ray reflection’s peak broadening of the InGaN at
sample A is 141 cps, and more than 32 cps at sample
B. This result corresponds with the peak half-width
result. In the findings, it is determined that sample A
has a better crystal quality.

Table 1. The peak positions and the FWHM values of the
symmetric planes (002) and (004) of the GaN and InGaN
layers of sample A and sample B

GaN layer InGaN layer

A B A B
Pllne ® FWHM ® FWHM o FWHM o FWHM
) ) ) ) ) ) ) )
(002) 17.179 0.100 17.320 0.103 16.927 0.160 17.111 0.169
(004) 36327 0.092 36467 0.093 35598 0.195 35986 0.236

3.2. PL analysis

InGaN is a group-III nitride material. The usage of
InGaN in the solar cell production is considerably
advantageous. Because it provides a sufficient
performance for low dimensional systems due to a
nitride containing material. In addition to this, such
nitride containing materials have a long life span at
high temperatures, pressure and frequency values.
InGaN alloy is one of the materials with a forbidden
energy band range, which lower than 2.0 eV and its
forbidden energy band range can be adjusted
between 0.7 eV (InN) and 3.4 eV (GaN) depending on
its Indium factor [14,15]. Moreover, InGaN structures
have direct forbidden energy band range and strong
absorption coefficient. Thus, InGaN structures are
ideal candidates for solar cell manufacture.

The photoluminescence (PL) spectrums of the
samples A and B at room temperature are shown in
Figure 3. As seen in the figure, the stimulation peak of
3.4 eV to the GaN layer exists. The broad stimulation
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peak ranging from 1.9 to 2.6 eV (PL) is belonged to
InGaN.

20

GaN
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Figure 3. PL graphics for sample A and sample B

An intervension occurs because the forbidden energy
band ranges of the P contact InGaN layers and non
graded InGaN are close to each other. Intervention
peaks are observed for InGaN from 1.9 to -2.6 eV
ranges. Beside this, a PL emission peak of the in
graded layer is observed in sample A at around 2.9 eV
[16,17]. However, no peak of the in graded layer is
observed in the HRXRD.

As shown in Figure 3, there is a change of the peak
position due to graded sample A resulted in an
expansion of the GaN peak. Beside this, a stimulation
peak of the InGaN phase is observed at around 2.9 eV.
It is observed that the stimulation peaks of the InGaN
layers and the graded InGaN interfere with each
other because of being close. The peak position of
sample A for the GaN layer is 3.4258°, and 3.4432° in
sample B. The peak half-width for GaN of sample A is
0.1333°, the peak half-width for GaN of sample B is
0.14075" and the peak half-width for InGaN in sample
Ais 0.2544°[16,17].

3.3. UV analysis

The forbidden energy band range of the InN epitaxial
layer is determined as 1.75 eV. This value is higher
than the value determined previously (0.7 eV) [18].
There is an ongoing discussion about the forbidden
energy band range of this layer although a lower
forbidden energy band range was stated for InN. The
forbidden energy band ranges for InN vary between
0.7 eV to 1.9 eV in the literature [19]. The forbidden
energy band ranges of the InN epitaxial layers do not
only depend on the growing techniques, but also on
the carrier density [18]. Normally the Fermi level of
doped semi conductors reaching transmitter level
above is constituted by the increase of more
transmitter level doping densities. This pushes the
Fermi level to a higher energy level. Even it can
reaches to the transmission band. This is called as
Burstein-Moss effect which is shown in equation 1
[18].
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E, = 0,65eV +0,0116(
m

)(nx107°)3ev (1)

In equation 1, m* is the mass of the free electron. This
parameter depends on the density of the electron. mo
is the mass of the vacuumed electron, and n is the
density of the electron [21,22]. The Burstein-Moss
effect at wide value of the absorption edge increases
as per the high carrier density. According to equation
2, if it exceeds a carrier density of 3x1020 cm3 t, an
extra energy is resulted due to the additional term
indicated in equation 2.

InGaN = xInN + (1 — x)GaN + bx(1 — x) (2)
The InGaN epitaxial layer also provides a slightly
higher absorption edge but the Burstein-Moss effect
is lower. Because of the bearer density of the InGaN,
The epitaxial layer has a lower value than InN. The
value of the forbidden energy range as a result of UV
is estimated by the absorption edges of the films. The
optical absorption constant o is derived from the
ahv =A(hv—Eg)m [23]. Here a is the constant, h
the Planck constant and v the received radiation
frequency. The forbidden energy band range is
represented by Eg. m value is changed for direct and
indirect transitions. In this study m is 2 since InGaN
has a direct band transition.

Figure 4 shows the graphics of (a¢hv)? against hv. The
Eg values of solar cell are obtained from this graphic.
The forbidden energy band ranges of the solar cell
are determined as 1.6-2.9 and 1.7-2.7 eV for sample A
and B, respectively. Beside this, an inter phase is
observed at 2.3 eV. Figure 5 shows the conductivity
graphics of samples A and B.

3.4.]V 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. In a typical ]J-V characteristic of a
solar cell under illumination, short circuit current
density (Jsc), the current density at the maximum
power point (Jmmp), open circuit voltage (Voc) and
voltage at the maximum power point (Vmmp)
parameters are used to calculate the efficiency of a
solar cell and the fill factor (FF), defining by the ratio
of power produced at the maximum power point
devided by the product of Vo and Jsc for AM 1.5G
spectrum.

These properties are obtained with

_ JmmpYmmp

FF =
]SCVOC

(3)

and
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VocFF
= ’;f_iunf - f_scpj; 4)
typical J-V characteristic of a solar cell is given in
Figure 6. Since Voc value is close to zero in our study,
it is a low performance. However this performance
could be increased by making different designs [24].
In value is inversely proportional to Voc in InGaN
solar cell structures. Furthermore  crystal
imperfection in the structures changes the value of
Voc depending on changing of In concentration at low
growing temperature [25].
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Figure 5. UV conductivity graphics of the graded and non
graded sample A and sample B wavelength

As shown in Figure 6, FF of sample A is lower than
sample Bs. FF is defined by the ratio of power
produced at the maximum power point divided by
the product of Voc and Jsc. Having low FF value of
InGaN solar structures is related to Voc value because
the high carriers density affects band gap. Thus Voc
decreases. There are also other factors, which make
decreasing of the FF value, as doping level and
recombination [26].
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According to the ]V calculations the solar cell
performances of the graded sample A and sample B
are 3.69 % and 2.04 %, respectively. Increasing In
content in active region of solar cells improve
efficiency (n); but, increasing In content much within
the active layer deteriorates efficiency. This is
because of the decreasing crystal quality and
increasing background electron concentration with
increasing In content in the active layer of solar cells.
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 HRXRD, PL
and UV results. As a result, the continuous Indium
flow indicates that the structural, optical and
electrical features of sample A are better than that of
sample B.

4. Discussion and Conclusion

In this study InGaN/GaN solar cell structures are
grown on c-oriented sapphire substrate by the
MOCVD technique. The structural features of the
samples A and B are anayzed by a HRXRD. FWHMs of
the symmetric HRXRD omega peaks for the GaN and
InGaN layers are compared. It is determined that the
GaN half-width peaks for the symmetric planes of
both samples are nearly equal. This situation is an
expected result since the GaN layers in both samples
have similar growing conditions. However, the InGaN
layer of sample A has a lower FWHM value than
sample B. This also clearly shows that the InGaN layer
at sample A has a higher crystal quality. The
conductivity of samples A and B is determined by the
UV measurements and the Eg values are obtained.
The forbidden energy band ranges of the solar cell
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are determined to be 1.6-2.9 and 1.7-2.7 eV for
samples A and B respectively. In addition to this, an
inter-band phase is observed at 2.3 eV. According to
the final conducted ]V calculations the solar battery
performance of the graded samples A and B are
determined to be 3.69 % and 2.04 % respectively.
These results correspond with the other HRXD, PL
and UV results. As a result, it is determined that the
structural, optical and electrical features of sample A
with a continuous Indium flow or sample A graded In,
are better than that of sample B. According to these
results, it is determined that sample A, which is a
graded structure that can be used for the
manufacturing of solar cell, has a higher efficiency
and can operate with a high performance.
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