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ARTICLE INFO ABSTRACT
Keywords: The simulations have been carried out to study and investigate the performance of the photo-
Single layer solar cells voltaic J-V characteristics of triple-junction solar cells based on Cu(In,Ga)Se2 absorbers using 2D

Numerical simulations
CGS/CIGS triple-junction solar cell
Silvaco-Atlas Software

Silvaco/Atlas simulator. The triple-junction configuration was considered as a single layer of CGS
on top while the CIGS single layer was separated for middle and bottom cells. The investigations
for CIGS solar cell presented in this article are in close agreement with the already observed
numerical and experimental data. The photovoltaic J-V characteristics for the proposed CGS/
CIGS triple-junction solar cell, such as the short-circuit current density, open-circuit voltage, fill
factor and power conversion efficiency have been investigated and observed to be 13.49 mA/
cm2, 2.64 V, 86.56% and 30.85%, respectively. The proposed configuration offers improved
conversion efficiency up to 33.27% at current matching point. The entire inquiry on CIGS solar
cells yields a prospective idea for single and triple-junction solar cells with high efficiency.

1. Introduction

The requirement for the cost-effective and highly efficient solar cells to replace the existing silicon-based solar cells is the top
priority of the solar industry. In the last decade, many investigations have been reported regarding the development of efficient solar
cells [1,2]. Literature suggested that the viability of dual solar cells is possible by adopting a low-cost synthesis methodology with
minimal consumption of material [3]. Among various materials, copper indium gallium diselenide (CIGS) is considered to be the most
promising material due to its tunable band-gap with a higher absorption coefficient, radiation hardness, high power and outdoor
stability [4-7]. Most recently, the reported efficiency for CIGS-based solar cells is 20.3 and 19.9% as recorded by the Centre of Solar
Energy and Hydrogen Research (ZSW) [8] and the National Renewable Energy Laboratory (NREL) [9], respectively. Improved effi-
ciency is possible when solar cells are fabricated in layered (multi-junction) configurations for utilizing the maximum fraction of the
solar spectrum [10-13]. Triple-junction solar cell configuration consists of a high band-gap window layer at the top, a middle layer and
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Fig. 1. Design of the simulated CGS/CIGS triple-junction solar cell with sub-cells connected by an interconnect formed of transparent ZnO.

a low band-gap absorbing bottom layer [14]. Theoretical and experimental investigations revealed that nanocrystalline thin films of
CGS and CIGS exhibit improved energy band-gaps and have potential applications in the PV industry. Soheili et al. [10,11,13] have
reported performance improvement studies of dual-junction solar cells by using several anti-reflector layers. The use of triple-junctions
in the fabrication of solar cells has already been reported in many theoretical studies. Faine et al. [15] have reported the investigation
of single, dual and triple-junction solar cells by using spectral irradiance models and semi-empirical models. McMahon et al. [16]
reported the importance of the material to be used as a top layer in solar cell configuration. There is a consensus among researchers that
the provision of better insights is possible when the solar cell configurations are simulated rather than experimental investigations. The
best-ever efficiency for a III-V triple-junction solar cell reported so far is 40% [17].

Herein, we report theoretical investigations based on the study of single and triple-junction solar cells using Silvaco-Atlas, a device
simulator [18]. Comparison of single and triple-junction CGS/CIGS in terms of their performance is also part of this work.

2. Triple-junction cell structure and numerical simulation
2.1. Structural configuration

For thin film solar cells, light absorption can be maximized by using absorbing layers of different band-gap energy. In the present
study, a triple-junction solar cell is configured by using three different cells (top, middle and bottom) with optimum thickness and
band-gap energy, as shown in Fig. 1. A thin layer of CGS with a band gap energy of 1.69 eV was used as the top-cell, a layer of normal
thickness of CIGS with a band gap energy of 1.36 eV was used as a middle-cell and a slightly thick layer was used as a bottom-cell with a
band gap energy of 1.16 eV [19]. All three layers/cells are coupled with a layer of ZnO that acts as a window or transparent conducting
oxide layer (TCO) [20]. The proposed design aims to transmit the maximum number of incident photons and is capable to generate
sufficient output power. This triple-junction cell was illuminated by a power density of 100 mW/cm? under AM1.5 G solar spectrum.
The photons are incident normally onto the ZnO layer used as front cathode contact, however, a layer of molybdenum was used as back
anode contact. The considered solar cell geometry was simulated with the help of the Silvaco-Atlas 2D simulator by using a drift
diffusion transport model.

2.2. Physical model

The Silvaco-Atlas 2D simulator was employed to solve Poisson’s equation coupled with the continuity relations for both types of
charge carriers i.e., electrons and holes in steady-state. The basic semiconductor equations employed in the simulator have been solved
by the Newton method [21].

The basic parameters studied in this work are.

o Energy bang gap (Ey);
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Table 1

Material parameters used in the simulation.
Parameter Cds CGS/CIGS/CIGS
Band gap energy Eg (eV) 2.4 1.69/1.36/1.16
Electron affinity ye (eV) 4.2 4.5
Relative permittivity &, (F.cm™!) 10 13.6
Density of states at conduction band N¢ (em™3) 2.2 x 10'8 2.2 x 10'®
Density of states at valence band Ny (cm™>) 1.8 x 10" 1.8 x 10"
Electron mobility un (cm?/Vs) 100 100
Hole mobility up (cm?/Vs) 25 25
Gaussian defect states Cds CGS/CIGS/CIGS
Gaussian defect density Nga, Ngp (cm ™) 105 (A) 10'° (D)
Peak energy position EGA, EGD (eV) 1.2 (A) 0.84/0.68/0.58 (D)
Standard energy deviation Wga, Wgp (€V) 0.1 (A) 0.1 (D)
Electron capture cross section 6, (cm2) 1071 2%107 15
Hole capture cross section 6, (cm?) 1077 3*10° 13
Surface recombination velocity for electrons and holes (cm.s™") Sn Sp
CdS/CGS interface 10° 10°
CdS/CIGS interface 10° 10°
CdS/CIGS interface 10° 10°
Front contact 10° 10°
Back contact 10° 10°

Relative permittivity (e,);

Electron affinity and electron/hole mobilities (xe, n, Ip);

Effective density of states in the conduction (N¢) and valence (Ny) bands;
Gaussian defect densities (Nga, Ngp);

Peak energy positions (Ega, Egp);

Standard energy deviations (Wga, Wgp);

Electron and Hole capture cross-section (65, 6p);

Surface recombination velocities for electrons and holes (Sy, Sp);

The input data used to simulate each cell layer by Atlas-Silvaco is given in Table 1 [22-27]. The band gap value for Culn;_,Ga,Se;
was estimated using an empirical expression:

E,[eV]=1.010 + 0.626.x — 0.167.x(1 — x), (1)

where the value of band gap energy (Eg) was used to vary from 1.01 eV to 1.69 eV for x = 0 (CulnSe3) and x = 1 (CuGaSey), respectively
[28].

For the top, middle and bottom layers, the value of x is taken as 1, 0.66 and 0.33, respectively. Gaussian distribution was used to
model the defect density within the CIGS and CdS layers as:

E — Egp]?
st e~ £ | @
Egy — E|*
86a(E) =Nga exp| — {W—} , 3
GA

where, E represents defects energy. The subscripts letters G, A and D represent Gaussian, Acceptor and Donor states, respectively. To
formulate the total density of states (DOS), the effective density of states Nga or Ngp, peak energy position Ega or Egp and standard
energy deviation Wga or Wgp are considered [21].

The Shockley-Read-Hall recombination relation was used to access the Gaussian defect distribution in semiconducting layers of
solar cells:

2
pn —n;
Rswi = Ei—Er ! —(Ei-Er)\ ’ (4)
T, (n + n; exp “L > + 17, (p +n;exp M )
1
T, = And7, = ——, 5)
6.V, 6pVuN:

where, 7, and 7, represent the lifetime parameter for electrons and holes, respectively. 6, and o, represent the capture cross-section, v
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Fig. 2. Single CIGS bottom-cell.

Fig. 3. Single CIGS middle-cell.

represents the thermal velocity, N; represents the bulk trap density, n; represent the spatially changing level of intrinsic concentration,
E; represents the intrinsic Fermi level, Er represents the trap energy level and Tj, represents the temperature [29].

It is obvious that there would be a high defect concentration at the interfaces due to lattice mismatching [30] and the surface
recombination can be expressed as:

2
pn —n;
RSWf = E-Ep —(E—Er)\ 7 ©
v (n +n; exp L ) +F (p +n; exp” VL )
1 1 4 1 1 4
o T A, 7 A @

where, 7,; and 7,; are the bulk lifetime calculated at node i along the interface and which may be a function of the impurity con-
centration as well. The S, N, and P Parameters are the recombination velocities for electrons and holes, respectively [21].

The optical parameters like refractive index and extinction coefficient were taken from the literature [31-38] and are used to study
the characteristics of triple-junction solar cells. The optical parameters for metal contacts are obtained from the Sopra database. The
overall simulations for the proposed configuration are carried out at 300 K.

3. Results and discussions
3.1. Modeling of single CGS and CIGS solar cells

Table 1 depicted all the input parameters used to simulate CGS and CIGS solar cells. A single CIGS bottom layer consists of a heap of
layers with an active area of 1 cm?. The multilayers from bottom to top are as follows: the back metal contacts are of Mo (0.5 pm), the p-
doped CIGS (4.3 pm) with x = 0.33 (Eg = 1.16 eV) used as an absorber layer, the n-doped CdS layer (0.05 pm) and ZnO layer (0.1 pm) as
buffer and window layers, respectively. The geometrical dimensions of the single CIGS bottom-cell are similar to the cell parameters as
available in the literature and are shown in Fig. 2 [34]. The Ga composition was varied from x = 0.33 to 0.66 and 1 corresponding to
the energy band gap values as 1.16, 1.36 and 1.69 eV, respectively. The doping concentration of the CGS, CIGS and CdS has been
chosen after optimization to enhance the conversion efficiency of layers.

The top and middle cells follow the same structure as the previous bottom-cell, but with different layer characteristics. Specifically,
the middle-cell of the CIGS solar panel consists of a p-type CIGS absorber, n-type CdS buffer, TCO layer made of ZnO material on top,
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Front contact ZnO (0.1 pm)
Bufer layer n-CdS 107 cm? (0.05 pm)
Back contact Mo (0.5 um)

Fig. 4. Single CIGS top-cell.
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Fig. 5. J-V characteristics for CIGSg single cell, CIGSy single cell, CGS single cell and CGS/CIGS triple-junction solar cell.

Table 2
Photovoltaic parameters for the bottom, middle, top and triple-junction cells.
Jsc (mA/cm?) Voc (V) FF (%) 7 (%)
CGS single cell 18.13 1.08 80.35 15.79
CGS top-cell 17.58 1.08 80.79 15.41
CIGS single cell 28.75 0.84 81.03 19.71
CIGS middle-cell 16.26 0.83 78.20 10.58
CIGS bottom-cell 13.36 0.71 82.17 07.69
CGS/CIGS triple-junction cell 13.49 2.64 86.56 30.85
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Fig. 6. J-V characteristics for CIGS bottom-cell, CIGS middle-cell, CGS top-cell and CGS/CIGS triple-junction solar cells.
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Fig. 7. Contour plot for the variation of V. as a function of the thicknesses of CGS and CIGS layers.

and a Mo layer as the back contact. This structure is shown in Fig. 3, with Ga composition x = 0.66 and an energy band-gap of 1.36 eV.
On the other hand, the top-cell is a CGS solar cell comprises a p-type CGS absorber, n-type CdS buffer, TCO layer made of ZnO
material on top and a Mo layer as a back contact, with Ga composition x = 1 and an energy band-gap of 1.69 eV. Fig. 4 displays the
configuration of CGS top-cell.
Fig. 5 shows the J-V characteristics for the individual CGS and CIGS solar cells. To verify the accuracy of our model, we compared
the performance parameters of the CIGS bottom-cell with those reported in the literature and the findings are presented in Table 2.

3.2. Modeling of CGS/CIGS triple-junction solar cell

Fig. 6 displays the J-V characteristics for 4 types of cells: CGS top-cell, CIGS middle-cell, CIGS bottom-cell and CIGS/CIGS triple-
junction solar cell, Table 2 provides a summary of the electrical parameters for four different cells: CIGS top-cell, CIGS middle-cell,
CIGS bottom-cell, and CGS/CIGS triple-junction cell. To generate the J-V curves of the top-cell, the middle-cell and bottom-cell, the
contacts for the anode and cathode of the top-cell were placed on the interconnect ZnO layer and the front ZnO layer, respectively.
Similarly, for the bottom-cell, the anode and cathode contacts were positioned on the back Mo layer and the interconnect ZnO layer,
respectively.

It has been observed that the open-circuit voltage of CGS/CIGS triple-junction cell is found to be 2.64 V and is equivalent to the sum
of open circuit voltage for the top, middle and bottom cells i.e., 1.08, 0.83 and 0.71 V, respectively. It is important to mention that, the
proposed triple-junction geometry of solar cells composed of CGS and CIGS cells is the correct model. This claim is validated by the Jg.
calculations for the triple-junction cell (13.35 mA/cm?) which is observed to be limited by a small current at the CIGS bottom-cell with
Jse = 13.17 mA/cm?. This observation regarding the non-ideal matching of current between the top, middle and bottom layers sug-
gested the need for the completely optimized bottom and top layers. Moreover, the fill factor FF for the triple-junction is observed to be
86.56% with an efficiency of 30.85% which is better than FF for the top-cell (80.79%) with an efficiency of 22.01%, for the middle-cell
(78.2%) with an efficiency of 19.71% and the bottom-cell (82.17%) with an efficiency of 15.79%. It is noteworthy that simulations for
this triple junction cell have not been previously reported.

Upon comparing the results of the CIGS single cell with the CIGS bottom-cell in the CGS/CIGS triple-junction solar cell, a significant
decrease in the photovoltaic parameters of the CIGS bottom-cell can be observed. This degradation can be attributed to the top layers
absorbing a portion of the incident light.

3.3. Optimization of photovoltaic cell parameters

By reducing the thickness of the top and middle cells in the triple-junction solar cell, the distribution of light between the three sub-
cells can be altered, resulting in an increase in the current of the bottom-cell at the expense of the top and middle cells. However, for
optimal efficiency, the short-circuit current density of the bottom-cell (Js) must be lower than that of the top-cell (Jt) and middle-
cell (Jsem)- In such cases, reducing the thickness of the middle and top cells can achieve current matching, where Jgep = Jsem = Jset = Jse-
This ensures that the triple-junction cell current density is limited by the lowest of Jycp, Jsem and Jget. The cell efficiency is optimized by
reducing the thickness of the top and middle cells to achieve current matching.

To improve the performance of the CGS/CIGS triple-junction solar cell, we conducted calculations that involved adjusting the
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Fig. 8. Contour plot of the FF as a function of the thicknesses of the CGS and CIGS layers.
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Fig. 9. Short-circuit current density of CGS/CIGS triple-junction solar cell vary as a function of the CGS and CIGS layer thicknesses in CGS top and
CIGS middle cells.

thickness of the CGS layer in the top-cell from 0.1 pm to 0.15 pm, while simultaneously varying the thickness of the CIGS layer in the
middle-cell from 0.3 pm to 0.5 pm. While maintaining a constant thickness of 5 pm for the CIGS layer of bottom-cell, the optimal range
of thickness for the best performance was identified through the cell’s structure, as illustrated in Fig. 1.

Fig. 7 illustrates how the open-circuit voltage (V) of the triple-junction cell is affected by changes in the thicknesses of the CGS and
CIGS layers. Across the entire range of thicknesses, an increase in both CGS and CIGS thicknesses leads to an increase in the open-
circuit voltage. It is worth noting that the minimum voltage is 2.57 V at the lowest pair of thicknesses (0.12 pm for CGS and 0.3
pm for CIGS), while the maximum voltage is 2.63 V at the highest pair of thicknesses (0.15 pm for CGS and 0.5 pm for CIGS). This
indicates that both the CGS and CIGS thicknesses have a same impact on the V. of CGS/CIGS triple-junction cell. Additionally, the
open-circuit voltage of the triple-junction cell in all cases is simply the sum of the open circuit voltages of the top, middle, and bottom
cells. The variation of the fill factor of a triple-junction solar cell with changes in the thicknesses of CGS and CIGS layers can be
observed in the graph presented in Fig. 8. When the thicknesses of CGS and CIGS layers are set at 0.12 and 0.4, respectively, the fill
factor of the triple-junction solar cell drops to a minimum value of 78%-81%. It’s worth mentioning that the fill factor is directly
affected by any changes made to the CIGS layer thickness in the middle cell.
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Fig. 10. Conversion efficiency of CGS/CIGS triple-junction solar cell varies with the CGS and CIGS layer thicknesses in CGS top-cell and CIGS
middle-cell.
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Fig. 11. J-V characteristics of CGS top-cell, CIGS middle-cell, CIGS bottom-cell and CGS/CIGS triple junction solar cell under current match-
ing point.

Table 3
Photovoltaic parameters of top, middle, bottom and triple-junction solar cells were optimized under the current matching point.
Jsc (mA/cm?) Voc (V) FF (%) 7 (%)
CGS top-cell 15.58 1.07 84.21 14.14
CIGS middle-cell 15.58 0.82 78.72 10.07
CIGS bottom-cell 15.58 0.71 82.34 09.06
CGS/CIGS triple-junction cell 15.58 2.60 84.13 33.27

Fig. 9 illustrates the relationship between the thickness of the top-cell and middle-cell and the resulting short-circuit current density
Js. The data suggests that a thickness of 0.12 pm for CGS layer and 0.4 pm for CIGS layer achieves the optimal Jg. as a current matching
point, resulting an optimal value of Ji at about 15.58 mA/cm?.

Fig. 10 showcases contour plots that display the correlation between changes in the thickness of CGS and CIGS layers and the
energy conversion efficiency. It’s clear that the thicknesses of the CGS and CIGS layers correspond to the point (0.12 pm, 0.4 pm) where
the highest efficiency level of about 33.27% is achieved. The top, middle, and bottom cells reach an optimal current exactly in current
matching point. Fig. 11 illustrates the J-V curves, which exhibit the electrical properties of the recommended solar cell design at the
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Table 4

J-V characteristics of proposed triple-junction solar cell in comparison with previous works.
Solar cell configuration Jse (mA/cm?) Voe (V) FF (%) n (%)
CIGS single-junction, by Boudour et al. [7] 35.89 0.88 79.77 25.22
CGS/CIGS dual-junction, by Abdolmaleky et al. [6] 27.09 1.9 86.21 44.37
CGS/CIGS dual-junction, by Soheili et al. [10] 25.57 2.03 87.14 45.23
GalnP/GaAs dual-junction, by Bakour et al. [12] 13.66 2.51 89.91 30.82
CGS/CIGS dual-junction, by Soheili et al. [13] 25.17 2.14 86.88 46.80
CIGS/CIGS dual-junction, by Bouanani et al. [34] 18.82 1.84 82.54 27.03
InGaP/GaAs/InGaAs triple-junction, by Rashmi et al. [39] 33.4 1.27 99.5 30.91
CGS/CIGS triple-junction, this work 15.58 2.60 84.13 33.27

ideal thicknesses of the top and middle layers, approximately 0.12 and 0.4 pm, respectively. As a result, Table 3 summarizes the
photovoltaic properties of the herein designed solar cell at the current matching point. While, using photovoltaic J-V characteristics,
Table 4 summarizes a comparison between the reported herein triple-junction solar cell with some recent reported single, dual and
triple-junction solar cells.

The results listed in Table 4 indicated that the majority of dual-junction had the best conversion efficiencies, even reaching
47.737% by adding an aluminium back mirror layer at the bottom surface of solar cell as reported by Soheili et al. [13]. Compared to
the CIGS single-junction in addition to the triple-junction with different materials, the CGS/CIGS triple-junction had the most highly
efficiency of 33.27 %. While, the best open-circuit voltage was achieved by the CGS/CIGS triple-junction solar cell reported herein this
work. As a perspective, the addition of anti-reflector coating layers and back mirror layer [13] may improve the overall performance of
CGS/CIGS triple-junction solar cell.

4. Conclusion

In summary, the electrical characteristics of CGS/CIGS single and triple-junction solar cells have been investigated by using Sil-
vaco/Atlas (2D) numerical simulator under AM1.5 illuminations. Improved conversion efficiency up to 30.85% has been observed for
the CGS/CIGS triple-junction solar cell which is far better than the single layers of CGS and CIGS solar cells. The obtained results reveal
that the thickness of top and middle layers plays an important role in maximizing the overall efficiency of the solar cell. The proposed
triple-junction solar cell depicts an improved conversion efficiency of 33.27% specifically for the thickness of CGS and CIGS layers as
0.12 and 0.4 pm, respectively. The obtained geometry of CGS/CIGS triple-junction solar cell structure would have the potential to be
fabricated experimentally for advancements in the solar cell industry.
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