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Abstract

In this paper, the electrical properties of heterojunction solar cells thin film n-CdS/p-CdTe from
dielectric model have been studied. Based on the expression of the minority, carriers density in
the p-CdTe base of solar cell, the photocurrent density and that of the photo voltage are deter-
mined according to the cell dimensions, doping levels, the absorption coefficient, the solar irra-
diance and the temperature, etc. Fitting using Mathcad and Origin Lab software on the photocur-
rent and the photovoltage of the n-CdS/p-CdTe enabled to determine the series, shunt resistance
and the maximum power point. The results obtained, in good agreement with experimental re-
sults, allow operating simulations for optimizing maximum outputs parameters (I,, V;). Thereaf-
ter, it is proposed a type of photovoltaic generator module with a good command of the design
parameters for better efficiency.
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1. Introduction

The photovoltaic conversion, provided by solar cells, is highly depending on the type of materials and their
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technologies development. Thin film CdS-CdTe photovoltaic devices are leading technology for high efficiency,
and low cost solar modules. Many studies and technical characterization [1]-[5] have been done to control solar
cells parameters degradation and maximize the efficiency of energy conversion. In order to reduce the bulk re-
combination and the cost of solar cells manufacturing for optimal performance, a research in n-CdS/p-CdTe thin
films has been started [6]. Both CdTe and CdS are quite stable and can be produced using various scalable tech-
niques like Chemical Both Deposition, Close-space sublimation, Molecular Organic Chemical Vase Deposition
(MOCVD), Atomic Layer Epitaxy (ALE), screen printing, sputtering, sintering, Molecular Beam Epitaxy
(MBE), Electro-deposition (ED) and High Vacuum Evaporation (HVE) [7]-[9].

Characterization methods for silicon solar cells are often based on the electrical equivalent circuit. In this
work, we have calculated the electrical characteristics 1-V directly from photo carrier’s density expressions.
From mathematical modeling one-dimensional n-CdS/p-CdTe solar cell, we have established the diffusion equa-
tion of the excess minority carriers at the base.

The determination of the density of minority carriers’ expression leads to photocurrent density and photovol-
tage density in function of doping level, temperature and solar irradiance.

The use of the I-V characteristic allowed us to determine the electrical parameters such as the short-circuit
photocurrent, the open circuit photovoltage, series and shunt resistance of the CdS/CdTe solar cell.

2. Preliminaries

Figure 1 shows schematic of n-CdS/p-CdTe solar cell devise structure used in the work, where H is the length
of the cell, He, the thickness of the emitter (CdS), Hy, the base (CdTe) and W is the width of the depletion zone.
Where,
He is the width of n-CdS emitter; Hy is the width of the p-CdTe base; W is depletion width.
When this solar cell is illuminated along the x-axis (Ox), there is a photo generation and recombination mi-
nority carriers in the base part. The minority carrier’s diffusion in steady state is governed by the following dif-
fusion equation:

p p°)+G(x)—M=0 @

L2=D,r, )

where, L, or L. is the diffusion length of the minority carriers (electrons); D, is diffusion coefficient, G(x) the
recombination rate; t, the lifetime. (n, — npo) is excess minority carriers density.
The solution of Equation (2) is given by:
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Figure 1. Schematic representation of a CdS/CdTe solar cell.
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The constants A and B Equation (3) were determined using the boundary conditions at the separation surface
Junction base:

where x=H, +w (4)
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where, &, =n,—n, is the excess of the carriers density V7 is the thermal voltage, z is the lifetime, (q) is the
electric charge, Ns—Acceptor impurity concentration Np—Donor impurity concentration, ni—Intrinsic impurity
concentration.

In the photocurrent Equation (8) and photo voltage Equation (9), the absorption coefficient of CdS (acgs) and
absorption coefficient of CdTe (acqre) USed were determined by dielectric model [10]. In the dielectric function
model, Kramer-Kronic, expression is used and developments have led to simple analytical expressions of the
real part of the dielectric function and complex. The absorption coefficients of the two semiconductors are based
on the past are obtained with band gap energy in the range of 1.1 - 6.1 eV. Figure 2 shows the absorption coef-
ficient calculated by the dielectric model.
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Figure 2. Absorption coefficient of CdS (a) and CdTe (b) according to the dielectric model [12].
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3. Results and Discussion

In Figure 3, at the 27°C temperature and a 750 W/m? solar irradiance are three main zones on the I-V characte-
ristic of the cell:

-The first zone [0 - 400 mV] corresponds to the short-circuit operating of the cell, where the photo-voltage has
no effect on the short-circuit photocurrent,

-The second zone, [400 - 700 mV] to the open circuit operating, where there is no significant photo generated
minority carriers that cross the junction, since many of them are stored at the vicinity of the junction.

-The third zone [700 - 800 mV], where the optimum operated joint of the solar cell is localized.

Based on |-V characteristics, a few electrical parameters like series and shunt resistances will be determined
according to solar irradiance and temperature.

3.1. Series and Shunt Resistances

The series and shunt resistances can be described as the change of an ideal 1-V characteristic. Series resistances,
Rs loss is primarily due to the contact resistance of the front and back contacts of the solar cell. Other component
that contributes to series resistance is resistance in the semiconductor material. High R, values lead to a decrease
in the FF of the solar cell which in turn affects the efficiency. The shunt resistance, Ry, is used to model leakage
currents. Shunt resistance mainly arises due to leakage current created within a solar cell.

Superimposition actual 1-V characteristic is obtained with the ideal characteristic. It’s possible to deduce the
series resistance in the area where the solar cell behaves as a voltage generator and the shunt resistance in the
wide area of tension, behaves as a current generator.

The ideal characteristic of a solar cell is equivalent to that of an ideal diode with a threshold voltage equal to
the short-circuit voltage of the cell, inserted in a circuit supplying with a current equivalent to the short-circuit
current. In one hand by plotting the IV characteristic of the solar cell n-CdS/p-CdTe on the same figure as the
rectangular ideal characteristic, it is possible to deduce the geometrically shunt resistance and the series resis-
tance.
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Figure 3. Method of determining the series resistance and shunt of a solar cell CdS/CdTe 1 cm?.
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On the other hand the Origin software we used in the operation of the curves enables a sample “fitting” direct
access to the slope (series and shunt conductance) on the previously described zones and hence deduces the se-
ries resistance and corresponding shunt. Other studies viewed the equivalent equation of the photovoltaic cell.
Additional numerical solution methods for this complex equation allows them to plot the IV characteristic

Our method allows to accurately the value of the shunt resistance and series resistance without using the equ-
ation of the equivalent circuit diagram | (V). Table 1 gives the values of these resistances to the solar photocell
n-CdS/p-CdTe.

The results obtained are summarized in Table 1, where, I is the currentof the short-circuit, V. is the open
circuit photovoltage.

Another experimental method [11]-[13] of series resistance of solar cell by measuring a variation of the illu-
mination is to determine the characteristic of (L,) from the known characteristic of I (L,), as illustrated in Figure
4. Just add to the translation parallel to the ordered, | = I, — |,, a translation parallel to the abscissa, the numeri-
cal application to take account of the voltage drop proportional to the difference of the currents and series resis-
tance. Applying this method to our study, where we have direct two curves with different illumination (500
W/m2) and 800 W/m?), as Table 2 depicted ten values of the cell.

3.2. Photovoltaic Generator

3.2.1. Photovoltaic Module

The solar cell CdS/CdTe obtained in our model has an open circuit voltage of 775 V and a maximum power
point of 645 mV. Considering that our PV panel should be able to charge a 12 V battery to its maximum voltage
of about 14 V and the overall electrical current-voltage characteristic of the photovoltaic generator therefore
theoretically deduced from the combination of the characteristics of 25 supposed identical elementary cells,
which make up the two relative affinities 5 parallel to the axis of tension and relative 5 parallel to the axis cur-
rents, as illustrated in Figure 6. We consequently obtain the equivalent of modularity by a macro cell whose
behavior is identical to the cell. Therefore will loosing 1 to 2 V, wiring and increasing temperature. We expect
panel that provides at least 16 - 17 V at maximum power. If we divide 17 by 0.68, we find a round number of
25. This will have solar cells of a module by 5 rows of 5.

3.2.2. Parallel Connection

When the cells are connected in parallel, it is the current to be added and the voltage will remain constant. The
properties of parallel cell group are dual to those of series grouping. Thus, in a group of cells connected in pa-
rallel, the cells are subjected to the same tension and the resultant characteristic of the group is obtained by

Table 1. Basic parameters for CdTe at different temperatures.

Ic (Alcm?) Voo (MV) R; (Q-cm?) R, (Q-cm?) Ol P FF%

Cell 27 810 0.4 780 1 72

Ref. 1 26.08 675 0.56 1200 7.4 68
Ref. 2 22.5 730 2.04 1170 8.72 54.50

Table 2. Summary of results at two irradiations (500 W m?2) and 800 W/m?.

Ours results
Parameters Ref. cell [14]

500 W/m? 800 W/m?
Voc (mV) 840 780 981
Js (MAJCm?) 26.08 39 62
Rs (Q-cm?) 1<R;<5 0.9 0.85
Rsn (Q-cm?) 563 < Ry, < 881 710 812
FF 0.731 0.73 78
Efficiency (%) 16 15.7 18
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Figure 4. Experimental method to determine shunt resistance and series resistance of the solar cell
CdS/CdTe for on 1 cm?.

adding the data voltage to current. Figure 5 shows the resulting feature (1I,, Vp) obtained by combining parallel 5
identical cells. This characteristic is obtained by applying a ratio of affinity 5 on current to the common basic
characteristic.

3.2.3. Cells Series Connection

Photovoltaic cells can connect in series. The voltages of all cells are added and the current is the same as that of
a single cell (Figure 6). Therefore, always the same cells are connected for the current to series. If one of them
was lower in current, it would impose its current throughout the series which would penalize the entire module.
It is said pairing in practice. The cells were sorted according to their current to wire them in series. If one of
them was lower in current, it would impose its power to the entire series which penalize the entire module.

3.2.4. Impact of Irradiance

The effect of the irradiance on the voltage-current (V-I) and voltage-power (V-P) are shown in Figure 7 and
Figure 8. It is noted that the short-circuit current substantially increases with solar irradiation at a given temper-
ature (300 K) when the irradiance varies, the open circuit voltage (Vo) show small variation and the short circuit
current I varies in proportion to the irradiance. The short-circuit current is increased by 0.39% or 3.9 mA at an
irradiance of 1 W/m?.

As far as it the pressure, it is slightly sensitive to light only 0.03% or 0.3 mV of increase is observed for 1
w/m? and is illustrated in Figure 8.

As it was previously mentioned, the photo-generated current is directly proportional to the irradiance level, so
an increment in the irradiation leads to a higher photo-generated current. Moreover, the short circuit current is
directly proportional to the photo generated current; therefore it is directly proportional to the irradiance. When
the operating point is not the short circuit, in which no power is generated, the photo generated current is also
the main factor in the PV current. For this reason the voltage-current characteristic varies with the irradiation. In
contrast, the effect in the open circuit voltage is relatively small, as the dependence of the light generated cur-

rent.
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Figure 8. Impact of the temperature on the current-voltage characteristic in the
PV module.

In Table 3, we present cell parameters electrics at different solar radiation, where, |, Viax are the current
and voltage at maximum power, Pax.

3.2.5. Impact of Temperature
In Figure 8, we notice a very high sensitivity of the open circuit voltage of the temperature variations. When the
cell temperature increases, the open circuit voltage decreases substantially, while the short circuit current in-
creases slightly. For cells in CdS/CdTe, the open circuit voltage V.. decrease of about 1.8% for every degree
Celsius more increases 0.005% for the same conditions. It may be noted that the PV cells have better perfor-
mance in cold temperature switch clear skies, instead of a warm and coldly environment.

The temperature (T) has a direct impact on the performance of a solar cell CdS/CdTe as shown in Figure 9.

Generator PV temperature is the result of the ambient temperature and the warming of the cell by the
non-absorbed part of the radiation of the cell. Since only a small fraction of the insulations touching the module
is converted into electrical power, most of the incident energy is absorbed and converted into heat. Therefore, an
indicator called “Nominal Operating Cell Temperature” (T,oc; ) iS associated with systems to reflect the per-
formance of the cell changing with temperature. The temperature of the cell is NIGHT ambient temperature
reached a cell encapsulated in a module subjected to an irradiance of 800 W/m? at an ambient temperature of
20°C, with a 45° inclination to the horizontal with a wind velocity of 1 m/s in terms of electrical open circuit. To
take account of other environmental conditions, the following expression is often used.

E
T, =T, + ﬁ(TNOCT -20) (10)

where Ey, is the irradiance (W/m?).

3.2.6. Optimal Operation of a Photovoltaic Module

The optimum operating point [Vima(E, T), Imax(E, T)] corresponds to a power of extreme. It is therefore especially
geometrically defined by the tangent of the characteristic of panel I, (V) to the hyper bold as the is power is
shown in Figure 9 and Figure 10.

The photovoltaic generator (GPV) is subjected to temperature variations at a constant brightness where the
maximum power point (MPP) increases steadily with increasing temperature and maximum are on the same
straight line.

In Figure 9, the short-circuit photocurrent and photo-voltage increases with solar irradiation. It is noted that
the short-circuit photocurrent is more sensitive than the open circuit photo-voltage to increasing radiation.
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Table 3. Results for the impact of the solar irradiation.

Temperature 300 K
E (w/m?) 500 600 700 800 900 1000
Inax (MA/Cm?) 17.9 215 25.2 28.8 324 36.0
Vinax (V) 5.85 5.89 5.92 5.95 5.98 6.00
Prmax (W) 5.11 6.22 7.35 8.49 9.64 10.80
I. (MA/cm?) 19.4 233 27.2 311 349 38.8
Vee (V) 6.45 6.49 6.53 6.56 6.59 6.61
4.97
4.26 \ \
3.55
g p
2 2844
o ]
2
Be] 2.13 1
o
2 ]
o
1.42
0.71 1
0.00 T T T T T T T T T T T T T T
0.00 0.71 1.42 213 2.84 3.55 4.26 4.97

Photovoltage (V)

Figure 9. Impact of the temperature on the characteristic 1-V and maximum power in the PV module.

4.20 .
isopower
3.85
3.50
3.15
2.80

2.45

E=900 W/m

E=800 W/m" \ \

E=700 W/m"

NANAN

2.10 E=600 W/m2

1.75
1.40
1.05

2
E=500 W/m

Photocurrent (A)

0.70
0.35

0.00

0.00 0.52 1.04 1.56 2.08 2.60 3.12 3.64
Photovoltage (V)

Figure 10. Impact of the irradiation of the characteristic I-V module 300 K.
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The tangent to each iso-power corresponding to an I-V characteristic, gives the optimum operating point or
the point of maximum operation. The results of Figure 9 are shown in Table 4 where FF is a Fill Factor.

Figure 10 shows the power profile as a function of the photo-voltage for different illuminations. The net-
works of curves of Figure 10 and Figure 11 show the impedance matching problem depending on the tempera-
ture and irradiation.

In particular, for a resistive load it is clear that a perfect impedance matching can be obtained for only one
torque value (Temperature-irradiation). We see that the maximum power points lie on a curve, whose shape is
pretty close to a straight.

Figure 10 and Figure 11 respectively give the I-V and P-V characteristic of a PV module according to the in-
cident light and at room temperature. We find that changes in short circuit current is proportional to the incident
solar flux. Hence the strong influence of irradiation on the current output by the PV module. This influence re-
sults in an increase of the power available in the PV modules whenever the illumination increases and each of
the luminous flux values is a maximum electric power that could provide a PV module.

The power is the product of voltage and current is the output power delivered by the module. At both ends of
the IV curve, output power is zero since either the current or the voltage is zero at these points. The curve of
Figure 11 reveals the development of the power as a function of voltage for a solar cell module consisting of 25
n-CdS/p-CdTe for different illuminations. When increasing the illumination, the amplitude of the power in-
creases and the maximum photovoltage moves to large values of photovoltage.

Table 4. Photovoltaic parameters of CdS/CdTe solar cells at 1000 W/m>.

Parameters 1000 W/m?
Temperature 20° 25° 30° 35° 40°
Imax (MA/CM?) 23.67 23.63 23.55 23.43 23.18
Vinax (V) 7.08 6.31 5.54 479 4.08
P max 15.01 11.99 9.03 6.15 343
I (MA/cm?) 23.88 23.88 23.88 23.88 23.88
Voe (V) 7.75 6.85 6.12 5.31 4.49
FF% 81.4 80.4 74.5 55.1 59.3
30
25 =1 OOC
—10°C
204
—30°C
g 154 -
)
a
10
5
0 — 1
0 4 5 6 7 8
Voltage(V)

Figure 11. P-V curves of the photovoltaic module for various temperatures.
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In the case of energy sources as our solar module n-CdS/p-CdTe this occurs in maximum power points. This
type of control is often called in the literature “Maximum Power Point Search” or “Maximum Power Point
Tracking” (MPPT) [15]. The principle of these commands is to search the maximum power point (MPP) while
ensuring a perfect match between the generator and the load to transfer maximum power.

4. Conclusion

This article is mainly based on the optimization of 1-V current voltage characteristics and PV power voltage in
the solar cell heterojunction CdS/CdTe. In this model of the dielectric function, we calculated the absorption
coefficient of semiconductor components CdS and CdTe. The photocarriers density expression, the photocurrent
expression, the photovoltage expression are established in function of the absorption coefficients of CdS and
CdTe. The 1V and PV characteristics are derived and their exploitation allows to access series resistance and
shunt resistance of solar cell CdS/CdTe. In order to confirm the results from the model of the dielectric function,
we integrated the intrinsic parameters (Rgn, Rs, lee, 1co). Therefore the optimization studies made on the silicon
solar cells are based on the equation of the equivalent circuit. However in this study, we integrated the intrinsic
parameters of the CdS/CdTe cell by establishing the density of photocarriers, the terms of the photocurrent and
photovoltage. 1-V and P-V characteristics are thus derived and their exploitation has allowed access to the opti-
cal and electrical parameters. Finally, considering the climate conditions, the extrinsic parameters offered the
perspective to adapt the maximum power point. Specific methods exist to bring devices to operate at maximum
points from their specifications without priori that these points are known in advance, and without that we know
at what time they are changed or what the reasons of this change are. In the case of energy sources as our solar
module n-CdS/p-CdTe, this results in maximum power points. This knowledge allows an optimization of the
electrical parameters, which results in a maximum power control at the completion of the solar cell. Thus, in or-
der to confirm the validity of our results, we compared them with those of a reference model and a good match
is thus established.
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