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Abstract

We report the study of the temperature dependance of the performance
electronic parameters of an N-P solar cell by considering as model, the co-
lumnar cylindrical orientation associated to the dynamic junction velocity
(SF) concept. We presented the photocurrent-photovoltage (I-V) and Pow-
er-photovoltage (P-V) characteristic curves. The short-circuit photocurrent
(Z,.), the open circuit photovoltage (U,), the fill factor (FF) and the efficiency
(1) are linearly dependent on the temperature. The temperature coefficients
(T-coefficient) relative to the short-circuit, open-circuit photovoltage and ef-
ficiency are calculated and the comparison with data from the literature
showed the accuracy of the considered model.

Keywords

Polycrystalline, Solar Cell, Junction Recombination Velocity, Temperature

1. Introduction

The photovoltaic effect was first discovered in 1839 by Edmond Becquerel [1].
The photosensitive properties of selenium and the photovoltaic effect in
semi-conductors were developed in 1873 by Willough Smith and in 1875 by
Werner Von Siemens, respectively [1]. The first solar cell made of selenium and
gold with a 1% of efficiency [1] was then created by Charles Fritts in 1883. Since
then, several research projects have significantly increased the efficiency of solar
cell’s to reach 22.9% in 2015 for a crystalline silicon solar cell under the global
AM1.5 spectrum (1000 W/m?) at 25°C [2]. Due to the improved manufacturing
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technologies and the photovoltaic industries development, the solar energy is
more and more used, in all different areas of life. Solar energy is then considered
as the energy of the future due to its properties: low maintenance cost, high re-
liability, eco-friendly, renewable and low-carbon resources [3].

However, there are some limitations to increasing the efficiency of solar cells
and photovoltaics modules. These limitations are mainly due to the recombina-
tion phenomena [1] [4] [5] [6] [7] [8], the ohmic losses [9], the type of
semi-conductors [9], the tracking angle [3] [10], the manufacturing technologies
and process [1] and the environmental conditions [3] [9] [11] which include the
light intensity, the temperature, the wind, the dust, the humidity, the ultraviolet
rays, the shading, the seasonal variations, the latitude, the cloudiness, the air
pollution, the albedo of earth, the rain, the breeze, the tilt angle, etc.

Many authors, using different methods, have studied the temperature effect
on the solar cell due to sunlight exposure and the effect of absorption [3] [11].
These works show that the solar cell parameters like the open circuit voltage, the
maximum power, the fill factor, the efficiency, the shunt resistance [12] and the
energy band gap are found decreasing with cell temperature while the
short-circuit current density, the reverse saturation current density, the series
resistance [12] and the diode ideality factor [12] are observed to increase with
temperature. Some authors have also studied the temperature effects on the solar
cell or on the solar photovoltaic system (SPV) determining the temperature
coefficients of the open circuit voltage, the maximum power, the fill factor, the
efficiency and the short-circuit current density [12].

One can note Priyanka ef al’s work [9] which analyzed of the temperature
dependence of solar cell performance. They consider semiconductor materials
such as Ge, Si, GaAs, InP, CdTe and CdS and calculate the rate of change of the
performance parameters of these solar cells. F. Ghani et al [12] collected the
current-voltage data from a mono-crystalline silicon cell at constant irradiance
but and at temperatures within the range of 25°C and 70°C. They calculated the
photo-generated current and reverse saturation current densities, the series and
shunt resistances and the diode ideality factor using a unique numerical ap-
proach which takes into consideration several points taken from the experimen-
tal current-voltage data. They found that all these five modeling parameters were
influenced by temperature, with the reverse saturation current followed by the
series and shunt resistances being affected most significantly [12]. Impact of
temperature on performance of series and parallel connected mono-crystalline
silicon solar cells was studied by Subhash Chander et al. [3]. They proved that all
performance parameters of solar cell, without short-circuit current density, de-
crease with temperature.

Using the Performance Ratio as a grading technic, the temperature influence
on the roof-top photovoltaic system which is set up on the library roof-top in
Indian Institute of Science, Bangalore, India, is studied [11]. The significant

findings of this work are that the temperature is a key factor related to the effi-
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ciency of the system which varies in summer, monsoon, post-monsoon and
winter seasons.

Ultimately, we have noted through the literature that temperature plays an
important role in the performance of photovoltaic systems but works which
consider the temperature effects of the solar cell constituted of cylindrical co-
lumnar grains were not produced yet [13] [14]. Therefore, to bridge this gap, we
undertaken a study on an N-P polycristalline silicon solar cell considering the
columnar cylindrical grains orientation. Hence, considering the back-side sur-
face recombination velocity (Sb) and the dynamic junction velocity (SF) [5], we
determine the temperature effect on the performance of the current-voltage
density characteristic, the open circuit voltage, the fill factor, the efficiency and
the short circuit current density of the considered solar cell. Additionally, we

studied the temperature coefficients (T-coefficients) of these parameters.

2. Materials and Methods

Figure 1 shows columnar cylindrical model used in this work. The model cor-
responds to an isolated columnar grain of an N-P polycrystalline solar cell.

The solar cell is assumed to have three zones [8]: the emitter doped N, the
base doped P and the junction N-P between the emitter and the base. Here, the
thickness [8] of the junction is not considered in the calculation. The columnar
cylindrical grain has a base thickness of H and a radius R. The variation of R

corresponds the grains size variation.
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Figure 1. An isolated columnar cylindrical N-P polycristalline silicon solar cell.
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When the solar cell is illuminated, there is creation of electron-hole pairs in
the base [1]. Using the cylindrical coordinates and considering that the emitter is
a dead zone [8], we determine the carriers concentration in the excess minority

carriers’ density equation in the base that is written as:

2 2 2
0 5(r,€,z)+a 5(r,6’,z)+i.a 5(r,6’,z)+£a§(r,9,z)

or? 072 r 06° r or W
_5(r,0,z)__G(z)
(T)  b(T)

We assume that in our model, the intragrain material is homogeneous and the
doping level in each region is assumed to be uniform, hence no electric field in
the top or the base region. This leads to azimuthal symmetry and the number of
independent coordinates reduces to two, namely, rand z, using the conventional
cylindrical coordinate system. Therefore the continuity equation becomes:

0%5(r,z) . o%s(r,z) LL o5(riz) &(riz)  G(2)

ar? a2 r o 1T) D(T) @

with:
5(r,z) : excess minority carrier’s density;
L(T) is the electron diffusion length in the base;
D(T) is the electron diffusion coefficient in the base. Its specifications are

given in [15] and expressed as:

L*(T)=7-D(T) 3)
7is the lifetime;
and
k
D(T)=ﬂ(T);"-T (4)

1(T) is the coefficient mobility [16] for electrons, given as:

u(T)=143x10° - T **cm*.v .8 ()

k, is the Boltzmann constant;
q 1isthe elementary charge of an electron;

G (z) is the electron-hole pairs generation expressed as [17]:
G(z)=a-l,-(1-R)-exp(-a-2) (6)
The coefficient a denotes the absorption of light for wavelength A;and 1, is
the incident photon flux [18].

While proceeding by the separation method of the variables used by [19], we

can set:

s(r,z)=3 f (r)-sin(c, -z)+K, (7)
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-3 AT

The general solution of the excess minority carriers density is then given by:

o 12.c _ : 8
2-a (1 R) 2k kz G(H)— . 2Kk 1 COS<Ck H) .Sin(ck .Z)J,- Kk( )
H-D(T) ci+a L*(T)-H G

Coefficients A, and K, are obtained from the boundaries conditions of the
solar cell:
e atthejunction (z=0) [6] [8]:

T
w(ram) st .5(rT,2=0) (9)
o1 D(T)
=0
e at the back side of the solar cell [6] [8]:
o(r.2T) __ S 5(rT,z=H) (10)
0z . D(T)
e at the grain boundary (r= R) [13] [14]:
AT s (RT) (11)
o | . D(T)

In Equation (9), as shown by [5] [6] [8], SF is the dynamic junction velocity
and traduces both the losses occurring across the junction and the current flow
to the external load. In our early studies we have explained concept of SF and its
two terms [6]: S0 and Sfj.

Sh, in Equation (10), is the back-side surface recombination velocity. It
quantifies the rate at which excess minority carriers are lost at the back-side sur-
face of the cell [8] [20]. Sgb denotes the grain boundary recombination velocity
on the contact of two grains [8] [14].

3. Results and Discussions

In Figure 2, we plotted the power of the solar cell versus the dynamic junction
velocity (SF) with solar cell’s temperature (T) as variable parameter which can
take: 298 K, 310 K, 320 K and 330 K. We have used this temperature interval that
is close to the ambient temperature for a better working of the solar cells. When
the temperature of the solar cell increases, the magnitude of the solar cell’s pow-
er decreases when SF < 0.125 x 10° cm-s™".

Figure 2 shows that the increase of the dynamic junction velocity (SF) in-
creases the power of the solar cell, which reaches a maximum value at SF = 0.5 x
10° cm-s™' and then decreases very slightly.

A part the open circuit operating area, the behavior of the power-SF curve
matches fairly with works presented in [4]. In our work, the open circuit zone is
very brief. In early works done with other models, columnar cubic grain and 1D
orientations, the open circuit zone is noted when SF varies from 0 to 10’ cm-s™".

The result states the series resistance (R,) determination which is calculated con-
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sidering the solar cell in open circuit operating condition as a voltage generator.
On the other hand, our model could be used to determine the shunt (R,) of the
solar cell. It can be also applied using characterization methods to determine the
real back-side surface recombination ($b) [21] and the effective diffusion length

(L.» [22]. These techniques are valid in short-circuit open circuit operating
condition.

The current-voltage (I-V) and power-voltage (P-V) characteristic curve are

presented in Figure 3 and Figure 4 for various solar cell’s temperature values
taking: 298 K, 310 K, 320 K and 330 K.

14 , . ¥ T T T T T T
oy == _ T e e v i )
10 ;

C —

: et erems mmre o
z 8 |
f, T=208K
. ——— Sb =10% cm-s™! y
g T=310K
ncf - A =800 nm

. T=320K 1
— R=0.01cm
T=330K
o ——rarrares H=130 Mm T
Sgb = 1000 cm-s™
0 L L 1 L L ! : . :
0 1 2 3 4 5 6 7 8 e 10

Dynamic jonction velocity SF (cm-s™) %108

Figure 2. Power of the illuminated solar cell by the front surface versus SF with different
temperatures (T).
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Figure 3. Photocurrent-Photovoltage (I-V) characteristics at different temperatures.
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Figure 4. Power-Photovoltage (P-V) characteristics at different temperatures.

It is noted in Figure 3 that, with the temperature increasing, the short-circuit
photocurrent (Z,) and the photo voltage (V) increases and decreases, respec-
tively as shown in [23].

Figure 4 shows that, the Power-Photovoltage (P-V) characteristics curve at
different temperatures has the same behavior as the one found in [6] and can be
used to determine the maximum solar cell power [6] and the “knee” of characte-
ristic I-V curve as shown in [6].

The temperature dependence of the performance parameters of polycrystal-
line silicon solar cell is considered. We presented the open circuit photovoltage
(V,), the fill factor (FF) and the short circuit photocurrent (Z,) variations with
the cell temperature in Figures 5-7, respectively.

In Figure 5 and Figure 6, we presented V,-T, I.-T and FF-T for various
grain boundary recombination velocity (Sgb) and various radius (R), respective-
ly. Figure 7 and Figure 8 present the FF-T and 7-T curves, respectively, for var-
ious grain radius (R).

We notice in Figures 5-7, that the open circuit voltage is observed to decrease
slightly with cell temperature and Sgb. But fill factor decreases very softly with cell
temperature and increases when the radius (R) increases while the short-circuit
current is found to increase with cell temperature [24].

It is obvious that the solar cell temperature plays a key role in the solar cell
performance as shown in [23]. This is explained by the fact that, solar cell tem-
perature variation affects the bandgap (Z)), the reverse saturation current (),
the ideality factor (n), the parasitic resistance which are the shunt (R,;) and the
series resistance (R). Indeed, it is shown that [9], the higher the bandgap, the
lower will be the saturation current density. The saturation current density (1),
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Figure 5. Open circuit photovoltage (V) versus temperature for various grain boundary
recombination velocity (Sgb).
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Figure 6. Short circuit photocurrent (/) versus temperature for various solar cell grain
radius (R).
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Figure 7. Fill Factor (FF) versus temperature for various solar cell grain radius (R).
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Figure 8. Solar cell efficiency (1) versus temperature (K) for various radius (R).

which corresponds to recombination in neutral regions, increases with increas-
ing temperature whereas it decreases with increasing bandgap. 1, is the most
heavily affected parameter when the temperature varies [12].

The decrease in bandgap with increasing temperature, observed on several
semi-conductors, results in an increase of the reverse saturation current. These
decrease due to additional thermally generated electrons in the conductivity
band and the holes in the valence band; which leads to lower open-circuit oper-
ating point (V).

Some authors have also shown that, increasing the solar cell temperature in-
creases the intrinsic concentration, z2; and decreases the contact potential differ-
ence (ddp). As, the open circuit voltage (V) is proportional to the ddp, it de-
creases as shown in [25].

The short-circuit current (Z,) is proportional to the number of generated
charge carriers and mobility as well as it depends strongly on the generation rate
and the diffusion length. The diffusion length depends on the product of the
carrier lifetime and excess minority carrier mobility which is more sensitive to
the temperature variation. The excess minority carrier mobility which deter-
mines diffusion length evolution with the temperature is linked to the lattice
scattering, ionized acceptor and donor impurities scattering and electron-hole
scattering. Hence the total excess minority carriers mobility is determined con-
sidering the minority electron mobility limited by lattice, acceptor, donor and
hole. But it is shown [23] that for our considered solar cell, due to the predo-
minance of the lattice scattering mechanism, the excess minority carriers mobil-
ity limited by lattice (y,) decreases very sharply with temperature leading both
increase of photons and the short-circuit current. Moreover, it is also noted that
the rate of generation of charge carrier increases with cell temperature leading to
an increment of the short circuit current as shown in [26]. In other words, in-
creasing of temperature leads to the reduction of band gap, permitting addition-

al photons to penetrate in solar cell base and generate excess minority carriers.
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A similar behavior of our result is also observed in earlier reported work of
other researchers for silicon solar cells [12] [27] [28] [29] [30] [31] where the
model cubic columnar is used in these works and the similarity of the results
feels to the level of the reduction of voltage and the power and an increase of
current of the solar cell’s when the value of the temperature is increased.

By plotting the FF-T and 7-T curves, we remarked that the Fill Factor (FF)
and efficiency (7)) decrease with the increase of the temperature as shown in [12]
due to change in corresponding open circuit voltage and short circuit current.
The FF-T is also observed to decrease in parallel combination which may be due
to increase in the resistive loss and the 7-T is strongly affected by the tempera-
ture in accordance to the nominal operative cell temperature and the typical op-
erating temperature for solar cells is about 330 K which also depends on manu-
facturer specifications. A significant efficiency loss is observed with increasing
cell temperature over the nominal operative cell temperature range which re-
vealed the linear power loss with the temperature. The decrease of these two pa-
rameters is mainly controlled by the decrease of V. and the increase of the /.
The increase of /. with solar cell temperature does not affect much to FF and 7
due to high variation of [, with temperature with over 270% increase from T =
25°C to 70°C as shown by [11]. Although, M. Shravanth Vasisht et al. [11] re-
ported in an early work that the solar cell temperature and ambient temperature
majorly influence the Performance Ratio (PR) when they studied a 20 kWp solar
Photovoltaic system seted up on the library roof-top in Indian Institute of
Science, Bangalore, India. They also showed that 7(63") < 7(46") < 7,(STC) with
7 the efficiency of the SPV and STC, the standard test condition.

We plotted in Figures 9-11 the temperature coefficient (T-coefficients) of
short circuit photocurrent, open circuit photovoltage and efficiency versus tem-
perature, respectively. Indeed, Figure 9 showed that the temperature coefficient

of short-circuit photocurrent increases with the temperature of the solar cell
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Figure 9. Temperature coefficient of short-circuit photocurrent versus temperature.
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Figure 10. Temperature coefficient of open circuit photovoltage versus temperature.
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Figure 11. Temperature coefficient of efficiency versus temperature.

whereas in Figure 10 and Figure 11, the coefficients of open circuit photovol-
tage and efficiency decrease with the increase of the temperature of the solar cell.
The coefficients of open circuit photovoltage and efficiency are negatives and
can be increased by raising U,, which will decrease the temperature sensitivity
of the solar cell. This means that decreasing the recombination currents in the
bulk and on the surfaces of the cell greatly improves the temperature coefficient

of open circuit photovoltage [32].

4. Conclusion

In summary, we have investigated the impact of temperature on the perfor-
mance of an N-P solar cell considering the columnar cylindrical grain. Findings
showed that with the temperature increasing, the short circuit increases slightly,

and the open-circuit decreases sharply. The short-circuit photo current density,
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the open circuit photovoltage, the fill factor, the efficiency and the T-coefficients

are linearly dependent on the temperature. The increase of the temperature en-

tails a reduction of tension and a light growth of the current and thereafter, a

relative decrease of the maximal power. Therefore, temperature influences nega-

tively on the output of production of the solar cells.
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