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Abstract

The design of multi-junction solar cells is guided by both the theoretical optimum bandgap combinations as well
as the realistic limitations to materials with these bandgaps. Nowadays, triple-junction 111-V multi-junction solar
cells are commonly used as GaAs, InGaAs; InGaP ... In this work, we are interested in studying triple junctions
based on thin-film solar cells Cu(In1-xGax) Se2, CulnSe2, and CuGaSe2 quaternaries using Silvaco ATLAS
software. Incorporating Cu(In0.34Ga0.66) Se2 as an absorber in the middle sub-cell increased the open-circuit
voltage by 0.72 V. The highest cell efficiency is 20.89 % (Voc = 2.33 V, Js¢c = 9.97 mA/cm2, FF = 89.62%). This
triple-junction solar cell demonstrates the potential and limitations of future improvements when voltage and
current are considered.
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1. Introduction

There have been remarkable developments in the technology of Photovoltaic Cells [1]. There
has been a surge in the development, manufacturing, and use of multi-junction solar cells all
throughout. But, there were obstacles such as composition, overall size, and lattice matching of
different junctions which have now almost been overcome by the use of transparent and
conductive buffer layers or tunnel junctions [2-6]. Usually, an I11-V multi-junction solar cell
has been used as GaAs, InGaAs; InGaP....The 3J solar cells are used due to the ease of growth.
A number of Multi-junction thin film, and Si structures have been proposed. There are 5-
junction cells such as AlGalnP/ AlGalnAs/GalnAs/GalnNAs/Ge solar cells which result in a
decent efficiency but are difficult to fabricate due to lattice mismatching and therefore need
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more tunnel junctions and buffer layers that lead to a higher number of trap levels and growth
defects which lead to higher unwanted recombination [2, 7-11]. The non-radiative
recombination causes the lattice to heat up which is unwanted. For that reason, in this paper,
we propose a triple junction solar cell based on thin-film Cu In1-x Gax Se.

The CIGS-based thin film solar cells have earned special interest among the thin film solar cells
because of their high efficiency [12-15]. And this is not the only advantage of it. The band gap
of CIGS can be varied from 1.011to 1.67 eV in such a way by varying Ga composition to obtain
the required band gap that meets the solar spectrum to absorb most of the photons [13,16-18].
As well as the thermal expansion coefficient of CIGS matches with soda-lime glass (SLG). In
order to make an abrupt junction with the window layer, the carrier concentration and resistivity
of CIGS can be varied by controlling its intrinsic composition without using extrinsic dopants
[19].

The triple junction solar cell was presented, it is composed of Zinc oxide as a window layer for
all the sub-cells, cadmium sulfide (CdS) as an emitter layer for three sub-cells, copper gallium
diselenide (CGS) as the first absorber layer, copper indium gallium diselenide (CIGS) as the
second absorber layer, for the third absorber is copper indium diselenide and the substrate is

molybdenum.

2. Modeling and numerical simulation

Figure 1 shows the structure of CGS/CIGS/CIS tandem solar cell comprised of a wider band
gap CGS top sub-cell which is monolithically integrated to a middle band gap CIGS bottom
sub-cell then smaller band gap CIS in series. Emitter layers used is n-type. The absorbers have
band gaps of 1.67, 1.39 and 1.011 eV for x values of 1, 0.66 and O respectively.

Znl}

Mo

Fig.1. Silvaco-Atlas structure file of the
CGS/CIGS/CIS tandem solar cell.
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Cu In1xGaxSe: is a compound with a band gap energy which is dependent on composition ratio
X = Ga/(Ga + In) and can be extracted from the relation below [14,18]:
Eg (x)=1.011 + 0.664x — 0.249(1 — x) (1)
The electron affinity of CIGS is expressed below:
¥(x) = —0.242x% — 0.454x + 4.68 (2)
The relative permittivity:
Ex)=15.1 -5x 3

Where Vq is open-circuit voltage and Jsc is the short-circuiting current density. According to
Egs. (2) and (3) open-circuit voltage of the tandem cell equals the sum of open circuit voltages
of each of the sub-cells and one sub-cell limits the current of the whole structure.

\Y/ oc,tandem = Voc,top + Voc,middle + Voc,bottom (4)
J sc,tandem — J sc, min(JSC,tOp,JSC,bottom) (5)

In this work, the simulations were all performed AM1.5 solar spectrums with P = 1000W/cm?
and at temperature T = 300 K using the one diode ideal model.
Table .1 shows the description of the parameters used in the simulation and the basic parameters

that are used in the study.

Table 1. Material Parameters used in the simulation
Parameters ZnO Cds CGS CIGS CIS
Thickness (um) 0.05 0.05 0.10 1.5 1

(S 9 10 10.1 1355 151
Eg (eV) 3.3 2.48 1675 1163 1.011
x(eV) 4.5 4.18 3.984 451 4.68
un(cmz2 /Vs) 100 100 100 100 100
pp(cm? /Vs) 25 25 25 25 25

Nc (cm—3) 2.2e1  241e1  22e1® 22e18  22e!8
NV (cm—3) 1.8¢1° 257e® 1.8e19 1.8eY 1.8

For the great efficiency and CIGS tandem solar cells stability, we performed this simulation;
the results can be presented in the following figures. This figure demonstrates the cell
parameters such as VOC, JSC, FF and n from SILVACO simulation.
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A voltage is applied to the cell, the current lowers, and the voltage grows when the charge is
construct-up up at the terminals. The owing current might be considered as the sum of the short
circuit current Isc, generated by the process of absorbing the photons. The current density is as

follows [17-19]:

qV

J=Jsc —Jo (eﬁ_l) (6)
With, Jo is a constant, q is the electron charge and V is the applied voltage. By setting J= 0 the

open circuit voltage Voc can be calculated:

V= %m(’;—ow 1) @)

The maximum output power density of a solar cell is achieved at a voltage Vm and the

corresponding current density is Jm, and thus the maximum power density is:

Pp=Jm*Vn (8)

The ratio of the maximum power produced on the incident light power is the definition of the
efficiency of the solar cell.

_Pmax — Imax.Vmax (9)

Pinc Pinc

3. Results and discussion

The results shown below are the results obtained in our work which is represented in the
modelling of a triple- junction solar cell, the simulations were all performed AML1.5 solar
spectrums with P = 1000W/cm? and at temperature T= 300 K using the one diode ideal model.
First, we simulated the solar cell without the middle sub-cell (double junction solar cell
CGSICIS). then, we added another sub-cell between them, the absorber layer is based on CIGS
with band-gap equaled 1.39 eV with molar fraction x= 0.66. And we examined the effect of
temperature on the new cell on The efficiency, the fill factor, the density current of the short
circuit and the open-circuit voltage.

3.1 How to choose the middle cell?

For a total thickness of 270 nm of the cell, we calculated the short-circuit current densities, the
open-circuit voltage, the shape factor and the efficiency of the cell for different values of the
molar fraction of the emitter. (Cu In1.xGaxSe) P layer ranging from band gap at 1.011 eV for x=0
to 1.67 eV for x = 1 and values of 0, 0.31, 0.45, 0.66 and 1 and for CIGS thicknesses varying

from 1 pum to 3 um. The results are reported in the figures.
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Fig.2. Influence of the molar fraction of the absorbent layer on the Jsc,Voc ,FF and IJ.

The photovoltaic parameters in terms of Jcc, Vco, FF and I] were simulated for CIGS thicknesses
varying from 1pm to 3 pum and the CdS thickness is constant (50 nm). An increase in these
parameters is observed with the thickness of the absorbent layer. For the thickness equal to 1
um, the yield is 20.37% at x=0.66. The increase in conversion efficiency is mainly due to the
increase in thickness of CIGS. A possible explanation is that as the thickness increases, more
photons

with longer wavelengths can be collected in the CIGS layer. Hence, it will contribute to greater
generation of electron-hole pairs, which will increase short-circuit current, open-circuit voltage,
and efficiency. A very thin CIGS layer physically means that the back contact and depletion
region are very close. This effect further promotes electronic recombination at the rear contact.

This type of recombination is detrimental to cell performance as it affects Jsc, Vco and I].
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The increase in the forbidden band increases the open circuit voltage which reaches the value
1.19 V and 1.16 . While there is a decrease in the short-circuit current due to the reduction in the
number of absorbed photons. [20]

The efficiency increases with X, up to x=0.66, the yield decreases at x=1. A high Ga X
composition corresponding to a high defect density causes a drop in the short-circuit current and
subsequently the efficiency of the solar cell. Noting that the optimal value of efficiency 20.37%
at x=0.66 corresponding to a gap energy of the order of 1.39 eV in very good agreement with

these observations are in good agreement with the simulation in Silvaco. [21]
3.2 The quantum efficience

We have first demonstrated the variation of the quantum efficiency (QE) versus wavelength for
both the top and bottom cells of the tandem solar cell in Figure 3. The top tandem sub-cell has
absorbed the short wavelength region below0.74um, then the middle sub-cell starts to absorb
the wavelength range between 0.74 and 0.89um and the bottom cell absorbs the remainder of

the spectrum

‘H (cathode current)/{source photo current)

° o
Bo =]

ent) ()
o
=

#—  top sub-cell

urce photo curr
o
o

=
in

midelle sub-cell
P4 bottom sub-cell

irra nt)/(sol
=
=

(cathode cun
o
&

=
Lt]

e

e

0.4 0.5 0.6 07 0.3 0.9 1 1.1 1.2 1.3

optical wavelength ()

Fig.3. Quantum efficiency of sub-cells versus wave length.

3.3 Characteristic (I-V) and (P-V)

The IV curves of the devices are shown in Figure.4, measured under the global spectrum (at 300
Kand 1000 W/mz irradiance), while Figure 5 represents the power-voltage (P-V)of the CGS top
cell, CIGS middle and CIS bottom sub-cell, and CGS/CIGS/CIS tandem cell.
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Fig.4. I-V Characteristic Overly of CGS top, CIGSmiddle,

CIS bottom sub- cells and Tandem cell.

As we know in the tandem solar cell the open-circuit voltage is the summation of VVoc of the top
, middle and the bottom while the short-circuit current density is taking the lower .in this case
Voc is 2.49 V, as much as the sum of the CGS top (1.10 V) and the CIGS middle (0.78 V) and
CIS bottom (0.45 V) sub-cells when Jsc is 9.33mA\cmz,

Due to the convergence of the bandgaps of the sub-cells of the tandem cell, the solar spectrum
has not been exploited more extensively. A solar cell of the same materials has been simulated
to reduce the production cost and avoid miss-match of the material used
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Fig.5. P-V Characteristic Overly of CGS top, CIGS middle,

CIS bottom and Tandem cell.
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3.4 Characteristic (I-V) and (P-V) of the double and triple junction

We first compared the PV performance of triple-junction cells with the double junctions with
the same structure without the middle sub-cell. The solar cell with triple junction exhibited a
significantly higher efficiency than those with double junction. The best-performing triple
junction cell showed an efficiency of only 20.89% (Voc=2.33 V, J sc=9.97mA. cm?
FF=89.62%). when the other cell had a significantly improved PCE of 18.63%, with a VVoc of
1.78 V, and a Jsc of 12.48mA. cm™ and a FF of 83.72%.
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Fig.6. I-V and P-V Characteristics Overly of the double and triple solar cell.

4. Conclusion

In summary, we fabricated 20.89% efficient monolithic triple-junction solar cells by combining
layers Cu Iny.,Ga,Se, with band gaps of 1.67, 1.39 and 1.011 eV in a tandem with the middle
sub-cell, we can achieve a better spectrum coverage leading to significantly improved Vo, and
FF better than monolithic double-junction. Nevertheless, there remain challenges that need to be
addressed to leverage the full potential of CIGS triple junction solar cells. Overall, we here

demonstrate that high-performance Cu In,,Ga,Se, triple-junction solar cell can be fabricated

given the explosion of interest and rapid progress in multi-junction solar cells.
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