Journal of Ovonic Research Vol. 15, No. 1, January — February 2019, p. 43 - 52

STUDY OF THE PERFORMANCES OF A TANDEM PHOTOVOLTAIC CELL
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Solar cells are currently the subject of various research works whose goal is to improve the
performance of these cells by minimizing physical losses and achieving the best
relationship between energy efficiency and cost. Among the most common types of cells
currently, one can find those in thin layers made in CIGS (Copper, Indium, Gallium and
Selenium). The objective of this work is within the framework of the numerical modeling
of the tandem structure of two thin-film solar cells based on CIGS in order to optimize the
physical and geometrical characteristics of the different layers of the cell such as the
thicknesses of the layers, gap energy, etc. The studied cell is composed of two parts; an
top cell based on CuGaSe, and a bottom cell based on Culnse,.
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1. Introduction

The efficiency of a homojunction solar cell is limited by the multiple losses that occur in
this type of cells and in particular those relating to photons and charge carriers (electrons and
holes).

It is therefore necessary to use several cells, each being sensitive only in a spectral band,
and the whole covering a wider part of the solar spectrum. This is the concept of multispectral
conversion.

In this context, we are interested in simulating the performance of multi-function
photovoltaic cells based on CIGS material under standard operating conditions.

Our main goal is to analyze the effect of some physical and technological parameters
based on their photovoltaic conversion efficiency.

2. Presentation of the tandem cell

The choice of materials for the realization of a tandem structure is guided by the optical
and electrical properties of the two materials, in particular by the values of their band gap. The gap
of the second cell (CulnSe,) must allow it the absorption of the radiation transmitted by the first
cell (CuGaSe,) [1-4]. Photons energy is essentially inferior to the gap of the first cell. We present
here the possibility of using the CuGaSe, / CulnSe, structure as a photovoltaic structure [5, 6]. The
structure is a tandem of two cells, the first CuGaSe, cell is the upper cell and the second CulnSe,
cell is the lower cell [7]. Between these two cells, there is a tunnel junction as shown in Fig. 1 [7-
9].
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Fig. 1. Structure of the CuGaSe, / CulnSe, tandem cell.

3. Photocurrent calculation

3.1. Basic equations

We have put in place the equations that govern the static and dynamic characteristics of
the carriers in the semiconductor by assuming that there is no intervention of the magnetic field.
Under these conditions, we obtain the following equations [1-5]:

For electrons:

J» =qu.nE+qD, grad n 1)

For holes:
Jp =qQuynE- gD, grad p )

The continuity equations for the two types of carriers are expressed as follows:
For electrons[7,8]:

dn_pyd'n_n
e DndzX . +G1(X) 3)
For holes:
dp_ & _p
A Dpdzx o +G,(X) 4)

By neglecting the effect of the electrostatic field outside the depletion zone and assuming
that the junctions are stationary (permanent illumination), the continuity equations become:

d2

Dnd_zz - % +G1(X)=0 (5)
dZ

Dpd_zz - % +G,(x)=0 (6)

The main objective of our work is to study CIGS tandem photovoltaic cells in order to
take the best electrical characteristics of this type of cells such as the photocurrent spectral
response, characteristic | (V), the form factor, and photovoltaic conversion efficiency.

3.2. Parameters of the studied cell

The cells are superimposed in decreasing order of the values of the induced band heights
Eg, where the device having the highest value is at the top and receiving all the radiation. For a
given solar spectrum, and a finite number of materials, there are imposed values of Eg giving
maximum efficiency to the system. For this, the chosen parameters are reported in Table 1.



Table 1. Parameters of the studied cell [8-13].

Upper Cell Lower Cell
(top) (bottom)
Gap Energy Eg(eV) 1.67 1.02
Thickness d(pum) 15 25
Concentration of Acceptor Atoms Na (cm™) 5.10" 5.10"
Intrinsic Concentration n;(cm™) 1.1.10"° 1.1.10°
The effective density of the state of the electrons in the valence band N 5.10% 5.10%
(cm®)
The effective density of the state of the holes in the valence band N,(cm’ 10" 10"
3
)
The Lifetime of Elecrons z,(s) 10 10-°
Diffusion coefficient D,(cm?/s) 3.9 3.9
Length of diffusion L,(cm) 6.6.10° 6.6.10°
Relative Permittivity ¢, 15 15

For the external parameters used, we take standard conditions, which are:

° The AML1.5 solar spectrum.

o The illumination is 2000W / m2,
° The temperature is 300 K.

4. Results

4.1. Spectral response

The spectral response makes it possible to evaluate the quantum yield of a solar cell as a
function of the wavelength of the incident light. This measurement consists in illuminating the
solar cell with a monochromatic spectrum that varies in the absorption range of the material [8].

To study the internal mechanisms of the cell, it is necessary to study the variation of the
spectral response. For this purpose, it is necessary to consider only the absorbed photons in order
to analyze the other parameters of the cell. To do this, we will first proceed in a preliminary study

of the spectral response.

In Fig. 2, the variation of the spectral response of the tandem PV cell (both cells) is
presented as a function of wavelength for recombination rate values of 10° cm® / s and 10’ cm? / s.

100

T T T celll,é"=105 cm’ls

+— cell1,S =10" cm’fs

90 4

80
70 4

60

RS(%)

50 4

40 4

304

20

104

0

T T
04 0,6 08 1,0 12
Wave length (um)

Fig. 2. Variation of the spectral response of the two cells as a function of the wavelength for:
Eg, = 1.67 eV, Eg, = 1.02 eV, Sn; = 10° cm?/ s and Sn, = 10* cm?/ s.

From Fig. 2, it is clear that much of the absorption spectrum is due to the first cell. On the
other hand, the second cell (lower cell) absorbs a portion that is lower than the one absorbed by the

upper cell.
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It is also noted that the increase in the superficial recombination rate causes a decrease in
the spectral response throughout the region of the spectrum absorbed. On the other hand, a slight
variation is observed in the second cell (bottom cell).

Therefore, the top cell (cell 1) is the most important in terms of light spectrum absorption.
It plays the role of a window layer.

4.2. The effect of gap energy

A. Influence of gap energy on the spectral response

To study the effect of the gap energy on the spectral response, we have plotted in Fig. 3
the variation of the spectral response as a function of the wavelength for different values of the gap
energy of the first cell, and fixed the gap of the second cell (lower cell) whose Eg, = 1.02 eV.
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Fig. 3. Variation of the spectral response of the two cells as a function of the wavelength for:
Eg, = 1.67 eV, Eg, = 1.02 eV, Sn; = 10° cm?/ s and Sn, = 10* cm?/ s.

Table 2 shows the parameters of the two cells (upper and lower) obtained after simulation,
by varying the gap energy of the first cell and setting the second gap at 1.02 eV.

Table 2. Characteristics of the two cells.

Top Cell Bottom
Cell
Sa(cm.s™ 10° 10*
Ey(eV) 1.67 1.02
Jon(mA/cm?) 12.8 21.3
Sa(cm.s ™) 10° 107
Ey(eV) 1.53 1.02
Jon (MA/Ccm?) 14.7 18.1
Sa(cm.s™) 10° 10*
Eq(eV) 1.16 1.02
Jon (MA/Ccm?) 21 7.5
Sa(cm.s™) 10° 10*
Eq(eV) 1.02 1.02
Jon(mA/cm?) 24.5 3.3

The analysis of the previous results shows that:
. Most of the absorption spectrum is due to the first cell.
. The gap value of cell 1 is greater than that of cell 2.

e The gaps must be chosen in such a way as to absorb the maximum amount of
radiation.



B. Influence of gap energy on the photocurrent
Fig. 4 illustrates the photocurrent variation as a function of the gap energy of the upper
cell.
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Fig. 4. Photocurrent variation as a function of the gap energy of the upper cell.

In Fig. 4, it can clearly be seen that the increase in gap energy of the first cell (top cell)
results in both a decrease in the photocurrent of the first cell and a remarkable increase in the
performance of the second cell. The results also show the existence of a point of intersection that
represents two optimal values; the first for the photocurrent (Jph; = Jph, = 16 mA / cm?) and the
second for the gap energy Eg; = 1.46 eV.

The increase of the photocurrent causes an increase of the open circuit voltage (lower cell),
and the decrease of the photocurrent causes a decrease of the open circuit voltage (case of the top
cell), see Fig. 5.

0,80 T T T T

0,75 4

. )
o701 EE———e
i

0,65

0,60 4

Open circuit voltage(volts)

——VCO1

055 | ——VC02 1

0,50 T T T T T T T T
1,0 11 12 13 14 15 16 17

Gap energy of the upper cell; Egl(ev)

Fig. 5. Variation of the open circuit voltage as a function of the gap energy of the upper cell.

Thus, it is noted that the open circuit voltage is proportional to the variation of the
photocurrent in the two cells (top and bottom).

4.3. The Effect of the Transmitter Thickness of the top Cell

After determining the optimal parameters of the two cells, we will see the influence of the
thickness of the emitter of the top cell on the photocurrent. The photovoltaic quantities of the two
cells are reported in Table 3.
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Table 3. Parameters of the cell under study (the thickness of the base and the gap energy).

Top Cell Bottom Cell
BaseThickness (um) 1 15
Gap Energy(eV) 1.46 1.02

The influence of the thickness of the emitter of the upper cell on the photocurrent is
illustrated in Fig. 6.
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Fig. 6. Influence of the top cell emitter thickness on the photocurrent.

From Fig. 6, it is noted that if the thickness of the emitter of the top cell increases, the
photocurrent of the two cells decreases with a very remarkable decrease; this decrease is mainly
due to the flow absorbed in the tandem cell

The decrease in the number of photons absorbed in the emitter causes a limitation of the
excited charge carriers. The Table 4 illustrates the photocurrent values of the two cells (top and
bottom) obtained from Fig. 6 at each thickness value.

Table 4. Photocurrent values of the two cells.

Top Cell Bottom Cell

d (um) 15

Jon(mA/cm?) 9.6 14.7
d (um) 1.2

Jon (MA/Ccm?) 10.9 15
d (um) 1

Jon (MA/Ccm?) 12 15.2
d (um) 0.8

Jon(mA/em?) 13.3 15.6
d (um) 0.5

Jon(mA/cm?) 15.8 16.3
d (um) 0.2

Jon(mA/cm?) 19.1 17.4

With (d) which represents the thickness of the emitter of the upper cell.

The choice of the thickness of the emitter is a very important step, which must be studied
before the value of this thickness strongly influences the performance of the photovoltaic cell.
Moreover, it can make the cell more or less efficient.

In order to optimize and identify this thickness, we chose the values of the first points in
the two curves d = 0.43 pum;



For the second cell (bottom cell), the emitter of the upper cell plays the role of a window
layer. The decrease in the thickness of the emitter of the upper cell shows an increase of the

photocurrent in the bottom cell. It should be noted that the optimal thickness of the optimum upper
cell emitter is equal to 0.43pm.

4.3. Characteristic J (V)

A. Characteristic J (V) real and ideal

In this part, we will present results on the effects of some parameters on the characteristic
J (V), fixing other parameters under the following conditions: Eg; = 1.46eV and d = 1um.

Figs. 7 and 8 respectively represent the characteristics J (V) of the two cells in the ideal
and real case.

0,020 T T T T n|
0,018
0,016 | 3 i
A ;
X
0,014 ] \
—~ L] X
e "
§ 00124 \ q
< L] X
20,010 4
@ [ ]
= 0,008 4 q
O
0,006 |
000ad | X Tandem i
—s—cell 1
0,002 4 cell 2
0,000 T T T T T T T
0,0 0.2 04 0,6 08 1,0 12 14 16
Voltage (VOLT)

Fig. 7. Characteristic J (V) for the two cells in the ideal case.
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Fig. 8. J (V) characteristic for both cells in the real case.

Both Figs. 7 and 8 show that:

* The two currents (top and bottom cells) are equal in both cases (real and ideal).
* The current supplied by the tandem cell is the lowest current.
* Open circuit voltage (Vco) is the sum of the open circuit voltages of each cell.

* For the real case, we notice some degradation (curvature); this is justified by the values
of the series and shunt resistors.

In Table 5, the parameters of the cell obtained from Fig. 8 are presented.

Table 5. Ideal values of the parameters of the two cells.

Top Cell Bottom Cell
Jon(MA/cm?) 16.5 16.5
Veo(V) 0.707 0.707
(%) 21.2
FF(%) 90
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B. The effect of the optimized parameters on the characteristic J (V)
Figs. 9 and 10 show the characteristic J (V) for the two cells in the real and ideal cases
respectively, with the parameters determined in the preceding parts (Egl = 1.46eV, d = 0.43 pm).
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Fig. 9. Characteristic J (V) for the two cells in the real case.
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Fig.10. Characteristic J (V) for both cells in the ideal case.

The analysis of Figs. 9 and 10 shows that, the open circuit voltage (Vco) is the sum of the
open circuit voltages of each cell.

In tables 6 and 7, we illustrate the photovoltaic quantities obtained from the simulation of
the two cells (in both real and ideal case).

Table 6. Photovoltaic quantities of the real cell (Rs = 0.3 Q and Rsh = 900 Q).

Top Cell Bottom Cell
Jee(MA/CM?) 14.7 13.4
Vo(V) 0.703 0.700
(%) 15.12
FF(%) 80.5




Table 7. Photovoltaic quantities of the ideal cell.

UppercCell LowerCell
Jee(MA/CM?) 19.1 17.4
Veo(V) 0.711 0.708
(%) 22.48
FF(%) 90.5

4.4. Photovoltaic conversion efficiency
In this last part of the results section, we are interested in the study of the variation of the

photovoltaic conversion efficiency as a function of the gap energy under the optimization
conditions mentioned in the previous paragraphs Fig. 11.
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Fig. 11. Variation in photovoltaic conversion efficiency versus gap.

Fig. 11 shows the existence of an optimal gap (1.46 eV) whose conversion efficiency is
better.

5. Conclusions

The results presented in this work were made to optimize the best performances and
parameters of the tandem cell based on CIGS. The analysis of the results obtained from our
simulations shows that:

[1 The current supplied by the tandem cell is the weakest current;

[1 The open-circuit voltage is the sum of the open-circuit voltages of the two cells;
[] The thickness of the transmitter is 0.43 pum;
[ There is an optimal gap of 1.46 eV.
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