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Abstract. Simulation analysis has been carried out to determine the perfect structural
parameters of homojunction p-i-n Iny;GagsN solar cell to obtain maximum overall
efficiency. It has been demonstrated that n-layer of 16-nm, intrinsic layer (i-layer) of
0.5-um and p-layer of 3-um thickness with specific doping concentrations of 1-10%° cm®
for n-layer and 1-10*® cm™ for p-layer allow us to achieve the maximum efficiency 29.21%.
The solar cell structure provides an open circuit voltage of 1.0 V, short circuit current
density of 33.15 mA/cm? and the percentage of fill factor value of 88.03%. However, the
efficiency drops drastically, if the dislocation density in i-layer is higher than 1-10* cm™,
and unintentional doping concentration within i-layer is beyond 1.5-10°cm™® of the
structure.
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1. Introduction

The group Ill-nitride is a promising material system for
optoelectronic application due to its ability to cover the
solar spectrum from ultraviolet (3.51eV) to infrared
(0.78 eV) by bandgap engineering, which depends on the
percentage of indium composition within the material
[1-3]. Furthermore, its other properties such as high
mobility, high saturation velocity, high absorption
coefficient, radiation coefficient and low effective mass
of electrons and holes, makes it to be an interesting
material to study for solar cell application [4, 5]. In spite
of having other materials such as Si, CdTe, Cu(ln,Ga)Se,
(CIGS), CuyZnSnS, (CZTS) and organic resources for
solar materials [6, 7], recently, huge research interest has
been focused on InGaN materials, since it is more robust
to solar radiation [8] and less toxic to environment than
its counterparts [9].

On the other hand, incorporation of In into an
epilayer of heterojunction solar cell introduces misfit
dislocations and stacking faults at the interface due to
lattice mismatch and also consists of V-defects, threading
dislocations within the InGaN epilayer, which act as a
recombination centers for charge carriers [10-12].
Moreover, the heterojunction InGaN has built in
piezoelectric and spontaneous polarization [13] effects at
the interface of the layers, which also play an important
role at the overall efficiency of the solar cell [14, 15].

To overcome these detrimental effects, researchers are
proposing to have nanopatterned sapphire [16] to reduce
the overall dislocation density and also multi quantum
well [17], superlattice structure [18], wide bandgap top
cell of InGaN layer or even bounded hybrid multi
junction for efficient solar cells [19, 20]. One can also
construct a homojunction, strain free InGaN p-i-n solar
structure to avoid the piezoelectric polarization effect
within the active layer of the solar cell structure [21].
Using both MBE [22, 23] and MOCVD [24] growth
techniques, researchers are trying to fabricate p-i-n
homojunction solar cell of InGaN material with different
percentage of In composition and layer thicknesses but
find insignificant performance mainly due to material
defects.

In this work, we have considered a homojunction
p-i-n solar cell of Ing;GagsN material and try to simulate
and identify the impacts of different layer thicknesses,
pre-existing dislocation density within different layers
and doping concentration of p-i-n layers to have a perfect
structure for high efficiency solar cell. The numerical
simulation package, solar cell capacitance simulator
(SCAPS) [25], has been used to find out the open circuit
voltage (Voc), short circuit current density (Jsc),
percentage of fill factor (% FF) and overall efficiency
(% n) of the solar cell to propose the optimum solar cell
structure.
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2. Numerical simulation and device parameter

SCAPS-1D is a one-dimensional solar cell simulator
developed at the Department of Electronic and
Information Systems (EIS), University of Gent, Belgium.
It can be used to numerically analyze the solar cell of
several layers after giving some basic physical properties,
namely: band gap, electron affinity, relative dielectric
permittivity of the material, the conduction and valence
band effective density of states of each layer and also the
thermal velocity, mobility and effective mass of both
electron and hole for the respective layers. Moreover, it
allows the user to set layer thicknesses, contact layer
properties, layer’s donor and/or acceptor concentration
values and their doping profile. One can incorporate the
band-to-band recombination mechanism by introducing
the radiative recombination coefficient, Auger electron
and hole capture coefficients, Shockley—Read—Hall
(SRH) recombination coefficient values and defect
density within the layer to model the device more
precisely.

In our work, as we have considered the
homojunction Ing;GagsN p-i-n solar cell structure, we
have determine the above mentioned physical properties
for the system using the standard Vegard law in the
following form:

Y(In,Ga,_,N)=Y(InN)x +Y(GaN)1—x)-bx(1—x), (1)

where x is the percentage of indium composition (x =
0.70 in our case), Y(InN) and Y(GaN) are the parameters
for both InN and GaN system at room temperature
(T=300K), b is the bowing parameter (for InGaN
system, b = 140 [1]), which is used to calculate the band
gap energy, and for other physical parameters it is zero.

The Caughey-Thomas approximation is employed for
the electron mobility value as a function of carrier
density [26]:

Hmax — Hmin , (2)

N o
1+
Nref

where the value of Ny is 1-10 cm®, the values of ppin,
Umax @Nd a along with other parameters for Ing;GagsN Sys-
tem are listed in Table 1 by using Eg. (1) where necessary.

To simulate, we considered the initial cell structure
shown in Fig. 1 below. The band-to-band recombination
feature was added by considering the radiative
recombination coefficient, Auger electron and hole
capture coefficient values for the system. The initial
structure parameters are listed in Table 2. Now, to find
out the optimum device structure, we changed the layer
thickness value, doping concentration and pre-existing
dislocation density of different Ing;GagsN layers. While
changing one particular parameter, for example p-layer
thickness, we kept other parameters fixed at their initial
or optimum values. Thus, we tried to find out the impacts
of each parameter and analyzed the data to identify why
such affects occur and how to achieve the highest
efficiency from the solar cell.

H(N): Hmin +

3. Result and discussion

After putting all the physical parameters and the
structural parameter values from Tables 1 and 2 for
Ing7Gag 3N p-i-n solar cell into the SCAPS-1D simulator,
we obtained the open circuit voltage (Voc), short circuit
current density (Jsc), percentage of fill factor (% FF) and
the percentage of overall efficiency (% ) of our initial
solar cell as 0.91 V, 32.86 mA/cm?, 84.67% and 25.32%,
respectively.

Table 1. Material parameters of InN, GaN and Iny;Gag 3N collected from literature and obtained using Eq. (1).

Parameter InN GaN Ing 7Gag 3N Reference

Bandgap (eV) 0.78 351 1.305 [1]

Electron affinity (eV) 5.6 4.2 5.18 [27]

Relative dielectric

permittivity (c,) 105 8.9 10.02 [27]

Conduction band effective al7 al7 al7

density of states (cm™) 810 210 6.2:10 [27]

Valence band effective al7 al7 al7

density of states (cm %) 310 3:10 3-10 [27]

Electr_on and hole thermal 1-107 1107 1-107

velocity (cm/s)

Hmin 3138 1461 2634.9 [4, 26]

max 774 295 630.3 [4, 26]

a 0.68 0.66 0.674 [4, 26]

Electron mobility 3138 1462 2635-2740

(cm*/(V+s)) (when doping is (when doping is (depending on doping Using Eqg. (2)
1-10%%) 1-10%%) from 110 to 1-10%)

Hole mobility (cm?/(V-s)) 340 170 289 [27]

Effective mass of electrons 0.07 0.2 0.109 [1]

Effective mass of holes 0.6 1.25 0.795 [1]
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Table 2. Structural parameter values for initial solar cell.

Structural parameter Values
n-layer thickness 6 nm
i-layer thickness 2 um
p-layer thickness 2 um
ﬁsnor doping concentration in n-layer, 1-10% cm3
Unintentional doping in i-layer 1.5-10% cm™
ng;g:?:\j ioping concentration in 1-10% em 2
Pre-existing defect density, N, 1-10% cm=

Radiative recombination coefficient, B

(28] 7.5:10°% cm¥s

Auger electron and hole
coefficients, C, and C, [29]

Capure |y 4103 eméss

Electron and hole minority carrier

e 1ns
lifetime, T, and 7,

For ohmic contact, metal contact Nickel

We then started changing the thickness of
individual layers one-by-one and keeping other
parameters fixed to their initial values or to the optimum
values from the previous result. For example, we found
that increasing the n-layer thickness from 6 up to 16 nm
allow us to increase the overall efficiency from 25.32%
up to 25.55%. However, beyond the 16-nm thickness of
n-layer, the efficiency started to decrease as shown in
Fig. 2a. The open circuit voltage and short circuit current
density as a function of n-layer thickness is shown in
Fig. 2b, where it is obvious that increasing the n-layer
thickness reduces the Jsc term due to minority hole
carrier recombination within the short neutral region but
increases Voc of the device. Thus, we obtained that the
optimum n-layer thickness should be 16 nm. We kept the
n-layer thickness as 16 nm for the rest of our analysis.

Considering the intrinsic layer thickness, we
simulated the devices by setting the layer thickness from
0.1 to 2 um, while keeping the other parameters fixed.
The obtained results are shown in Fig. 3. Fig. 3a shows
the relationship of open circuit voltage and short circuit
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Fig. 1. Schematic Ing;GagsN p-i-n solar cell structure with
initial layer thicknesses.

current density, Fig. 3b shows relationship of fill factor
and efficiency as a function of i-layer thickness variation.
From the both graphs, it is obvious that i-layer of 0.5 um
performs the best, as the short circuit current density
(Jsc), the percentage of overall efficiency (% n) and fill
factor (% FF) are the highest ones: 33.23 mA/cm?,
26.34% and 86.24%, respectively. However, the change
in Voc (in Fig. 3a) is insignificant as the change is very
small (in the fourth decimal point).

To find out the impact of p-layer thickness on
device performances, we simulated the device by keeping
the n-layer and i-layer as 16 nm and 0.5 pum, respectively,
and other parameters at their initial values. Fig. 4 shows
the plot of the obtained data.

From Fig. 4, one can find that when increasing the
p-layer thickness from 0.1 to 5 pum, the open circuit
voltage, short circuit current density (Fig. 4a) and the
percentage of overall efficiency (Fig. 4b) increase
exponentially and get almost saturated at 3 pm. However,
the percentage of fill factor (% FF) gets its highest value
86.31% at 0.5 pm and then starts to decrease and become
almost fixed at 86.22% beyond the thickness of 2.5 um
(Fig. 4b). Thus, we have considered the best thickness for
p-layer to be close to 3 um.
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Fig. 2. Variation of percentage of fill factor and overall efficiency (a) and of V¢ and Jsc (b) as a function of n-layer thickness.
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Fig. 3. Variation of V¢ and Jsc (a) and of fill factor and efficiency (b) as a function of i-layer thickness.
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concentration Np (cm ).

Now, to see the impact of doping concentration, we
modeled our structure with doping concentration from
1-10% to 1:10% cm™ for p- and n-layer of the structure
separately, while making the layer thicknesses of 16 nm,
0.5 um and 3 um for n-, i-, p-layers, respectively, and
keeping the other parameters as shown in Tables 1 and 2.
Figs 5 and 6 show the obtained data for n-layer doping
and p-layer doping, respectively.
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Fig. 5 suggests that all the output parameters, i.e.,
open circuit voltage, short circuit current (Fig. 5a),
percentage of fill factor and overall efficiency (Fig. 5b)
of the solar cell, increase almost exponentially and get
saturated at or near the donor doping concentration (Np)
close to 1-10®° cm™. For example, the open circuit
voltage (Voc) is 0.97 V, short circuit current density (Jsc)
is 33.55 mA/cm?® and percentage of fill factor (% FF) is
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87.92%, while the overall efficiency (% n) is 28.80% at
doping concentration of 1-10%° cm™. Moreover, at that
high doping concentration (1:10%° cm™) the Iny-GagsN
n-layer will become degenerated material, as the Fermi
level will be within the conduction band (141.5 meV
from the lowest conduction band energy), which will
help to make an ohmic contact with Ni metal for external
connection.

In Fig. 6, we have presented the variation of open
circuit voltage, short circuit current density, percentage
of fill factor and the overall efficiency as a function of
p-layer acceptor doping concentration N, (cm ). From
Fig. 6a, we have found that the short circuit current
density decreases sharply after the acceptor concentration
close to 1-10™ cm™. But the other parameters increase as
that of n-layer donor concentration variation. As it is
always required to have higher short circuit current
density from a solar cell, thus it is better to compromise
open circuit voltage, percentage of fill factor and
efficiency values slightly as shown in Fig. 6 to get the
highest value of Jsc 33.55 mA/cm?.

In the case of intrinsic layer (i-layer), it has been
reported that when growing the InGaN layer, it generally
gets unintentionally doped (UID) with donor type
impurities of 5-10"° cm™ due to oxygen doping (as
known shallow donor in GaN) [30]. However, we come

to know from our simulation result (as shown in Fig. 7)
that if we allow this amount of UID i-layer, the
efficiency of the solar cell drops drastically. This takes
place probably because some additional energy states
appear within the band gap of the layer, which is caused
by a high concentration of impurities, which act as a
recombination centers for the generated electron-hole
pair within the i-layer. Fig. 7a shows that the short circuit
current density decreases from 33.15 mA/cm* down to
32.40 mA/cm?, while the UID concentration is increased
from 1.5-10" cm™ up to 1.5-10"" cm™>. But if we could
make the UID concentration below 1.5-10"° cm™, then
the short circuit current density (Jsc), percentage of
fill factor (% FF) and overall efficiency (% m) are
almost fixed at 33.15 mA/cm? 88.03% and 29.21%,
respectively. However, the open circuit voltage value
does not have any impact caused by the change in UID
concentration and remains fixed at 1.0 V.

Finally, pre-existing dislocation density (N;) within
the InGaN layer is an important issue to deal with for
efficient solar cell. We analyzed our structure when
introducing the dislocation density from 1:10* up to
1-10 em™ for individual layers to identify the depen-
dence of overall efficiency with respect to each layer’s
dislocation density values. Later, we also considered the
dislocation density to be equal in all layers.
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Fig. 8 shows the obtained result. It is important to
note that dislocation density variation within n- and
p-layer do not have significant impact on percentage of
overall efficiency loss, as it is almost fixed at 29.21%
(black (=) and blue (a) lines in Fig. 8). But dislocation
density variation within intrinsic layer (i-layer) has a
huge impact on the percentage of overall efficiency
(% 1), because the efficiency drops dramatically from
29.21% to 17.21%, when the dislocation density (N)
varies from 1-10* cm™ up to 1-10" cm™ as shown by
red (e) line in Fig. 8. Moreover, while considering the
dislocation density to be equal in all the layers (green (v)
line), it follows that the exact percentage of overall
efficiency (% n) values reaches that of i-layer plot (red
line). Thus, it is obvious that the i-layer should have as
low dislocation density as 1-10* cm™ to get an effective
solar cell structure.

The results show that a high quality, strain free and
less dislocation density (< 1-10* Cm’?’) Ing,GagsN alloy
is a key element to achieve high efficient homojunction
p-i-n solar cell structure. In the near future, fabrication of
such alloy will be the main challenge to overcome. Again
the voltage and current leakage parameters such as series
and shunt resistance, as well as decreasing light
absorption coefficient (due to air-semiconductor light
propagation) of the device should be minimized to get an
efficient group Il1-nitride material based solar cell.

4. Conclusion

In this work, we simulate a homojunction p-i-n solar cell
of group Ill-nitride material using SCAPS simulation
software. We come to know that if we have a high
quality, strain free and less defect density (< 1-10 cm™®
Ing7Gag 3N alloy, then we can easily design a solar cell
structure to get an overall efficiency of 29.21% when
making the n-layer of 16-nm, intrinsic layer (i-layer) of
0.5-um and p-layer of the 3-pum thickness with specific
doping concentrations. We have found that by doping the
n-layer with dopant of 1:10°cm>, i-layer with
unintentionally doping concentration of 1.5-10% cm™
and p-layer doping with 1-10™ cm, overall efficiency of
29.21% can be achieved. It is quite remarkable that the

open circuit voltage, short circuit current density and
percentage of fill factor values of the above mentioned
solar cell structure are as follows: 1.0 V, 33.15 mA/cm?
and 88.03%, respectively, by using Ni as metal contact.
The dislocation density in the intrinsic layer plays a vital
role in overall Performance, as it should be less than or
equal to 1-10™ cm™, and the i-layer should be doped
with acceptor type dopant to make the overall n-type
unintentional doping (UID) concentration less than or

equal to 1.5-10°cm™® to achieve the maximum
efficiency from the solar cell structure.
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AHaJti3 MO/IeJIbHUX XapaKTEePUCTHK /ISl ONITUMI3aIlii COHSIIHOTO eJieMeHTa Ha ocHOBi 1Ny ;Gag 3N
3 p-i-N romomnepexoaomM

S. Hussain, Md. T. Prodhan and Md. M. Rahman

AHoTauisi. {71 BU3HAYCHHS 1ealbHUX CTPYKTYPHHUX MapaMeTpiB COHSIYHOTO eleMeHTa Ha OcHOBI INg;GagsN 3 p-i-n
TOMONEPEXOAOM IPOBEICHO MOJECNIOBAHHSA, 00 OTPUMATH MaKCHMalbHY 3araibHy e(eKTHBHICTH. IlokazaHo, 1m0
mapaMeTpu — N-map TOBIMHHOI 16 HM, BracHuil map (i-map) ToBmmHO 0,5 MKM i pP-IIap TOBHIIMHOIO 3 MKM 3
BiINOBITHAMH KOHIICHTPAILiSIMH JICTYBaHHS 1-10% e ® U N-Tmapy i 1-108 enm® U P-TIapy — JO3BOJISIOTH JOCSATTH
MakcuManbHOI eekTuBHOCTI 29,21%. KoHCTpyKIis COHSYHOTO eleMeHTa 3a0e3nedye Hanpyry xonocroro xony 1,0 B,
FYCTHHY CTPYMy KOPOTKOTO 3amuKaHHs 33,15 MA/CM’ i koedinienT 3anmoBrenHs 88,03%. OnHak eeKTHBHICTh Pi3Ko
majae, SKIo ITBHICTh TUCITOKAIlil B I-mmapi Gimblne Hik 1-10% CM’3, a (OHOBA KOHIICHTpAIlis IOMIIIOK B i-mapi
nepesuiye 1,5 10% em .

K.]'IIO‘IOBi cJIoBa: p-i-n r0Monepexia, COHSYHUII CJICMCHT, HpI/ICTpiﬁ JJIsT MOACJIIFOBAHHSA €MHOCTi COHSAYHUX eJ'IeMeHTiB
(SCAPS).
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