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a b s t r a c t
The triple-junction solar cell is designed to exploit a wide range of the solar spectrum photons. These triple-layers
consisting of GaInP/GaInAs/Ge, it is monolithically stacked, leading to high conversion eﬃciency. To describe
and understand it’s operating behaviour, this paper presents a performance analysis of a triple-junction solar cell,
based on estimation modelling. A model was developed to determine the performance characteristic of the solar
cell. Hence, the J-V curve is characterising the performance of solar cells, which used to optimise and improve the
design of the cells. It has been discussed the eﬀects of thermal load related to cell temperature increases on the
cell’s operating performance parameters. Cell temperature increases from 25 to 125 °C have resulted variances,
which causes a signiﬁcant decrease in eﬃciency to approximately −17%, open circuit voltage by −15% and ﬁll
factor by −4.5%. On the other hand, the current density slightly increased by +5.5%. Finally, ought to consider the
thermal management while designing and developing solar CPV technology; therefore, it’s signiﬁcant to improve
cell eﬃciency and to maintain cell integrity from thermal damage.

1. Introduction
In the technology of CPV, the triple-junction solar cells III-V semiconductor materials, with diﬀerent band gaps are commonly used. These
are stacked on top of each other to reduce thermalisation losses and to
increase the conversion eﬃciency [1,2]. The cell’s layers are composed
of GaInP/GaInAs/Ge, connected in series to attain a high electrical conversion eﬃciency [3,4]. The high-eﬃciency solar cell depends on optical
concentration to achieve high conversion eﬃciency. Consequently, the
resultant heat ﬂux will be produced and cause a high device temperature
[5,6].
As a consequence of CPV, the solar ﬂux heats the top surface of the
solar cells; thus, the accumulation of thermal load leads to increases
in the device’s temperature. In turn, this leads to a reduction in cell
conversion eﬃciency. This can also have a negative eﬀect on the longterm operation, which may, in turn, result in a mechanical failure [7,8].
Furthermore, the temperature rise causes a decrease in cell conversion
eﬃciency, and as each layer of a multi-junction cell is connected in
series, this results in a major impact on the maximum potential power,
and open circuit’s voltage [9]. Thermal management is recommended
to maximise the electrical energy generated and to improve the transfer
of thermal energy. This will reduce the high thermal capacitance of the
cells, which will keep the cell temperature as low as possible [10,11].

∗

In CPV systems, it is important to predict the solar cell’s temperature, for use in performance analysis and characterisation. Therefore, to
maintain a high level of performance eﬃciency, the related heat ought
to be eﬀectively dissipated from the cell to the environment, by considering appropriate thermal management [12,13]. For CPV systems,
thermal management is another critical factor, as temperature directly
aﬀects the performance of solar cells. The challenge is that the most costeﬀective and eﬃcient way to extract excess heat from the cells [14,15].
There are many diﬀerent mechanisms reported in the literature of thermal management in a CPV technology; which comprise of a heat sink,
heat spreader, liquid immersion, micro-channel and jet impingement, to
name but a few [14-16].
Nisgioka et al. [17] presented an experimental measurement study
involving single-junction solar cells, that incorporate (GaInp, GaAs, Ge),
and a range of temperatures from 30 to 240 °C, with concentration ratios of 1,7 and 14 suns. It was concluded that the open-circuit voltage
(Voc ) of a Ge subcell cell decreased to almost zero volts at temperatures
over 120 °C and under CR=1x. Bagienski et al. [18]. have performed an
investigation of two diﬀerent layers of top and middle subcell solar cells
for concentrations ranging from 1 to 900 suns, and a temperature range
from 20 to 60 °C, which gives the corresponding temperature coeﬃcients of the open circuits voltage. Helmars et al. [19]. performed measurements of temperature-dependence at several irradiances: the study
was on the top, middle and bottom subcells (GaInP, GaInaAs, Ge) triplejunction component. The study analysed the J-V curves under various
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on ﬁve performance parameters of a triple-junction solar cell under
a light concentration ratio of 1x. The sensitivity analysis is also performed on the performance parameters of short current density (Jsc ),
the open circuit voltage (Voc ); also ﬁll factor (FF), maximum power
(Pmax ) and cell eﬃciency (𝜂). This paper structured as follows: Section
2 presents the model description. Section 3 presents the results and discussions which included temperature-dependence on the energy band
gap, temperature-dependence on J-V curves parameters. Also, presents
a temperature-dependant on EQE, temperature-dependant on power,
temperature dependence on ﬁll factors (FF) of a triple-junction cell;
temperature-dependence of triple-junction cell eﬃciency and sensitivity
analysis. Section 4 presents a summary of the paper conclusions.

Nomenclature
CR
c
DNI
Eg
h
Jsc
n
P
q
SR
Tc
To
Voc
Greek letters
𝛼
𝛽
ɳ
𝜆
Abbreviations
AM
CPV
GaInP
GaInAs
Ge
FF
EQE

Concentration Ratio (x)
Speed of light (m/s)
Direct Normal Irradiance ( W/m2 )
Energy band gap (eV)
Planck constant (j.s)
Shot circuts current density (mA/cm2 )
Diode ideally factor (-)
Power (mW/cm2 )
Electron charge (c)
Spectrum Response (A/W)
Cell temperature (°C)
Temperature at standard condition (°C)
Open circuits voltage (V)
Materials constant (eV/K)
Materials constant (K)
Eﬃciency
Wavelength (nm)

2. Model description
Based on the developed electrical model of (GaInP/GaInAs/Ge) solar cells, which is presented by Maka and Donovan in reference [13]. A
monolithically stacked three-layers or subcells were created in MATLAB.
The performance of the solar cell was characterised by J-V curves. Further to that developed model in this paper, the three layers of subcells
of a triple-junction cell are GaInP/GaInAs/Ge. The temperature variation from 25 to 125 °C will be considered in this study. Also, the eﬀects
of cell temperature on ﬁve performance parameters of a triple-junction
solar cell under a light concentration ratio of 1x. Accordingly, the JV and P-V curves will be used to characterise performance under the
aforementioned operating conditions.
The triple-junction solar cell is designed to employ the whole solar spectrum; these three-layer monolithic cascade stacks in top of each
other. It consisting of GaInP/GaInAs/Ge, which results in high conversion eﬃciency. The optimal energy band gaps of the three-junctions are
1.8 eV, 1.4 eV and 0.7 eV respectively. The main electrical performance
parameters can be predicted by using the follows Eqs. (1-5) [13,25]:

Air Mass
Concentrating Photovoltaic
Gallium Indium Phosphide
Gallium Indium Arsenide
Germanium
Fill Factor
External Quantum Eﬃciency

irradiances, with a concentration ratio of 3000x, and a temperatures
range from 5 to 170 °C. Sewing et al. [20]. concluded a study of the
temperature-dependence on parameters of the open circuit voltage and
eﬃciency of a high-eﬃciency photovoltaic solar cell under one Sun.
The outcome of this study shows the relationship between temperature
sensitivity to eﬃciency is high for the open circuit voltage, although the
output power was less inﬂuenced by temperature variations.
Nishioka et al. [21]. presented investigation of temperature characterisations on the triple-junction solar cell. For the triple-junction (InGaP/InGaAs/Ge) solar cell, it has been extracted temperature exponents
of the saturation current density (Jo ). So, with the extracted temperature
exponents, the triple-junction solar cell temperature characteristics were
investigated by an equivalent circuit model for the triple-junction solar cell. A temperature investigation by preform of Simulation Program
with Integrated Circuit Emphasis (SPICE) was also developed. Sakurada
et al. [22] preformed predicted and measured J-V characteristics of the
triple-junction solar cell at variable temperatures under concentrated
light conditions. Also, were analysed in detail the temperature eﬀects on
(InGaP/InGaAs/Ge), triple-junction solar cell. Min et al. [23] preformed
experiment study to investigate the (GaInP/GaAs/Ge) solar cells and
which were assembled via a metal-organic chemical vapour deposition
method. The performance behaviour of the solar cell’s characteristics
on temperature from 30 to 170 °C was also investigated, and intervals
at 20 °C. Results showed that the cell’s Jsc and Jm increased slightly
with increasing temperature. Abderrezek et al. [24] studied the impact
of temperature on the performances behaviour of (GaInP/GaAs) solar
cell. The simulation program was utilised that so-called SCAPS-1D onedimensional solar simulator. At a variable temperature, ranging from 25
to 80 °C, the temperature dependence of the characteristics of the solar
cell was investigated. The results of the simulation indicate that voltage
losses within the tandem cell are collective of the top and bottom layer.
Whereas, the short circuit current density Jsc depends on temperature
and the decreases in eﬃciency.
In this study, we predict the impact of cell temperature increases
on cell performance parameters such as ﬁll factor, open circuit voltage,
short circuit density and cell eﬃciency. Therefore, the signiﬁcance of
a current study being investigating is the implication of thermal load
on high-eﬃciency solar cells and the importance of the understanding
of thermal management needs. The modelling gives a more detailed
analysis to help our understanding of the operating behaviour of the
solar cell, which will lead to enhanced performance and design. Furthermore, this study presents and assesses the eﬀects of temperature

𝜆2

𝐽𝑠𝑐 ,𝑖 = 𝐶𝑅

∫

𝑆 𝑅𝑖(𝜆) .𝜂𝑜𝑝𝑡(𝜆) .𝐺(𝜆) .𝑑𝜆

(1)

𝜆1

(
)
𝑞(𝑉 + 𝐽𝑖 .𝑅𝑠 )
𝐽𝑖 = 𝐽𝑜,𝑖 exp
− 1 − 𝐽𝑠𝑐,𝑖
𝑛.𝐾𝑏 .𝑇𝑐
(

𝐽𝑠𝑐 ,𝑖

)
+1

𝑉𝑜𝑐 ,𝑖 =

𝑛.𝐾𝑏 .𝑇𝑐
ln
𝑞

𝐹𝐹 =

𝑃max
𝐽 .𝑉
= max max
𝑉𝑜𝑐 .𝐽𝑠𝑐
𝑉𝑜𝑐 .𝐽𝑠𝑐

𝜂𝑒𝑙 =

𝐽0 ,𝑖
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= 𝑠𝑐 𝑜𝑐
𝑃𝑖𝑛
𝑝𝑖𝑛

(2)

(3)

(4)

(5)

Fig. 1(a) illustrates the conﬁguration of the three-layer cells from
top to bottom. Fig. 1(b) explain the solar spectrum absorption distribution of triple-junction solar cells. The GaInP top layer cell absorbs
the amount of solar spectrum portion that contains the ultraviolet and
visible wavelength. With energy band gap Eg =1.8 eV, it responds to
about 300–700 nm wavelength. The GaInAs middle layer cell absorbs
the infrared spectrum. With energy band gap Eg =1.4 eV, it responds to
approxmitalty 700–900 nm wavelength. The Ge bottom layer cell absorbs lower energies photon in the infrared solar spectrum, with energy
band gap Eg =0.7 eV, it responds to about 900–1800 nm.
The band gap energy of semiconductor materials tends to shrink with
temperature increases. To predict the inﬂuence of cell temperature rises
in the energy band gap, a model is created in MATLAB and applied
in the Varshni equation. Therefore, this model is part interconnected
to the electrical model in reference [25]. The temperature dependence
of semiconductor energy band gaps is given by the Varshni empirical
relation [27].
𝐸𝑔,𝑖(𝑇 ) = 𝐸𝑔,𝑖(0) −
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𝛼𝑖 .𝑇𝑐 2
𝑇 𝑐 + 𝛽𝑖

(6)
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Fig. 1. (a) Triple-layer solar cell conﬁguration,
(b) Wavelength light versus spectral irradiance
over the Air Mass AM1.5 solar spectrum, for
triple-junction solar cell top layer GaInP 1.8 eV,
the middle layer GaInAs 1.4 eV, the bottom
layer Ge 0.7 eV [26].

Table 1
Energy band gap parameters and material constant for III-V cell semiconductors [27,28].
Subcell

𝛼(eV/K)

𝛽(k)

Eg @ 0 K (eV)

1
2
3

4.72 × 10a
5.39 × 10b
4.77 × 10c

269
204.7
235

1.8
1.4
0.7

a
b
c

10-4
10-4
10-4

Where Eg (0) is a band gap at 0 K, the index i represents a subcell of each
layer, Tc is the cell temperature, and 𝛼 and 𝛽 are material constants.
Three subcells of triple-junction cell material parameters are listed in
Table 1.
The reverse saturation current is also aﬀected by the energy band
gap decreases, which results in a decrease in the open circuit’s voltage
at a given temperature. Although, as cell temperature decreases, the energy band gap tends to increase, the open voltage as well will increase,
which enhances the eﬃciency. The amount of current produced in each
cell depends on an incident spectrum, for which there is a set selection
for optimal energy band gaps. The change in energy band gap with temperature is given by Eq. (7) [29,30]:
𝜕 𝐸𝑔
𝜕𝑇

=

2𝛼𝑇
𝛼𝑇 2
+
𝑇 + 𝛽 (𝑇 + 𝛽)2

(7)

3. Results and discussions
3.1. Temperature‐dependence on the energy band gap

Fig. 2. (a) Top cell temperature rises versus the energy band gap of the (GaInP)
top layer, (b) energy band gap versus current density of the top cell.

The band gap of a semiconductor is “the minimum energy required
to excite an electron that is stuck in its bound state into a free state where
it can participate in conduction” [31]. The sensitivity to temperature of
the solar cell performance is initially inﬂuenced by the diﬀerence of the
band gap layers dependence on temperature. The majority of semiconductor material’s band gap decreases as temperature increases [14,23].
In a semiconductor material’s energy, the band gap is determined by the
wavelength of light.
Temperature variations with a band gap in each layer are quantiﬁed
by how much energy is captured from the Sun in a cell’s conduction
band, and also by the amount of energy generated [14,31]. Therefore,
as temperature increases, the band gap linearly decreases as more solar spectrum photon components are absorbed. Subsequently, a slight
increase in short circuit current aﬀects the eﬃciency of the cell.

Varshni [27] believed the reasons behind the variation of the energy
band gap with temperature arises from two mechanisms: “First the shifts
in the relative position of conduction and valence bands because of the
temperature-dependant dilatation of the lattice. The second major contribution comes from shifts in the relative position of the conduction
and valence bands owing to temperature-dependant electron-lattice interaction” [27].
For the top cell at 25 °C, the energy band gap will be about 1.728 eV.
Once a cell operating temperature increases to 125 °C, the energy band
gap will decrease to 1.68 eV. It is inversely proportional to temperature
rises and band gap as shown in Fig. 2(a); shrinkage of energy band gap
results in a slight increase in short circuit current density Jsc , as shown
in Fig. 2(b).
203
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Fig. 3. (a) Cell temperature versus the energy band gap of (GaInAs) middle cell,
(b) energy band gap versus current density of middle subcell.

Fig. 4. (a) Cell temperature versus energy band gap of (Ge) bottom subcell, (b)
energy band gap versus current density of the bottom subcell.

3.2. Temperature‐dependence on J‐V curves parameters
Therefore, mainly, this behaviour can be described via the high energy band gap material’s, which can only capture the high energy photons in the solar spectrum, whereas providing a small number of excited
charge carriers. Later, higher in the thermalisation and potential energy
per charge carrier. On the other hand, a low energy band gap material’s can capture most photons in the solar spectrum, which gives a
large number of excited charge carriers. Nonetheless, the potential energy per charge carrier is low. Consequently, here the materials energy
band gap must be optimised for a given solar spectral distribution energy
[32].
Similarly, for the middle cell, it’s performance changes when operating temperature increases from 25 through to 125 °C. This results
in a lowering in the band gap, from 1.4 eV to 1.35 eV, as detailed in
Fig. 3(a). As the energy band gap decreases, the current density gradually increases, as shown in Fig. 3(b).
The bottom cell is also aﬀected by energy band gap decrease: it drops
from 0.67 eV to 0.63 eV as a function of cell temperature increase from
25 to 125 °C, as illustrated in Fig. 4(a). Besides, the energy band gap
shrinkage in the bottom cell results in a small increase in the current
density, as illustrated in Fig. 4(b).
For semiconductors, the energy band gap decreases with an increase
in the temperature due to thermal expansion of the lattice. An increase
in interatomic spacing decreases the potential of the electron, and consequently, the energy band gap decreases [33]. While, at constant illumination, the photo-generated current in a cell will change with temperature because of the temperature dependence of the energy band gap. The
thermalisation of hot carriers in a multi-junction solar cell is reduced
by the usage of high band gap materials for the p-n junction. Therefore, at the same time, transmission losses of low-energy photons are
reduced by using low energy band gap materials for bottom p-n junction
[33,34].

This is based on the J-V curves, which have been presented in reference [25], for condition Tc = 25 °C. In this paper, the eﬀects of variable temperature are considered. The physical perspective of the energy
band gap in the solar cell is inversely proportional to cell temperature.
The higher temperatures lead to lattice expansion and attenuation of
interatomic bonds. Consequently, higher cell temperatures result in a
shrinking of the energy band gap, which means more photons are absorped, which in turn, leads to free charge carriers being produced. Subsequently, the energy photonic needed to liberate a free charge carrier
is now lowered [35]. That interpreted as a greater ﬂow of electrons (i.e.,
more current is generated) with low energies (i.e., a drop-in voltage).
Therefore, this leads to decreases in voltage. On the other hand, however, the rise in current leads to a reduction in maximum power, ﬁll
factor, as well as the conversion eﬃciency [35,36].
Cell temperature rises are a matter to be optimised when designing
solar cells [29]. The operating temperature of the PV solar cell is quantiﬁed by an energy balance. Solar cells absorb solar energy, which is
partly converted into electrical energy and partly into thermal energy,
causing a rise in the operating temperature of the cell. The electrical
energy gained from the cell can be exploited in the external circuit.
Eq. (8) [37,38], which is used in order to predict the current density as
a function of temperature rise.
[
]
𝐽𝑠𝑐 (𝑇 ),𝑖 = 𝐽𝑠𝑐(𝜆) 1 + 𝛽𝐽 𝑠𝑐,𝑖 (𝑇𝑐 − 𝑇𝑜 )
(8)
Where To is the reference temperature at 25 °C, Tc is the cell operating
temperature and 𝛽 Jsc is the temperature coeﬃcient of the short circuit
current. In a multi-junction solar cell, the temperature coeﬃcient varies
between 0.005 and 1.63 mA/°C−1 [39]. The value of short circuit current
density (Jsc ) slightly increases with an increase of temperature, as a result of the increase in the base’s diﬀusion length, and a reduction of the
204
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Table 2
Temperature coeﬃcient of Jsc and Voc of single cells [17,28,41].
Subcell

Jsc (𝜕 Jsc /𝜕 T)

Voc (𝜕 Voc /𝜕 T)

Top cell
Meddle cell
Bottom cell

0.07%/K
0.04%/K
0.03%/K

−0.21%/K
−0.26%/K
−1.22%/K

energy in the absorption band edge [9,40]. Table 2 lists the temperature
coeﬃcient of Jsc and Voc of every single subcell. It’s important here to
be mention that thermal coeﬃcients of diﬀerent materials are diﬀerent
and also have an eﬀect on the overall performance of a solar cell at a
diﬀerent temperature.
The values of (Jsc ) have determined the subcell current limitation of
the multijunction solar cell. Hence, the whole dependency of the multijunction solar cell Jsc on temperature is determined by the dominant
subcell layer at each temperature [14].
Open circuit voltage is also aﬀected by temperature increases that
signiﬁcantly decrease the Voc values; the temperature dependence of the
Voc is expressed by Eq. (9) [37,38]. Where Voc ∗ is the open circuit voltage
at the reference condition; 𝛽 Voc is the open circuit voltage temperature
coeﬃcient.
[
]
∗
𝑉𝑜𝑐 (𝑇 ),𝑖 = 𝑉𝑜𝑐,𝑖
1 + 𝛽𝑉 𝑜𝑐,𝑖 (𝑇𝑐 − 𝑇𝑜 )
(9)
Fig. 5(a) shows the relationship of J-V curves of the top subcell
(GaInP), as depicted above. As the cell temperature increases, the result is a signiﬁcant decrease in the open circuit voltage. As illustrated,
the current density slightly increases as the temperature rises from 25
to 125 °C, and cell temperature increases the current density from 12.6
to 13.3 mA/cm2 . Besides this, the open circuit voltage Voc drops from
1.31 to 1.09 V.
Generally, the open circuit voltage (Voc ) of the solar cell increases
with an illumination increase and decreases with a temperature increase. Hence, the derivative of the open circuit voltage (Voc ) for triplejunction solar cells is the sum of all subcell’s derivatives. The values of
Voc rely on the Jsc in which changes with temperature. The Voc derivative with temperature is given by (10) [9,14].
(
)
𝜕 𝑉𝑜𝑣
𝑉
𝑛𝑘𝑇
1 𝜕 𝐽𝑠𝑐
1 𝜕 𝐽𝑜
= 𝑜𝑐 +
−
(10)
𝜕𝑇
𝑇
𝑞
𝐽𝑠𝑐 𝜕𝑇
𝐽𝑜 𝜕𝑇
Fig. 5(b) shows the relationship J-V of the middle subcell (GaInP).
As the cell temperature increases, the result is a signiﬁcant decrease in
the open circuit voltage. Additionally, as illustrated, the current density
slightly increases as the temperature increases from 25 to 125 °C. The
increase in cell temperature increases the current density variable, from
13.5 to14.3 mA/cm2 . Also, the open circuit voltage Voc drops from 1.01
to 0.81 V.
Fig. 5(c) shows the relationship J-V of the bottom subcell (Ge).
As cell temperature increases, this results in a signiﬁcant decrease in
the open circuit voltage. On the other hand, as illustrated, the current
density slightly increases as temperature increases from 25 to 125 °C.
Cell temperature increases raise the current density variable from 23 to
24.5 mA/cm2 . Besides, the open circuit voltage Voc drops from 0.31 to
0.02 V. It is worthy to note that the bottom subcell (Ge) is the thicker
one layer, it absorbs lower energies photon and a wide range of the solar
spectrum portions.
Nishioka et al. [17]. performed experiments to determine the eﬀects
of high temperature on the behaviour of the bottom subcell (Ge): it is deduced that Voc decreases tends to zero where the temperature exceeds
120 °C under CR=1x. Helmers et al. [19] performed an experimental
test to assess the inﬂuence of temperature on the performance of the
multi-junction solar cells, and the behaviour of the (Ge) subcell when
exposed to temperatures over 100 °C. It was observed that the Voc parameter decreased close to zero, which leads to a collapse in the J-V
curves shape. Therefore, both experiments have similar behaviours, as

Fig. 5. (a) J-V curves of the top subcell GaInP as a function of temperature increase, (b) J-V curves of the middle subcell GaInAs as a function of temperature
increase, (c) J-V curves of the bottom subcell Ge as temperature increase.

noted by Nishioka et al. [17] and Helmers et al. [19]. Based on that,
the modelling results are shown in Fig. 5(c) agreed with performance
behaviour that has been observed in experimentally similar work done
published previously.
Fig. 6 shows the J-V curves of a triple-junction cell: the current
density slightly increases as temperature rises from 25 to 125 °C.
Cell temperature increases the current density variable from 12.6
to13.35 mA/cm2 . The overall current of the three-layers is given by the
lower current density due to the series connection, and the overall voltage is the sum of three layers. Additionally, the open circuit voltage Voc
drops from 2.6 to 2.2 V, due to the series connection of multijunction
solar subcells being more sensitive to changes in the incident solar spectrum than a single cell. However, that results in a condition of "current
mismatch" which leads to a decrease in current density. It is worthy to
note that for using the multi-junction cells in a CPV device to electricity
generation, hence, it does not absorb any of diﬀuse solar radiation, and
it is dependant on the DNI of sunlight components.
Hence, the eﬀect of temperature on III-V multi-junction solar cells
performance parameters relies on the incident solar spectrum [42]. Be205
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Fig. 6. J-V curve of a tandem cell in a triple-junction cell as a function of temperature increase, also, current density increases due to a temperature rise.

Fig. 7. Temperature dependence on the open circuit voltage of the three layers
GaInP/GaInAs/Ge.

sides, in CPV systems only can utilise the DNI values, due to the optical
concentration. Moreover, the values of AM needs to be carefully considered while modelling and designing CPV systems.
The overall performance of a triple junction cell as inﬂuenced by
temperature increases as illustrated in Fig. 7. A high temperature dependence, i.e. a temperature rise, will leads to a gradual drop in open circuit
voltage. In the top and middle subcell, the voltage is inversely proportional with the temperature increase; hence, the bottom cell dropped to
near zero volts when the temperature exceeds 100 °C. Where the open
circuit voltage (Voc ) of a triple-junction solar cell is the sum of the (Voc )
of all subcell layers.

Fig. 8. Experimental data of EQE as a function of temperature increases, (a) top
subcell (b) middle subcell (c) bottom subcell [19].

pressed in Eq. (12) [43]:
3.3. Temperature‐dependant on EQE
SR(λ) =

The external quantum eﬃciency is one parameter of a solar cell used
to describe the inner performance operation and should be considered in
the optimum design of the cells. The EQE is deﬁned as the ratio of the
number of carriers collected at the electrons for one particular wavelength with the total number of incident photons of that wavelength.
Through EQE, the behaviour of the solar cell’s performance, as expressed
in Eq. (11) [43] can be described.
EQE(λ) =

Number of electrons
Number of photons

𝑞⋅𝜆
⋅ EQE(λ)
ℎ⋅𝑐

(12)

Where h is the Planck constant; c is the speed of light, and q is the
electron charge. Hence, through this, the behaviour of a solar cell’s performance can be described. As the cell temperature increases, there will
be a drop in the material’s band gap absorption, which typically causes
an increase of Jsc of the solar cell and in turn, the EQE will shift to a
higher wavelength absorption.
Fig. 8(a) represents a top subcell GaInP external quantum eﬃciency
(EQE) as a function of temperature; hence, as a cell’s temperature increases signiﬁcantly, this moves the EQE toward higher wavelengths.
That will cause an increase in cell photocurrent as temperature increases
[29,44].
Fig. 8(b) shows the impact of cell temperature of a middle subcell (GaInAs) for a range of temperatures. The light intensity is ﬁltered
through the top subcell; thus, the short wavelength is gradually shifted

(11)

The quantum eﬃciency and spectral response (SR) are properties
used to describe the recombination, current generation, and solar cell
diﬀusion mechanisms. The spectrum response is deﬁned as “amperes
generated per watt of incident light for a given wavelength” [43]. Usually, spectral response is determined by the quantum eﬃciency, as ex206
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Fig. 10. P-V curve of a triple-junction cell as a function of temperature rises
from 25 to 125 °C.

Fig. 11. Fill factor of the three-layer cell at a temperature increases from 25 to
125 °C.

Moreover, the corresponding values of the voltage dropped from 1.3 to
1.1 V. Fig. 9(b) illustrates the middle subcell. The power generated is
about 12 mW/cm2 ; subsequently, as the cell temperature increase from
25–125 °C, this causes a power drop to 9 mW/cm2 . Also, the corresponding values of the voltage dropped from 1.1 to 0.82 V. Fig. 9(c)
illustrates the bottom subcell, which generated less power at 25 °C
(about 5 mW/cm2 ), and at 125 °C, the power generated drops to around
0.03 mW/cm2 Besides, the corresponding values of the voltage dropped
from 0.31 to 0.02 V.
The maximum power point is limited by the lower subcell current;
the bottom cell has less power due to less voltage and higher current.
Therefore, the power yield of the cell drops because of the drop-in voltage; the maximum power decreases, from 30 mW/cm2 to 26 mW/cm2 .
Also, the corresponding values of the voltage dropped from 2.6 to 2.2 V
as temperature rises from 25–125 °C. Fig. 10 illustrates the P-V curve of
the triple-junction solar cell as a function of temperature increases from
25 to 125 °C.

Fig. 9. P-V curve of a single layer for triple-junction cells respectively, (a) top
subcell GaInP (b), middle subcell GaInAs and (c) bottom subcell Ge. As a function of temperature increase, which varies from 25 to 125 °C.

to a longer wavelength. As the temperature rises, the long wavelengths
in the domain aﬀects the (EQE), which then shifts to a long-wavelength
[19,44].
Fig. 8(c) illustrates the eﬀects of temperature on the EQE of the bottom subcell (Ge). This subcell responds to the range of infrared light.
As the cell temperature increases, the (EQE) will shift to longer wavelength. This subcell generates a higher current, but not so much that it
will debilitate the current limitation of the overall cell. Fig. 8 (a,b,c) is
used only for illustrative purposes only, and no quantitative measures
for the EQE as a function of temperature increases are calculated.

3.5. Temperature dependence on ﬁll factors (FF) of a triple‐junction cell

3.4. Temperature‐dependant on power

The ﬁll factors (FF), also depends on the band gap of the subcell, so
a low band gap cell will result in lower FF values. A thinning of the top
cell aﬀects the ﬁll factor, Voc and the total current of the three subcells.
Fig. 11 illustrates the ﬁll factor of the three-layer cell at a temperature
of 25–125 °C. The ﬁll factor is aﬀected by temperature increases: the
FF inversely proportional with cell temperatures increase and decreases
from about 88% to 84% as shown in Fig. 12. The eﬃciency of the solar

The solar characterisation with P-V curves represents the relationship between the current density generated and the cell voltage. Fig. 9(a)
shows a P-V curve of the top cell as a function of cell temperature increase from 25 to 125 °C. The power generated at 25 °C was 14 mW/cm2 ,
and at a cell temperature of 125 °C, the power decreases to 10 mW/cm2 .
207
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Fig. 12. Decreases in ﬁll factor as cell temperature increases from 25 to 125 °C.
Fig. 14. Overall cell eﬃciency versus cell temperature increases from 25 to 125
°C.

Fig. 13. Individual junction cell eﬃciency versus cell temperature increases
from 25 to 125 °C.

Fig. 15. Cell performance parameter changes due to temperature variation from
25 to 125 °C.

cell is limited by temperature rises; however, as the cell temperature
increases, the eﬀect linearly decreases in cell eﬃciency. The eﬃciency
temperature dependence is expressed by Eq. (13) [14]:

tance and required to improve cell eﬃciency in order to reduce the unit
cost of energy from the system.

1 𝜕𝜂
1 𝜕 𝑉𝑜𝑐
1 𝜕𝐹 𝐹
1 𝜕 𝐽𝑠𝑐
=
+
+
𝜂 𝜕𝑇
𝑉𝑜𝑐 𝜕𝑇
𝐹 𝐹 𝜕𝑇
𝐽𝑠𝑐 𝜕𝑇

3.7. Sensitivity analysis

(13)

In this model, a sensitivity analysis has been implemented for ﬁve
performance parameters. In order to investigate the sensitivity to cell
temperature under CR =1x, the temperature was incremented from 25
to 125 °C. The results show that current density is increased by approximately 5.5%, the open circuit voltage is decreased by 15%, and the efﬁciency dropped by 17%. Also, the ﬁll factor decreases by 4.5%. Lastly,
the maximum power decreased by roughly 13%.
The analysis indicated that the most sensitive parameter is the efﬁciency. Additionally, the open circuit voltage is sensitive to temperature increases. On the other hand, the ﬁll factor shows less sensitivity
to the temperature rises. Fig. 15 shows visually the percentage of temperature variations in electrical performance parameters. The device’s
energy band gap in relation to temperature is predicted by using the
Varshni empirical relationship. Therefore, due to a temperature rise,
and its eﬀects on the energy band gap, it has a signiﬁcant inﬂuence on
the cell’s electrical parameters.
The temperature sensitivity of electrical parameters of the solar cell
degrades, even with light concentration [14]. The devices, PV cells are
sensitive to the temperature as the most semiconductor devices. That
is due to giving ‘the bond and the band models’ of the semiconductor
materials. Therefore, to break a bond, it is important to increase the
energy of the electrons in the material and thus lower external energy
and decreasing the energy band gap [31]. Hence, thermal management

Where the eﬃciency of a solar cell is proportional to the produce of FF,
Jsc and Voc . Consequently, the sensitivity of the eﬃciency to temperature
is determined by the sensitivity to temperature of Jsc , Voc and ﬁll factors
(FF) [14].
3.6. Temperature‐dependence of triple‐junction cell eﬃciency
The temperature sensitivity of a single junction cell eﬃciency is contributed by the Jsc , Voc and FF parameters [14]. Fig. 13 shows an individual three-layer cell of a triple-junction cell’s sensitivity to temperature. In the triple-junction cell, the same parameters contributed to the
single cell eﬃciency. As solar cell’s temperature increases from 25 to
125 °C, the yield eﬃciency inversely proportional and decreases from
32% to 26%. Fig. 14 illustrated a cell temperature rise versus eﬃciency
decrease. For the series connection of PV modules, eﬃciency is limited
as temperature increases. Once the temperature reaches a certain point,
the bypass diode will override the cell, which leads to a reduction in
module eﬃciency [19,45].
As an eﬀect of temperature increases, the overall eﬃciency will decrease, due to the aforementioned degradation. It is, therefore, necessary
to consider an appropriate cooling technique in order to maintain cell
lifetime under high concentration ratios. Additionally, its great impor208
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is required in order to maintain eﬃcient operation. Moreover, for having a reliable and long-term operation, hence it’s signiﬁcance through
saving the solar cells from failure or thermal damage.
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4. Conclusions
Triple-junction solar cells performance behaviour changes as a result
of cells temperature increases. The increases in cell temperature lead to
cell performance degradation, which results in signiﬁcant eﬀects on cells
performance parameters. The conclusions of this work are summarised
under as follows:
•

•

•

The temperature rises have a negative impact on semiconductor materials through a decrease in the energy band gap. That, in turn, affects the cell parameters of the ﬁll factor decrease by 4.5%, and the
open-circuit voltage decreased by 15%, and short circuit density increased by approximately 5.5%. Also, the power decreased by 13%,
and eﬃciency dropped by 17%. The predicted model gives a detailed understanding of the solar cell’s operating behaviours, which
will lead to enhancing the design and operating performance.
The implication of cell temperature increase on the cell performance
parameters has been discussed previously. It is noticed that, at temperature increments above 120 °C, at CR =1x, the output voltage
of the small energy band gap subcell in the germanium layer is decreased to near zero volts.
The temperature sensitivity of semiconductor layers has been estimated to understand the behaviour of a device to know the temperature eﬀect on performance. From the model have been established,
the implication of cell operating temperature variation from 25 to
125 °C. Also, the predicted eﬀects of a reduction in energy band
gap magnitude of the (GaInP) top cell, (GaInAs) middle subcell and
the (Ge) bottom cell. However, in most cases, the performance sensitivity of a semiconductor device to the temperature is typically an
undesired eﬀect.

Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence
the work reported in this paper.
Acknowledgment
Many grateful thanks to the School of Engineering and Physical Sciences, Heriot-Watt University, United Kingdom, also many thanks to
Libyan Authority for Research Science and Technology.
References
[1] M. Bonnet-Eymard, M. Boccard, G. Bugnon, F. Sculati-Meillaud, M. Despeisse, C. Ballif, Optimized short-circuit current mismatch in multi-junction solar cells, Sol. Energy Mater. Sol. Cells 117 (2013) 120–125.
[2] H. Cotal, "III–V multijunction solar cells for concentrating photovoltaics,", Energy
Environ. Sci. 2 (2) (2009) 174–192.
[3] R.R. King, Solar cell generations over 40% eﬃciency, Progr. Photovolt.: Res. Appl.
20 (6) (2012) 801–815.
[4] E.F. Fernández, A.J. García-Loureiro, G.P. Smestad, Multijunction concentrator solar cells: analysis and fundamentals, in: High Concentrator Photovoltaics, Springer,
2015, pp. 9–37.
[5] X. Ju, A. Vossier, Z. Wang, A. Dollet, G. Flamant, An improved temperature estimation method for solar cells operating at high concentrations, Sol. Energy 93 (2013)
80–89.
[6] M. Theristis, T.S. O’Donovan, Electrical-thermal analysis of III–V triple-junction solar cells under variable spectra and ambient temperatures, Sol. Energy 118 (2015)
533–546.
[7] N.S. Kumar, Experimental validation of a heat transfer model for concentrating photovoltaic system, Appl. Therm. Eng. 33 (2012) 175–182.
[8] N. Xu, J. Ji, W. Sun, W. Huang, Z. Jin, Electrical and thermal performance analysis
for a highly concentrating photovoltaic/thermal system, Int. J. Photoenergy 2015
(2015).
[9] H. Cotal, R. Sherif, Temperature dependence of the IV parameters from triple junction GaInP/InGaAs/Ge concentrator solar cells, in: 2006 IEEE 4th World Conference
on Photovoltaic Energy Conversion, Conference Record, 1, 2006, pp. 845–848. IEEE.
209

