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Abstract— The ability to tune the InGaN bandgap over a range
providing a good spectral match to sunlight, makes it suitable
for solar photovoltaic cells. The ultimate aim is to elaborate the
most efficient solar cell made of multiple layers with different
bandgaps. As a first step, the objective is to design the optimal

InGaN single junction solar cell. Several models (the doping
and temperature-dependent mobility model, Auger and
Shockley-Read-Hall, the recombination model, the band
gap narrowing model, the Fermi-Dirac statistics) were
implemented in a two-dimensional numerical computer code
(Atlas from Silvaco) in order to find the best configuration
structure. Given that Inge,GagzsN (E; = 1. 39eV) is the
composition alloy that allows the best conversion efficiency for a
single junction solar cell, the optimal structure found exhibits
the following characteristics: Jsc=33.1149mA/cm2,
V,=1.0154 Volts, FF=88.3007 % and n =29.68 %.

Index Terms— solar cell; InGaN; physical properties.

1. INTRODUCTION

Recently, various studies of solar cells using IIl-nitrides
semiconductors in the photovoltaic applications have been
done. The InGaN alloy is a promising candidate for the
photovoltaic applications because it exhibits attractive
photovoltaic properties such as high tolerance to radiation,
high mobility, and large absorption coefficient allowing
thinner layers of material to absorb most of the solar spectrum
[1].

Moreover, the InGaN alloys have a band gap energy which
can be adjusted according to the Indium composition. Thus,
the InGaN’s energy band gap can be tuned from 0.7¢V to
3.42eV, covering approximately the total solar spectrum.

It was shown theoretically that the band gap energy of about
1.39¢V permits to achieve the maximum conversion efficiency
[2], for a fraction composition of Indium of x=0.62 in the
InyGa; N alloy.

The objective of the work presented in this article is to
study the Inos:GaossN p-n single-junction solar cell and
extract the electrical parameters, such as the short circuit-
current density (J,), the open-circuit voltage (V,.), the fill
factor (FF), the conversion efficiency (1), and to study their
behavior for different doping concentrations and thicknesses
of each layer of the device.
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The effect of the temperature on the electrical
characteristics of the Ines2GaossN single-junction solar cell
have also been investigated.

2. MODELLING AND SIMULATION

Structure

As the numerical simulation is an important way to explore
the possibility of new solar cell structure, the InoszGaossN p-
n single-junction solar cells has been studied using two-
dimensional numerical computer simulation tool (ATLAS
from Silvaco).

Atlas is a physically-based two and three dimensional device
simulator. It predicts the electrical behavior of specified
semiconductor structures [3].

To simplify the simulations, we have assumed that the
reflections on the front face were negligible.

The IngeyGaysgN single junction solar cell structure studied
consists of a P-type emitter and N-type base, as shown in

figurel:

P- Ing¢2Gag3gN

N-Ingg2GagagN

Figure 1. Inos2Gaoe.ssN single junction solar cell structure
Physical models

The material used for our solar cell simulation consists of
Inos2GaonssN which has a band gap energy of 1.39eV. The
band gap energy is related to the Indium composition fraction
x at a temperature of 300K by [4]:

Eg(lkaal—xN) = XEgInN + (1 —X]EgGaN -b.x. (1 —X) (1)
where the band gap energy of InN (Eg;y) and GaN (Egg.n)

are 0.7eV and 3.42eV, respectively. x is the Indium content
and b is the bowing parameter b=1.43.
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The-dependence of the energy band gap to the temperature
is modeled in Atlas as follows [3]:

N)+E 3000 _ 17 ] (@)

E(T)=E (Ik Ga
g L g300 X 1- ga 300+Egp TL+Egp

where Egso0 is given by the equation (1). Ege and Eyp are
the parameters related to the materials used in the single

junction. They are fixed respectively to
9.09x 10-* eV, K1 anij 50 eV, K-1 and are valid for the whole
composition range of the Ik Ga N.

x 1-x

The other modeling parameters of the Ik,Ga;_(N alloy were
calculated using the following equations:

Electron affinity (3) [5]:
3(IkGa; «N) = 4.1 + 0.7(3.4 - Eg) 3)
where Eg is the In,Ga;.\N band gap energy.
Relative permittivity (¢) [4]:
e(lkGa;_xN) = 15.3x + 8.9(1 - x) @)
Effective density of states in the conduction band (N,) [5]:
Ne(Tk«Gai<N) = (0.9x + 2.3(1 - x)). 101 (5)
Effective density of states in the valence band (N,) [5]:
Nv(Ik«Gai-xN) = (5.3x + 1.8(1 -x)). 107  (6)
Effective masses (m./my) [3]:
me(lkxGai-xN) = 0.12x + 0.2(1 - x) @)
mp(lk,Ga;_N) = 0.17x + 1.0(1 - x) (8)

The low field mobility model developed by M. Farahmand
et al [6] has also been implemented in our model in order to
study the hole and the electron mobilities behavior in the
IkGa;_yN alloy depending on the material composition and
the temperature. The electron or hole mobility is given by the
following expression:

U(NT)=U 14"

0( J (300) *

min,i

T B2
(Umax,i_Umin,i)(goy (9)
T B4
v(30d

1+(%)
Nref[;]

where T is the lattice temperature, N is the total doping of the
layer, Nref the doping of the substrate is fixed at 1077 cm-3,
B1, B2, B3, B4 and y are the specific parameters for a given
material.

Umin and Umax, the values for the carrier mobilities, are given
in the Table 1:

Table 1
Nitride Low Field Mobility Model Parameter Values [6]

Material Umaxe Umin,e
(¥~ s) (¥~ s)

TkN 3138.4 774

IkpgGagN  1252.7 644.3

IkysGagsN  758.1 4594

Iky,GaggN 6842 389.4

GaN 1460.7 295

in Table 1,
were got by a linear

For other composition fractions not listed
IkxGai-xN electron mobilities
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interpolation from the nearest composition fractions. As the
experimental data for the hole mobilities in the InGaN alloys
are not available, we have assumed that the hole mobilities in
the InGaN are the same as in the GaN [11].

The InGaN alloys absorption coefficients a is given by [7]:

2
a(lk Ga1-<N) = 10N C(Epn — Eg) + D(Epn — Eg)”  (10)
where Epn and E; are the photon energy and the band gap

energy of In,Ga, N, respectively. C and D are parameters
dependent on the alloy composition.

Table 2
Fitting parameters used to calculate the absorption coefficient of the
Ik,Ga; N alloys [7]

Indium composition C D

1 0.69642 0.46055
0.83 0.66796 0.68886
0.69 0.58108 0.66902
0.57 0.60946 0.62182
0.5 0.51672 0.46836
0 3.52517 -0.65710

For the Ik«GaixN alloys, the Adachi’s wavelength-

dependent refractive index model is given by the following
equation [8]:

2
k(E):\/A(EE’j) {2—\/1+£E‘f—\/1—551;—”}+3

atn

where A and B depend on the material composition. In the
case of the IkGa; N alloy, A and B are given by the

following equation [8]:

A(IkGa;_yN) = 13.55x + 9.31(1 - x)
B(IkxGai-xN) = 02.05x + 3.03(1 - x)

(12)
(13)

Some assumptions have been adopted to simplify the
simulations. Thus, the minority carrier lifetime for the
electrons and holes are assumed to be the same (7, = 6.5 ks)
[9]. The Auger recombination coefficients for the electrons
and the holes, for the Ik,Ga; N alloys, are set at
(1.5x10-3%cméb. s71)[10]. The surface recombination
velocities of the minorities (electrons or holes) were assumed
to be 103cm/s [9].

In order to take into account the action of several
physical phenomena that take place in the structure, the
following physical models have been implemented:

- The band gap narrowing effects.

- The doping and temperature-dependent

models.

mobility

- The Auger recombination models.
- The Schokly-Read-Hall recombination models.
The Fermi-Dirac statistics.
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3. RESULTS AND DISCUSSION constants and the diffusion lengths of the minority carrier
(electron and hole). J, is the reverse saturation current density
In order to get the best Ikys,GagsgN single-junction solar  and n; is the intrinsic carrier concentration.

cell configuration, a great number of simulations were done to According to the equations (15,16), the open circuit voltage
select the optimal device parameters as the optimal doping increases when the doping concentration increases.
concentration, the optimal thickness of the front layer. 0.03 R a2

Optimal doping concentrations of the front layer i

30
i i 0.028
With a known proper total thickness 9f Iko.engo.saN SJ . o {_ 3¢ 2# "%
solar cell, we have calculated the conversion efficiency for NE =
. . . =]
various values of the acceptor doping concentrations Na. @ 28z
(donors concentration Nd is assumed to be the same with Na). = 0.026 =
N g 3
The solar cell efficiency is given by: % 26 =
o i
0 - Isc.Voc.FF
S5(%) =—F— (14) 0.024 ”s
—+— Pmax /
where Isc is the short circuit current, Voc is the open circuit - Efficiency ¥ -
voltage, FF is the fill factor, and Pin is the incident power of 0022 L BB BEHDIE  BEHME 55
the solar spectrum. ' 0 2E+018 4E+018 6E+018 BE+018 1E+019
Na(cm?)
0.033 . — T T T T . 1.04 Figure 3. The Maximal power and the solar efficiency of the solar
junction versus the doping concentration Na.
¥ As shown in figure 3, while the doping concentration Na
0.0328 1 increases, the maximal power produced by the solar cell and
— e its conversion efficiency increase first and then decrease.
E 3 The optimum efficiency of In,Ga, N single-junction solar cell
o =) . .
< 0.0326 0.96 > was reached when the doping concentrations were both
S 1 (6.10%3cm ).
7]
2 =
i Optimal thickness of the front layer
0.0324 0.92
Since the optimal doping concentration was found, the main
+—+— Jsc(Alcm?)] parameters of the Ingg,Gay 33N single-junction solar cell such
| | E-E-8Vog(Volts) as Jso Voo Pmax, FFakd y , were calculated for a range of p-
0.0322 ' . . . ' 0.88 1 thick i t 0.01 to lpm.
0 2E+018 4E+H018 6E+018 BEHO1B 1E+IL ayer thicknesses comprised between pm to lpm
Na(cm™)
Figure 2. The short circuit current density and the open circuit 0.0335 0.3
voltage versus the doping concentration Na.

As the doping concentration N;(i = A or D) decreases, the 0.033 0-28
carrier mobility and the minority carrier lifetime increase, st
inducing an enhancement in the minority carrier diffusion = ot
length, and a better collection efficiency, resulting in the E f0ueh L y
improvement of the current density. < s

The open circuit voltage of the p-n junction solar cell is g ‘0

. . . o 0.032 0.24 =
given by the following equations: = E
KpT, Jsc
Voc = —In(j +1) (15) 0.0315 0.22
q 0
D Dy +—+—+ Jsc(Alcm?) 4
_ 2 e B .
]0 =q. ki C + ) (16) - x——xEfficiency(%)| | | i
LeNa Lol 0 0.2 04 06 0.8 1

Front_layer Thickness (um)

Figure 4. Calculated efficiency y and short circuit current density Jg.
versus the front layer thickness.

where Ky and q are Boltzmann’s constant and electron charge,
respectively. D, and L., are respectively the diffusion
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As shown in figure 4, the conversion efficiency and the
short circuit current density increase, first, sharply with the
increasing of the front layer thickness, and then decrease.

When the front layer thickness decreases, the distance
between the space charge region and the surface decreases,
that improves the effective collection efficiency inducing the
enhancement of the short circuit current density. In the same
time the collection efficiency of the space charge region will
be weakened as this last is too close to the surface if the
surface recombination was considered. The reduction of the
collection efficiency leads to the decrease of the short circuit
current. It was found that the best efficiency was reached for a
front layer thickness of 0.16pm.

Optimal performance of Ing 5,Gay 35N SJ solar cell

The optimal performance of Ing¢GagsgN single-junction
solar cell was found for 0.16um p-layer thickness and 0.5pum
n-layer thickness, with 6.10'%cm® doping concentrations for
both regions.

Table 3
Calculated parameters of the Ing ,Gag 3sN SJ solar cell under
AMI.5G, 0.1W/cm? and 300K.

PV parameters values
Jse(mA/cm?) 33.1149
Voc(VOltS) 1.0154
Ppax(mW/cm?) 29.6910
FF(%) 88.3007
u(%) 29.68
0.04 — 71— —— 0.032
AM1.5; 0.1W/cm?; T=300K"; i
P e i 0.028
£ 00321 152331149 Alem? _0.024
g L Voc=01.0154 Volts i -
= Pm=29.6910 Wfcm2 ' o002 E
20024 ~rr=g3.3007 % \ 1 S
2 - Eff=20.68 % / _ p(v) —0.016 5;
2 1 @
Q 0.016 - lvia g
= o
E L A
= —0.008
O 0.008 - |
| —0.004
0 i | | | | | | | | | i | 0
0 02 04 06 08 1 1.2

Voltage(Volts)
Figure 5. I(V) and P(V) characteristic of the Ing ¢,Gag 33N SJ solar
cell with the optimum performance.

3.4. The temperature dependence of Iny¢,Gag3sN SJ solar cell

The photovoltaic parameters of the Ing4GagisN SJ solar
cell were calculated for different values of temperature in
order to understand the electrical behavior of the solar cell
under high temperatures.
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Figure 6. Efficiency and open circuit voltage as a function of
temperature for Ing 4,Gag 33N SJ solar cell.

As shown in Figure 6, the open circuit voltage, and the
efficiency was highly degraded with the increasing of
temperature.

The open circuit voltage decreased with the increased
temperature due to the reduction of the band gap energy and
the extremely increased reverse saturation current, which is
very sensitive with temperature, inducing the degradation of
the solar efficiency.

4. CONCLUSION

The calculation of the photovoltaic parameters of the
Ing6,Gag3sN p-n single junction solar cell, for the cases of
different doping concentrations and different thicknesses of
each layers, has allowed to achieve the best solar cell structure
with optimum performances.

The optimum efficiency, found under normalized conditions
(AM1.5G, 0.1 W/cm2, and 300°K), is 29.68%. The
performances of the solar cell vary with the temperature. We
noticed efficiency degradation with the increasing of the
temperature, this is due to the temperature dependency of the
physical parameters of the solar cell.
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