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In this paper, a mathematical model based on the equivalent circuit (single-diode model) was used to study
the electrical behavior of a GaAs/Ge single junction solar cell. In order to validate the suitability of this
proposed model, nominal values provided by the manufacturer such as photocurrent (Isc), open circuit voltage
(Voc), maximum power (Pmax), form factor (FF) and efficiency (77) were exploited. A comparison between the
nominal static characteristics, current-voltage (I-V) and power-voltage (P-V), and those obtained through the
proposed model of this solar cell showed that they were very identical. Based on this proposed model, the
impact of irradiance and temperature on these static properties and on the various electrical parameters of this
solar cell was investigated. This study demonstrated the suitability of this proposed model in exploring how the
electrical behavior of this solar cell is affected by changes in illumination and temperature, respectively.
Despite the simplicity of this proposed model, it presents good behavior and high performance, making it the
most suitable mathematical model for studying single-junction solar cells based on GaAs/Ge semiconductor
technology. MATLAB software was used to simulate the proposed model and to analyze the performance of this
solar cell.
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1. INTRODUCTION

Energy is the main artery for the development and
growth of countries, especially electric power, because of
its wide utilization in daily life, whether when
individuals, institutions or countries. Therefore, demand
for electricity is increasing [1-3]. This is what makes
scientific research seeks to find a permanent source of
electric power [2]. Solar electrical energy is considered
the most widely used in the world [4], especially
photovoltaic energy, because this energy is the most
readily available and non-polluting energy source [5-7].
This photovoltaic electricity is produced by direct
conversion of sunlight into electricity [8-10], using the
solar cells [6-11].

In addition to silicon technology, the Gallium
Arsenide (GaAs) is among the most important
semiconductors that have proven their worth in the
solar cells technology because it possesses high
electronic mobility [12], a direct-bandgap with a sharp
absorption onset near the Urbach edge [5], and we
found that the efficiency of solar cell in GaAs
technology has reached 30.1 % under concentrated sun
light [13]. This is what makes these cells are highly
efficient devices. In addition to the manufacture of
these cells, simulation is also a very powerful tool used
in research to study the results of an action on an
element without performing the experiment [14]. There
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are lots of software are exists in the field of modeling,
simulation and analysis of photovoltaic cells [15-16].
Among them is MATLAB, which is characterized by
ease of use, develops an accurate model, simulate the
complex model, solar PV system and other engineering
disciplines. Moreover, MATLAB is easily available in
industrial, academic and research labs [15-17]. For
this, many recent researches have focused on the study
of solar cells using simulations [6], especially by
MATLAB [13, 16, 18, 19].

In this work, we will study the electrical behavior of
the GaAs/Ge single junction solar cell by studying the
characteristics Current-Voltage (I-V) and Power-
Voltage (P-V), then the study of the influence of solar
irradiation and the temperature on both characteristics
of this cell. To carry out this work, we will use
MATLAB software as a tool for calculation and
simulation.

2. GAAS/GE SINGLE JUNCTION SOLAR CELL

The single-junction solar cells based on GaAs/Ge
semiconductor technology has been used in satellites as a
good power supply. These solar cells mainly consist of
GaAs semiconductor material deposited on a Ge substrate
with anti-reflective (A/R) coating as shown in Fig. 1. The
advantages of these materials (GaAs and Ge) are to
capture a large number of photons, corresponding to a
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larger spectrum of light, and thus to obtain a better
performance [20]. The datasheet parameters of the
GaAs/Ge single junction solar cell are summarized in
Table 1 [21].

Contact

Fig. 1 — Structure of the GaAs/Ge single junction solar cell [21]

3. SOLAR CELL MODEL

The photovoltaic cell model closest to reality
represents this cell as a current source that models the
conversion of light flux into electrical energy in parallel
with a diode that models the p-n junction and a shunt
resistor Rsn represents the current of leakage, the latter
are connected in series with another resistor Rs
represents the resistance of contact and connection
[22-23] as shown in Fig. 2.

Parallel

Hi

Fig. 2 — Equivalent circuit of a real photovoltaic cell and
module

Series

A photovoltaic cell alone cannot provide enough power
to supply a load or the power grid. For this it is necessary
to associate these cells between them to form a module in
order to provide more power. It is then necessary to
introduce two new parameters Ns and Np, respectively
representing the number of cells in series and in parallel
[24-25]. The current expression of the photovoltaic cell
becomes:

v__, Rl . R
I = Nplgc — Npl <e"NsVT NpvT — 1) _ L _Bsg 1)

Rsn Rsn

With Isc is Short-circuit current, Rsx 1s shunt
resistance characterizing the recombination losses of
carriers due to structural defects of the material and Rs
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is series resistance characterizing the Joule effects
losses in the semiconductor and the losses through the
collection grids and the ohmic bad contact of the cell.

In this work, we propose that the value of the
resistance Rs is very small (= 0 Q) and the value of the
resistance Rsn 1s very large (— o) [23], that is to say, we
will consider our cell as an ideal solar cell to simplify
the calculations, that is to say, we will consider our cell
as an ideal photovoltaic cell to simplify calculations. In
this case, the current I of our single-junction solar cell
is given by the following expression (2):

\4
Ig = Nplsc — Nplos (e"NSVT - 1) @)

n is the ideality factor of the p-n junction diode in the
photovoltaic cell, and Vrthe thermal voltage defined by:

VT = 7 (3)
los = Ior (Tir)g (e%(%_%)) 4)

Where Ios and I, are the reverse saturation current
and saturation current of the solar cell, respectively, T’
is the reference temperature (Tr = 298.18 °K) and Eco is
the gap of the semiconductor at 300°K.

S
100

Isc = (Isct + K; (T - Tr)) (%)
With K7 is the temperature coefficient of the short-
circuit current.
In the case of a one solar cell (Np=1 and Ns=1),
the current expression for this model is written as:

v
la = Isc = los (77~ 1) ©®)

Substituting Eq. 3, 4 and 5 into Eq. 6, we get the
following statement:

la = (e + KT = 1) 55~ [10r (B) (5F) (77 1) (D)

4. RESULTS AND DISCUSSION
4.1 Validation of the Proposed Model

To investigate the evolution of the current and
power of the GaAs/Ge single junction solar cell as a
function of voltage, we have varied the voltage V from 0
to 1.1 V. The voltage values of V were chosen according
to the factory data and in order to distinguish the
different operating regions of this solar cell.

Figs. 3-a and 3-b respectively show the evolution of
current and power as a function of the polarization
voltage of the GaAs/Ge single junction solar cell at
room temperature 300 °K and at irradiance intensity
(AMO Sunlight) 135.3 mW/cm?2.

The experimental properties (static characteristics
and electrical parameters) and those obtained by our
model of the GaAs/Ge single junction solar cell are very
identical as shown in Fig. 3 and Table 1; this shows
that this solar cell studied is of high manufacturing
quality. This allows the study of the electrical behavior
of this cell using our model proposed in this work.
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Fig. 3 — Characteristics of GaAs/Ge single junction solar
cell, a) I-Vand b) P-V

o

Table 1 - Electrical parameters of GaAs/Ge single junction
solar cell at 7'= 300 °K and S = 135 mW/cm?
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The effect of irradiation on the static characteristics
of the GaAs/Ge single junction solar cell was studied
based on the proposed model by varying the
illumination between 20 mW/cm? and 140 mW/cm? at
room temperature. From the simulation, we obtained
the characteristics of the following Figs. 4-a and 4-b.

These Figs. (4.a and 4.b) were used to extract the
variation of the electrical parameters of this cell as a
function of the illumination. These parameters are
shown in Table 2.

Table 2 — Electrical parameters as a function of the
illumination of the GaAs/Ge single junction solar cell
Parameters Voc Vinax Prax FF
o | Isc (A) 0
S (mW/cm?) %) (%) W) (%)
20 0.2198 | 0.938 | 0.818 | 0.1711 | 82.98
40 0.4396 | 0.965 | 0.844 | 0.3537 | 83.37
60 0.6593 | 0.981 | 0.857 | 0.5407 | 83.59
80 0.8791 1 0.993 | 0.87 | 0.7305 | 83.68
100 1.099 | 1.001 | 0.879 | 0.9224 | 83.84
120 1.319 | 1.009| 0.889 | 1.116 | 83.85
140 1.5638 | 1.021 | 0.895 | 1.311 | 83.48

Parameters | This model Experimental data [21]

ILsc (A) 1.487 1.4945
Voe (V) 1.02 1.025

Imax (A) 1.421 1.42514

Vinax (V) 0.89 0.89

Prax (W) 1.26469 1.2683746

FF (%) 83.382122 82.799507

17 (%) 18.9448 19

4.2 Solar Irradiation Effect

The GaAs/Ge single junction solar cell generates a
photocurrent (short-circuit current) in the presence of
sunlight, which evolves linearly as a function of the
illumination intensity directed at the surface of this
solar cell. As for the Voc voltage, it also increases with
the sunlight intensity, but to a lesser degree [26]. This
leads to an increase in the maximum power Pnax
available as shown in Table 2 and Figs. 4a and 4b.

According to Table 2, it is not possible to make an
exact judgment on the evolution of form factor FF as a
function of the variation in illumination for the
GaAs/Ge single junction solar cell. But the optimal
value of this factor (83.85 %) corresponds to the
illumination value S = 120 mW/cm?2.

1.6 T [ T [
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S =100 mW/cm2
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Current (A)
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Fig. 4 — Irradiation effect on the static characteristics of the GaAs/Ge single junction solar cell, a) I-V, b) P-V
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Fig. 5 — Efficiency vs illumination of the GaAs/Ge single
junction solar cell

The solar irradiation effect on the efficiency of the
GaAs/Ge single junction solar cell is represented in Fig. 5.

The obtained results show that the efficiency of the
GaAs/Ge single junction solar cell increases linearly as
a function of the solar irradiation, which enables us to
predict the behavior of this cell.

From this figure, we have shown that the efficiency
of the GaAs/Ge single junction solar cell is directly
proportional to the illumination. At room temperature,
the efficiency curve 7(S) in Fig. 5 can be fitted to the
following equation:

n(S) = —0.38648 + 0.14247 S )

4.3 Temperature Effect

Temperature is one of the most important physical
factors in the electrical behavior and performance of
solar cells and other electronic and optoelectronic
components. So, to study the influence of temperature
on the different characteristics of the GaAs/Ge single
junction solar cell at an illumination of
S =135.3 mW/cm?2, we varied the temperature from
27 °C to 67 °C. From the simulation, we obtained the
characteristics of the following Figs. 6a and 6b.

The open circuit voltage Voc decreases significantly as
a function of the temperature variation because the
recombination is affected by the change in temperature,
such that recombination 1is higher at elevated
temperatures, which is expressed by an increase in diode
saturation current. This current in turn is directly

Current (A)

[ [ [ [ [ [

[ [ [ [ [

0.5 0.6 0.7 0.8 0.9 1
Voltage (V)
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Fig. 6 — Temperature effect on the static characteristics of the GaAs/Ge single junction solar cell, a) I-V, b) P-V

influenced by the recombination, gap and temperature
where it increases with decreasing gap and increasing
temperature [26].

On the other hand, when the temperature
increases, the photocurrent Isc increases slightly. This
is due to the fact that the gap of semiconductor
materials decreases at high temperature, allowing
lower energy photons to be absorbed and thus more
electron-hole pairs to be generated [26]. This leads to a
decrease in the maximum power Pne available as a
function of the temperature as shown in Table IIL
From this table, we have also shown that the form
factor FF of the GaAs/Ge single junction solar cell is
considerably reduced depending on the temperature
variation.

Table 3 — Electrical parameters as a function of the
temperature of the GaAs/Ge single junction solar cell
Parameters Voc | Vinax Prax o
T(C) Isc (A) W) W) W) FF (%)
27 1.487 11.020| 0.890 | 1.264 | 83.38
37 1.501 ]10.997| 0.875 | 1.221 | 81.59
47 1.515 1 0.979| 0.853 | 1.202 | 81.04
57 1.529 10.962| 0.835 | 1.182 | 80.35
67 1.543 10.944| 0.818 | 1.161 | 79.70

Fig. 7 shows the influence of temperature on the
efficiency of the GaAs/Ge single junction solar cell.
According to the results obtained, the efficiency of this
solar cell decreases significantly in the temperature
range below 37°C, in contrast to the range above 37 °C,
the efficiency decreases slightly as shown in Fig. 7. In
two temperature ranges, the efficiency curve n(7) in
this figure can be fitted to the following equations:

n(T) = 20.67362 — 0.06441 T for T <37°C  (9)

n(T) = 19.40633 — 0.02996 T for T >37°C (10)

These results indicate that the temperature has an
adverse effect on the electrical performance of the solar
cell. That is to say, when cells operate at high
temperatures, they lose their characteristics and aging
rapidly [27]. Therefore, a heat removal system,

ventilation or cooling is required. For this purpose and in
recent years, several cooling methods have been used,
with the aim of cooling solar cells and improving their
electrical performance, such as passive cooling, active
cooling, cooling based on phase change materials
(PCMs), as well as hybrid cooling based on PCM with
other additives such as nanoparticles, porous metal or
hybrid nanoparticles coupled with flat heat pipes (HP-
PCM) [28-30].

.
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Fig. 7 — Efficiency vs temperature of the GaAs/Ge single
junction solar cell

The results clearly show the dependence of the
electrical behavior of the GaAs/Ge single junction solar
cell on the variation in climatic parameters, because the
electrical parameters of this cell depend on the variation
in temperature and in illumination. In addition, these
semiconductors materials (GaAs and Ge) are
characterized by high thermal conductivity and high
optical absorption.

According to the various results obtained, the model
(single-diode model) proposed in this work can be
applied to study and evaluate the characteristics of
other single junction solar cells, especially those that
are characterized by high manufacturing quality.

5. CONCLUSION

This research paper presents a mathematical model
(single-diode model) that allows the study of the
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electrical performance of the GaAs/Ge single junction
solar cell. This model uses the parameters provided by
manufacturers and includes the effects of irradiation
and temperature. The results obtained through the
proposed model showed good agreement with that of the
manufacturer's data sheet of this solar cell, and this
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Jocnim:xeHHs eJIeKTPUIHOL ITOBEIIHKY OJHOIIePeXiJHNX COHIIHUX ej1emeHTiB GaAs/Ge
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Jlna mocmimsKeHHA eJIGKTPUYHOI MOBEIHKHM OJHONIepeximHoro comsuyHoro esemenra GaAs/Ge 0Oysio

BHKOPHCTAHO MaTeMaTH4YHY MOIeJIb,

3aCHOBAHYy Ha eKBiBaJeHTHIN cxemi (omHomiommiii wmomes). s

MATBEpIpKEeHHA MPUIATHOCTI 3AIIPOIIOHOBAHOI MOl OyJI0 BHUKOPHCTAHO HOMIHAJIBHI 3HAYEHHS, HALAHL
BHPOOHUKOM, Takl Ak dorocrpym (Isc), Hampyra xosocroro xoxy (Voc), MakcuMaabHA MOTYRHICTD (Prax), opM-
daxrop (FF) ta xoedimient koprcuoi mii (£2). ITopiBHAHHSA HOMIHAJBHWX CTATHMYHHUX XAPAKTEPUCTUK, BOJILT-
amreprol 3aseskrocti (I-V) ta moryskHocti (P-V), 3 TMH, 110 OTPHUMAHI 34 IOIIOMOIOK 3aITPOIIOHOBAHOI MOIEJIL
IIHOT'O COHSTYHOIO €JIEMEHTa, ITOKA3aJI0, 10 BOHM Jyike 1meHTruHi. Ha ocHOBI 1€l 3ammpomoHoBasol Moesti 0yJio
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JIOCJTIPKEHO BILIUB OIIPOMIHEHHSI Ta TEMIEpAaTypy Ha Il CTATHYHI BJIACTHBOCTI Ta HA PISHI €JIEKTPUYHI
rmapaMeTpy I[LOI0 COHSYHOrO ejeMeHTa. lle MociisreHHs IIPOoJeMOHCTPYBAJIO IPUAATHICTH 3aIIPOIIOHOBAHOL
MoJiesIl ST TOCJIPKEHHSI TOTO, SIK Ha eJIEKTPUYHY IOBEIHKY IIOI0 COHSYHOIO eJIEMEHTA BILUIMBAIOTH 3MIHHU
OCBITJIEHOCTI Ta TeMIreparypu Bignosinuo. Heapaskarouu Ha IpocToTy 3aIporIoHOBAHOI MOJIEJI], BOHA JIEMOHCTPYE
XOPOIILy IIOBEIIHKY T4 BHUCOKY IIPOJYyKTHBHICTH, 1[0 POOUTH I HAMOLIBIN IPUJATHOI MATEMATHYHOKI MOIEJLITIO
JUIST TOCJTYKEeHHS OJHOIEePEeXiTHMX COHAYHMX €JIEMEHTIB HA OCHOBI HAMMBIIPOBITHUKOBOI TexHosorii GaAs/Ge.
Jlmsa MomesmoBaHHA 3aIpPOIIOHOBAHOI MOJEN TA aHAM3y MPOIYKTHBHOCTI ITHOIO COHSYHOTO ejieMeHTa 0yJio
BUKOpHUCTaHO Tporpavue 3abesmneuents MATLAB.

KmiouoBi cnoBa: GaAs/Ge, Comaummit enemenr, Opunr mepexin, MopgemoBanasa, CraTtnuni
XapaKTepUCTUKY, KIIeKTpraH] TapaMeTpu.
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