. LATVIAN JOURNAL OF PHYSICS
s S Cl e N d O AND TECHNICAL SCIENCES

2018, N 5

DOI: 10.2478/1pts-2018-0032

ACCURATE MODEL FOR TEMPERATURE DEPENDENCE OF SOLAR
CELL PERFORMANCE ACCORDING TO PHONON ENERGY
CORRECTION

Y. Tiandho'**, W. Sunanda'?, F. Afriani?, A. Indriawati'?, T. P. Handayani*

'Research Center for Energy and Information Technology,
Universitas Bangka Belitung, Indonesia

“Department of Physics, Universitas Bangka Belitung, Indonesia
SDepartment of Electrical Engineering, Universitas Bangka Belitung, Indonesia

*Department of Information System,
Universitas Muhammadiyah Gorontalo, Indonesia

*e-mail: yuant@ubb.ac.id

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 (J,). As a result, the open circuit voltage which is
inversely proportional to J, 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.
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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

15



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 (Jy.), open circuit voltage (V,,.), fill factor
(FF) and efficiency (n). 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 (J/,) and an ideal factor, which is related to the resistance.
It has been shown that the V. has decreased with temperature even though J, . has
slightly improved. The temperature rise also causes a decrease in FF and n due to
the significance of V. change to temperature. Many cases have reported that the
temperature is not significant in changing the resistance but J , is exponentially de-
pendent on temperature [9], [10].

The temperature dependence of J, arises from the relation between the satura-
tion current density and the bandgap of a material. In literature, it is stated that pa-
rameter J, contains the intrinsic carrier concentration variable of the semiconductor

material n, i.e [11,9].,
\/ \/ (1)

where ¢ is the elementary charge, D, and D are the diffusion coefficients of holes
and electrons, N, and N, are acceptor and donor constants, and 7, and 7 _are the life-
time carriers of holes and electrons. Then n, is expressed as a variable that depends
on the band gap as [9]

3

s 2nkT m:m; E,
n =4 | ) 2)

where T'is temperature, m, and m; are effective mass of electrons and holes whereas
kand 7 are Boltzmann constant and Planck constant. According to both equations, it
is clear that the important factors in the calculation of J,, 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]

E(N)=E 0T ®

where Eg(0) is a bandgap energy at 7~ 0 K, and a and f 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 B 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

E (T)=E, (0)—S<hw>(coth(<zf;€—w7?]—lj, 4)

where S is the coupling constant and <ha)> 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-
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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.
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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,

J:JL+J0[eq%”—1j 5)

where J, 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.
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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 J ., V, ., P, , FF, and efficiency. J . 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. V,, . is the open circuit voltage
which is the maximum voltage when the current is zero. P . 1s 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 P, _with the multiplication
of V,.and J,,.

P
FF=—_ (6)
V()CJSC

Therefore, the efficiency of solar cell can be defined as ratio of P, _to input
power

orr]:VOC';)J_ (7)

in

max

= P, Area

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

AkT

where g is the charge of electrons. Basically, J, 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 Egs. (1) and (2), the relationship between J, and temperature can
be expressed by the relationship

J, =CT exp| — Ee
0 mkT )’ ©)
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 V.

v Mg ] T exp _ E,(0)= S (hw)(coth((he) /2T ) -1)
1 mkT

. (10)
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The current density of J . is a variable that depends on the spectral irradiation
of sunlight and in experimental experience the value of /. can be limited by reflection
losses, electrical resistance losses, shadowing losses and recomblnatlon losses [9].
Basically, the formula of the J. is very complex, i.e.,J I o / dv d(hv):

where Nph is the photon den51ty, and v is the frequency of the photon to obtain J.
value and its derivative to the temperature explicitly, numerical analysis is used. Ex-
periments regarding the determination of J . 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 J. 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 V.
can be obtained through the relationship

dv, AT(1a, 1a,) V,
J.oT J,oT

= + <
dT ¢ T (1

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

,
or

=3CT?ex —Eg +CT? ex —Eg E, - 1 %,
- PV Nk ker or ) (19

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

F|exp v, -1
14 kT
FF=V—’” 1- 7 > (13)
oc G(exp( l)L’j_lj
kT

where F and G are the parameters that arise from the relationship between V| with
J and V, . with J, . Therefore, with simple modification V_satisfies the relationship

qV, qV J .
I+—2 |=—<+1,
ool g 1 = a4

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

J +J
V

- ° (15)

m b

q
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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 = we". Thus, the temperature dependence on the fill
factor satisfies

exp(qV, /kT)—1 exp(qV, /kT)-1
1_ V}’ﬂ' 1_ VmVOC'
dFF _\_ exp(qV,./kT)~1 exp(qV,. /kT)-1

“ " _ V.
v, exp(qu/kT)(—1+exp(qu/kT))(anc '/kT_qI/oc/sz) o
i 2

V. (exp(qV,, /kT)-1)
v, exp(qV,/kT)(qV, kT —qV,, /kT")
) V, exp(qV,, /kT)-1

where V '=0V, /0T and V, '=0V, /oT .

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

lon 16V, 1daJ, 1 oFF
—— =g ey (17)
nor Vv, oT J, oT FF oT

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 V. 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 J,, in Fig. 3 we ob-
tain the expression through linear fitting method: J,. = 33.7491 + 0.00083 T and
aJ /0T =0.00083.
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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 E (0), average phonon energy, and electron-phonon
coupling parameters of silicon and GaAs are shown in Table 1. The changes in per-
formance parameters: J., V., V,, FF, and efficiency are reported in Fig. 4. Using
Eq. (10) along with the J,. 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 V. 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™ K3, 4 = (.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]
E(0) (V) S (ho) (mev)
Si 1.170 1.49 25.5
GaAs 1.521 3.00 26.7

The comparison of V values as in Eq. (15) with the experimental results is
shown in Fig. 4(b). The expression of J, 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 V. expression as a function of
temperature in Eq. (11) we obtain (1/ )( JoT ) -0.24% for GaAs solar cells
w1th V,.=0.96 Vat 300 K. As for solar cell Sl with V.= 0.67 V at 300 K we obtain

(GV / 5T =-0.30% . Our calculations are Very close to the experimental
results where the results of (1/V,.)(0V,./0T) 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.

22



O570F[ T T T T T T T T T q 0450 T T
Error SS: 2.9056x10% Error 55: 5.1988x10
Error MS: 9.6854x107 Error MS: 1.2997x10%
0.565 T 4 0.445
g 0.560
= £ 040
el 0435
0.550 om0l
200 205 300 305 310 315 320 TR 00 03 T 313 e
Temperature (K) Temperature (K)
6)) (b)
T T T T T T T - T .
0125 Error 55 1.464x10° 10
Error MS: 4.883x108 —_
S )
s - 138
] o -
w 0720 c
= 2
ic E 1361 .
i
0715
134
-
0 W5 300 305 0 3 320 BT
Temperature {K) Temperature (K)
© (d)

Fig. 4. The values of solar cell performance parameters: (a) V,,, (b) V,, (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: V, ., V , FF, and the efficiency.
The models with the electron-phonon interaction correction are quite accurate. The
experimental values of V., V , FF, efficiency and temperature dependence of V.
are almost similar to the proposed model.
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PRECIZS MODELIS SAULES ELEMENTU EFEKTIVITATES ATKARIBAI
NO TEMPERATURAS PEC FONONA ENERGIJAS KOREKCIJAS

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

Daudzos eksperimentos tiek zinots, ka saules elementu efektivitate samazinas,
pieaugot temperatiirai. Sis efekts rodas materiala iek3gjo nes@ju koncentracijas
picauguma del, kas tiesi ietekm€ atgriezenisko piesatindjuma stravu (J,). Rezultata,
tukSgaitas spriegums, kas ir apgriezti proporcionals J, samazinas diezgan strau-
Jji, pieaugot temperatiirai. Iek$€ja nes€ja koncentracija tiek noteikta, izmantojot
materiala brivo elektronu energiju un tas temperatiru. VarSni attieciba ir saistiba
starp brivo elektronu energijas izmainam un pusvaditaju temperatiru, kas plasi iz-
mantota saules elementu efektivitates modeli. Tomér pastav probléma, jo Var$ni
attieciba nosaka tikai vibracijas dalas devumu, un tas attiecas tikai uz temperatiru,
kas ir daudz lielaka par Debaja temperatiiru. Petijumos tiek piedavats saules ele-
mentu efektivitates temperatiras atkaribas modelis, kas ietver fonona energijas ko-
rekciju un elektronu-fononu mijiedarbibu. ST korekcija tick piemérota, jo elektronu-
fononu sakabes mijiedarbiba ir pusvaditaju raksturiga mijiedarbiba. Mijiedarbibas
esamibu nevar izslégt nedz eksperimentali, nedz teorétiski. Piedavatais modelis tiek
salidzinats ar eksperimentaliem datiem, kuriem ir diezgan augsta precizitate.

29.06.2018.
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