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In many experiments, it has been reported that the performance of solar 
cells decreases with increasing temperature. This effect arises due to an in-
crease in the intrinsic carrier concentration of material that directly affects the 
reverse saturation currents (J0). As a result, the open circuit voltage which is 
inversely proportional to J0 will decrease quite rapidly with increasing temper-
ature. The intrinsic carrier concentration is determined by the bandgap energy 
of a material and its temperature. The Varshni relationship is a relation for the 
variation of the bandgap energy with temperature in semiconductors that has 
been used extensively in the model of a solar cell performance. But the prob-
lem is the Varshni relation just calculates the contribution of the vibrational 
part at the temperature, which is much greater than the Debye temperature. 
These works proposed a model of temperature dependence of solar cell perfor-
mance that involves phonon energy correction and electron-phonon coupling 
interaction. This correction is applied because the electron-phonon coupling 
interaction is an intrinsic interaction of semiconductors. The existence of inter-
action cannot be avoided either experimentally or theoretically. The proposed 
model is compared with experimental data, which have fairly high accuracy.

Keywords: phonon, semiconductor, solar cell, temperature 

1. INTRODUCTION

Being concerned about the limited sources and pollution effects of fossil fuels, 
various countries all over the world have been developing renewable energy sources 
[1], [2]. The use of solar cells, which are devices that can directly convert sunlight 
into electrical energy, provides huge potential in both economic and environmental 
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benefits [3]. In addition, the solar cell systems also provide easy installation so that 
they can be used to supply electricity for people who do not have access to the main 
electrical source [4].

Reliability is one of the important factors in the selection of solar cells be-
sides their efficiency [5]. Solar cells that cannot survive in extreme environmental 
conditions will have an impact on increased maintenance costs that will increase the 
electricity price. There are several environmental factors that affect the performance 
of solar cells such as dust [6], humidity [7] and temperature [8]. However, the tem-
perature is the most important factor because in terrestrial application, solar cells are 
generally exposed to temperature ranging from 15 °C to 50 °C. In addition, the use 
of solar cells has covered a wider field such as space and concentrator systems that 
have higher temperatures [9].

Many studies have reported that the performance of solar cells decreases as 
temperature increases. The performance of solar cells is expressed by the charac-
teristics of short circuit current density (JSC), open circuit voltage (VOC), fill factor 
(FF) and efficiency (η). Some solar cell models state that the working of solar cells 
is equivalent to a series of combinations of current sources (which are generated by 
light) with a diode [10]. Therefore, the value of solar cell performance parameters 
is related to a diode parameter. Some diode parameters of a solar cell are reverse 
saturation current density (JO) and an ideal factor, which is related to the resistance. 
It has been shown that the VOC has decreased with temperature even though JSC has 
slightly improved. The temperature rise also causes a decrease in FF and η due to 
the significance of VOC change to temperature. Many cases have reported that the 
temperature is not significant in changing the resistance but JO is exponentially de-
pendent on temperature [9], [10].

The temperature dependence of JO arises from the relation between the satura-
tion current density and the bandgap of a material. In literature, it is stated that pa-
rameter JO contains the intrinsic carrier concentration variable of the semiconductor 
material ni, i.e [11,9].,

  (1)

where q is the elementary charge, DP and Dn are the diffusion coefficients of holes 
and electrons, NA and ND are acceptor and donor constants, and τP and τn are the life-
time carriers of holes and electrons. Then ni is expressed as a variable that depends 
on the band gap as [9]

   (2)

where T is temperature, *
nm  and *

pm  are effective mass of electrons and holes whereas 
k and   are Boltzmann constant and Planck constant. According to both equations, it 
is clear that the important factors in the calculation of JO are strongly dependent on 
the bandgap and its temperature.
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It has been reported that the energy of the semiconductor bandgap depends on 
temperature [12]–[14]. Higher temperature reduces its bandgap. Varshni proposes a 
formula that is often used to describe the dependence of the semiconductor bandgap 
on the temperature in a non-linear relation [12]

 
   (3)

where Eg(0) is a bandgap energy at T ≈ 0 K, and α and β are characteristic fitting pa-
rameters that depend on material type. This relation is also often used to describe the 
performance of solar cell that depends on temperature [8], [9]. In Varshni’s model 
it is stated that the variation of bandgap energy with temperature is generated by 
two mechanisms: (1) a shift in the relative position of the conduction band and the 
valence band due to the dependence of lattice dilatation to temperature, and (2) the 
relative positioning of the conduction band and valence due to the dependence of the 
electron lattice interaction. Although the Varshni relation provides a good relation-
ship on the bandgap energy (especially in the III-V and II-VI semiconductors), it 
cannot be generally applicable. The Varshni relation just calculates the vibrational 
parts at temperature, which is much higher than the Debye temperature. As an ex-
ample, chalcopyrite compound is incompatible with Varshni relation [14]. 

Around the 1990s, O’Dennell and Chen proposed a model of the relation-
ship between the bandgap energy and the temperature that involved the intrinsic 
interaction of a semiconductor called the electron-phonon interaction [14]. Through 
the relations which were formulated on the vibronic-based model, O’Dennell and 
Chen provided better correction of the bandgap energy-temperature relationship. 
In addition, they also calculated the thermodynamic functions, such as Gibbs en-
ergy, enthalpy and entropy from the electron-hole pair formation in semiconduc-
tors. Therefore, to improve the calculation of solar cell performance as a function of 
temperature and to eliminate the effect of β constants that may be unphysical, in this 
paper we propose a new model involving electron-phonon interaction. Experimental 
data verify the accuracy of the model.

2. MODELLING

When a solar cell is illuminated, only the photons having energy higher 
than the bandgap energy (Eg) can excite electrons and create electron-hole pairs. 
O’Dennell and Chen [14] proposed the model of the bandgap-temperature relations

  (4)

where S is the coupling constant and ω  is the average phonon energy. Figure 1 
shows the comparison between the Varshni relationship and the bandgap-tempera-
ture relationship based on phonon energy correction for the GaAs and Si semicon-



18

ductors. In this case, Si semiconductors have higher bandgap compared to GaAs. 
Based on comparison with experimental data, it appears that the phonon energy cor-
rection gives better results than Varshni relationship. In this model, it is clear that the 
semiconductor bandgap decreases with increasing temperature.

Fig. 1. Energy bandgap as a temperature function for the Varshni relation (dashed) and the phonon 
energy correction (line) in the experimental data of semiconductors (dots): (a) GaAs and (b) Si [14].

For a simple overview, an equivalent circuit of an ideal solar cell is the com-
bination of a current source (the current generated by light) and a diode as shown in 
Fig. 2(a). The solar cell behaves similarly to diodes and its electrical characteristics 
are represented by the voltage-current density (current) curve (J-V curve) as shown 
in Fig. 2(b). The J-V curve characteristics of p-n junction solar cells under steady 
state illumination can be summarised in the exponential model,

  (5)

where JL represents current density, V is the terminal voltage (developed across the 
junction voltage) and A is the ideal factor of the diode. This paper ignores the re-
sistance of system because temperature changes do not change the resistance in the 
circuit significantly.

Fig. 2. (a) Equivalent circuit of an ideal solar cell and (b) J-V curve.

On the J-V curve it is possible to determine several variables related to so-
lar cell performance such as JSC, VOC, Pmax, FF, and efficiency. JSC is a variable that 
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represents the short circuit current density that is the maximum value of the current 
density that occurs when the solar cell voltage is zero. VOC is the open circuit voltage 
which is the maximum voltage when the current is zero. Pmax is the maximum power 
produced by a solar cell with a value determined by the maximum J-V variables. The 
FF or fill factor is a variable associated with the ratio of Pmax with the multiplication 
of VOC and JSC

  (6)

Therefore, the efficiency of solar cell can be defined as ratio of Pmax to input 
power

  (7)

According to Eq. (5), it is stated that the VOC is given by

  (8)

where q is the charge of electrons. Basically, J0 is a measure of the leakage or re-
combination of the minor carrier passing through the p-n junction in a reverse bias 
condition. Through Eqs. (1) and (2), the relationship between J0 and temperature can 
be expressed by the relationship

  (9)

where C is an empirical parameter that depends on the type of material and doping. 
The m is an empirical parameter that depends on the quality of material cells and 
junctions, for high purity monocrystalline material the m value is one. In [9], it is 
also stated that C is a constant that relates to the atom density of donor and acceptor, 
the diffusion constant of the minority carriers in regions p and n, the diffusion length 
of the minority carriers, the electron and hole masses, and the densities of conditions 
in the conduction band and valence. Nevertheless, through the expression in Eq. (9), 
it can be seen that the bandgap is inversely proportional to the saturation current den-
sity. Hence, substituting Eq. (9) with Eq. (4) and Eq. (8) lead produces the relation 
between temperature with VOC 

 (10)
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The current density of JSC is a variable that depends on the spectral irradiation 
of sunlight and in experimental experience the value of JSC can be limited by reflection 
losses, electrical resistance losses, shadowing losses and recombination losses [9]. 
Basically, the formula of the JSC is very complex, i.e., ( ) ( )

g
sc phh E

J q dN dv d h
ν

ν
∞

=
= ∫ : 

where Nph is the photon density; and ν is the frequency of the photon, to obtain JSC 
value and its derivative to the temperature explicitly, numerical analysis is used. Ex-
periments regarding the determination of JSC values for different types of solar cell 
materials have been reported by Green [16] for measurements under the AM 1.5G 
spectrum, while Wysocki and Rappaport [17] – for measurements under the AM 0G 
spectrum. The results show that it is safe to say that in general the AM 0G spectrum 
can produce JSC higher than the AM 1.5 G spectrum for different types of solar cell 
materials such as Si, GaAs, CdTe, Ge, InP, and CdS [9].

Based on the definition described above, the temperature dependence of VOC 
can be obtained through the relationship

  (11)

and the relationship between the dependence of the saturation current density J0 and 
the temperature can be expressed as

 
 (12)

According to[15], the definition of fill factor in Eq. (6) is modified as follows:

  (13)

where F and G are the parameters that arise from the relationship between Vm with 
Jm and VOC with JSC. Therefore, with simple modification Vm satisfies the relationship

  (14)

where B is an empirical parameter. Explicitly, Vm can be expressed as follows:

  (15)
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where productLog is a function related to a logarithmic solution, e.g., ProductLog 
(z) provides a solution for w in z = wew. Thus, the temperature dependence on the fill 
factor satisfies

 (16)

where 'm mV V T= ∂ ∂  and 'oc ocV V T= ∂ ∂ . 

Through these relationships, the temperature dependence of the efficiency can 
be expressed by formula:

  (17)

3. CONFIRMATION WITH EXPERIMENTAL DATA

In this section, the model proposed is compared with experiment data from 
[18] and [15]. In the beginning, the model and the experimental results were com-
pared with regard to the relation between temperature to VOC value that has been 
done by Tobnaghi et al. (2013) using monocrystalline silicon solar cells. Since 
there is no analytic expression of temperature dependence of JSC, in Fig. 3 we ob-
tain the expression through linear fitting method: JSC = 33.7491 + 0.00083 T and 

0.00083scJ T∂ ∂ = .

Fig. 3. Linear fitting of the relationship between Jsc and the temperature on the solar cell in [18].
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The relation between Eg(0), average phonon energy, and electron-phonon 
coupling parameters of silicon and GaAs are shown in Table 1. The changes in per-
formance parameters: JSC, VOC, Vm, FF, and efficiency are reported in Fig. 4. Using 
Eq. (10) along with the JSC expression and the bandgap energy parameter data from 
silicon, the comparison between the model and the experimental results is shown in 
Fig. 4(a). It is clear that the proposed model, which has the VOC properties inversely 
proportional to the temperature, is acceptable because the model can provide a small 
variance and almost similar to all experimental data. This result is also obtained by 
parameters fitting solar cells in [18], which are C = 2476.23 mA cm-2 K3, A = 0.2145, 
and m = 0.3545. Thus, it can be stated that the quality of solar cell was low according 
to its m parameter.

Table 1
Energy Gap Parameters for Si and GaAs [14]

Eg(0) (eV) S ω  (meV)

Si 1.170 1.49 25.5
GaAs 1.521 3.00 26.7

The comparison of Vm values   as in Eq. (15) with the experimental results is 
shown in Fig. 4(b). The expression of J0 is determined by Eq. (9). Through the fitting 
data obtained value B = 0.1766 for solar cells in [18]. Furthermore, in Fig. 4(c) it ap-
pears that the expression of the FF formulation in Eq. (13) is sufficient in accordance 
with the experimental results. The constant values of F and G are 1.924 and 2.304, 
respectively. It is clear that in the temperature range from 288 K to 323 K the value 
of FF is inversely proportional to the temperature. Thus, based on these performance 
parameters, it is clear that the efficiency of the solar cell will also be inversely pro-
portional to the temperature as shown in Fig. 4(d). The efficiency of a solar cell will 
decrease with increasing temperature. Thus, based on the suitability of all models of 
solar cell performance parameters on the experimental results it can be stated that 
the model we proposed has high accuracy to describe the dependence of solar cell 
performance on temperature changes.

Apart from the above four parameters, we also verify the temperature depen-
dence of Voc on the experimental results of Si and GaAs solar cells in [15]. Based 
on the experimental data in [15], Table 1 and the VOC expression as a function of 
temperature in Eq. (11) we obtain ( )( )1 0.24%oc ocV V T∂ ∂ = −  for GaAs solar cells 
with VOC = 0.96 V at 300 K. As for solar cell Si with VOC = 0.67 V at 300 K we obtain
( )( )1 0.30 %oc ocV V T∂ ∂ = − . Our calculations are very close to the experimental 
results where the results of ( )( )1 oc ocV V T∂ ∂  in GaAs solar cell is -0.25 % while for 
Si solar cell is -0.30 %. In addition, our calculations are more accurate than Fan’s 
(1986) calculations. The difference in results arises from the application of phononic 
energy correction and the phonon-electron coupling in our calculations.
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Fig. 4. The values of solar cell performance parameters: (a) VOC, (b) Vm, (c) FF, and (d) efficiency as a 
function of temperature in [18].

4. CONCLUSIONS

Through expression of bandgap relationship with temperature involving, 
electron-phonon coupling interaction can be shown that the higher temperature will 
decrease solar cell performance parameters such as: VOC, Vm, FF, and the efficiency. 
The models with the electron-phonon interaction correction are quite accurate. The 
experimental values of VOC, Vm, FF, efficiency and temperature dependence of VOC 
are almost similar to the proposed model.
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PRECĪZS MODELIS SAULES ELEMENTU EFEKTIVITĀTES ATKARĪBAI 
NO TEMPERATŪRAS PĒC FONONA ENERĢIJAS KOREKCIJAS

J. Tiandho, V. Sunanda, F. Afriani, A. Indriavati, T. P. Handajani

K o p s a v i l k u m s

Daudzos eksperimentos tiek ziņots, ka saules elementu efektivitāte samazinās, 
pieaugot temperatūrai. Šis efekts rodas materiāla iekšējo nesēju koncentrācijas 
pieauguma dēļ, kas tieši ietekmē atgriezenisko piesātinājuma strāvu (J0). Rezultātā, 
tukšgaitas spriegums, kas ir apgriezti proporcionāls J0, samazinās diezgan strau-
ji, pieaugot temperatūrai. Iekšējā nesēja koncentrācija tiek noteikta, izmantojot 
materiāla brīvo elektronu enerģiju un tās temperatūru. Varšni attiecība ir saistība 
starp brīvo elektronu enerģijas izmaiņām un pusvadītāju temperatūru, kas plaši iz-
mantota saules elementu efektivitātes modelī. Tomēr pastāv problēma, jo Varšni 
attiecība nosaka tikai vibrācijas daļas devumu, un tas attiecas tikai uz temperatūru, 
kas ir daudz lielāka par Debaja temperatūru. Pētījumos tiek piedāvāts saules ele-
mentu efektivitātes temperatūras atkarības modelis, kas ietver fonona enerģijas ko-
rekciju un elektronu-fononu mijiedarbību. Šī korekcija tiek piemērota, jo elektronu-
fononu sakabes mijiedarbība ir pusvadītāju raksturīgā mijiedarbība. Mijiedarbības 
esamību nevar izslēgt nedz eksperimentāli, nedz teorētiski. Piedāvātais modelis tiek 
salīdzināts ar eksperimentāliem datiem, kuriem ir diezgan augsta precizitāte.

29.06.2018.


