JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 17 No 6, 06005(6pp) (2025)

OPEN

REGULAR ARTICLE

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3HKH
Tom 17 Ne 6, 06005(6cc) (2025)

ACCESS

Study and Performance Improvement of Ultrathin CIGS Solar Cells

L Abdelhafid Boussouf University centre of Mila, BP N°26 RP Mila 43000, Algeria

2 LEMEAMED Laboratory, Electronics Department, University of Constantine 1 — Mentouri Brothers,

25000 Constantine, Algeria
3 Microsystems and Instrumentation Laboratories (LMI), Faculty of Technology Sciences,
Mentouri Brothers University of Constantine, 25000 Constantine, Algeria
4 Centre de Développement des Energies Renouvelables, (CDER), B.P. 62, Route de ['Observatoire,
16340, Bouzaréah, Algiers, Algeria

(Received 05 August 2025; revised manuscript received 11 December 2025; published online 19 December 2025)

The second generation solar cells based on CIGS absorber layer have significant potential in the photo-
voltaic field and as we know the current and major challenge of this technology is reducing the CIGS layer
thickness in order to minimize the manufacturing cost especially by reducing the consumption of Galium
and Induim which are considered expensive materials. With this in mind, we conducted a simulation study
using the ATLAS-SILVACO module in order to optimize the technological parameters and improve the per-
formance of this device. Indeed, based on an ultrathin CIGS cell already produced we were able to fix the
technological parameters of the studied cell. The efficiency and the form factor are almost in perfect agree-
ment with the reference solar cell (7 = 8.62 % and FF = 58 %). The defect density in the absorber structure
was studied. We attributed the increase in defect density (of the order of 1015 cm - 3) to the increase in grain
boundaries density. We discussed the effect of the abundant presence of the Copper Cu in ultrathin CIGS
solar cell. Then, the introduction of a 25 nm thick Al:Os passivation layer with negative fixed charges at the
CIGS/AlL203 interface allowed an improvement in the device performance where we recorded an efficiency
n=11.22 % and FF = 64 %. Finally, we conducted an optimization based on the introduction of a P+-CIGS
BSF layer. The evolution of the electrical characteristics of the ultrathin solar cell was discussed as a func-
tion of the acceptor density and the BSF layer thickness. This AZO/i-ZnO/CdS/P-CIGS/P+-CIGS/Mo configu-
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ration allowed to estimate an increase in efficiency up to 7= 15.47 % (FF = 73.46 %).
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1. INTRODUCTION

The photovoltaic industry is currently experiencing
the development of second-generation solar cells based
on chalcopyrite structure, which has made it possible to
use thinner absorber materials of the order of 2 um such
as CZTSe and CIGS [1-3] instead of 200 um for Si-based
cells. These materials have made it possible to have effi-
ciency greater than 20 % [4-5] while reducing the thick-
ness of the solar cell, which minimizes the cost and pre-
serves materials. Current research is particularly fo-
cused on optimizing the cell stack and in particular re-
ducing the thickness of the absorber. Indeed, for an
AZO/ZnO/CdS/CIGS/Mo stack, current research has
shown that an efficiency of 8 % can be achieved with a
thickness of 360 nm [6]. G. Rajan et al [7] obtained for
the same stack an efficiency of 8.6 % with a CIGS thick-
ness equal to 350 nm. Moreover, many studies have
shown that the thickness of 500 nm cannot be overcome
because beyond that the cell performance will drastically
degrade the performance [6-8], namely the presence of
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shunting effects which are due to the presence of certain
quantities of Copper Cu, the decrease in absorption
linked to the reduction in the thickness of the absorber,
the increase in defects which increases the recombina-
tion of electron-hole pairs especially on the rear surface.
The rear passivation using different insulators (Al20s,
Si0z, HfOq, ... etc.) [8-10] has made it possible to reduce
rear surface recombination as well as defects. Indeed,
Lontchi Jioleo et al [11] for a thickness of 500 nm of the
absorber, achieved an efficiency of 12.68 % by introduc-
ing a 25 nm layer of Al20s, this by the presence of a neg-
ative charge density Qf at the CIGS/Al203 interface
equal to cm—2. Bourkott et al [9] showed that the effi-
ciency can be improved up to 13.53 % if the charge den-
sity at the CIGS/Al203 interface is cm —2. With this in
mind, we will conduct a study based on simulation by
the ATLAS tool of TCAD-SILAVCO in order to remedy
the shunting problems as well as the constraints related
to recombination on the rear surface, which will lead to
the improvement of the ultrathin CIGS solar cell perfor-
mance. Initially, the proposed model was validated
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against a similar ultrathin structure already realized by
G.Rajan et al [7]. Then, the parameters affecting the per-
formance of the ultrathin cell will be discussed and in
particular the structural defects and the shunting effects
caused by the presence of Cu in the CIGS absorber. Fi-
nally, the technological optimizations made to this struc-
ture will be highlighted.

2. DEVICE STRUCTURE AND NUMERICAL
MODELING

The study was based on the 2D simulation of the ul-
trathin CIGS solar cell using ATLAS-SILVACO soft-
ware. It is important to note that the accuracy of device
simulations by TCAD-SILVACO software depends sig-
nificantly on the input data and in particular, the mod-
els chosen to describe the physical and electrical behav-
ior of these devices. Indeed, to account for the physical
and optoelectronic phenomena that occur in our solar
cell structure, we used the basic equations: the Poisson
equation, the continuity equation and the transport
equation as well as the three recombination mechanisms
(Shockley-Read-Hall (SRH) Recombination, Auger Re-
combination and Optical Generation/Radiative Recom-
bination). These mechanisms play a crucial role when
modeling a second generation solar cell [12] but the SRH
mechanism remains predominant compared to the oth-
ers in the CIGS solar cell.

The equation for calculating Shockley-Read-Hall
(SRH) Recombination Rsrn is given as follows [12]:

pn—-n’

i )

3 [-+%]
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Tpo|n+n,e" | +Ty,| p+ne g

RSRH =

Where, Erp is the difference between the trap energy
level and the intrinsic Fermi level, Tpo and Tno are the
electron and hole lifetimes, ni is the effective intrinsic
concentration, p and n are carrier concentration, k is the
Boltzmann’s constant and 77 is the lattice temperature
in degrees Kelvin.

The cell studied is composed of the
AZ0O/ZnO/CdS/CIGS/Mo stack illustrated in Figure 1.

To validate our ATLAS SILVACO simulation results
we adopted the structure proposed by G. Rajan et al [7]
where a layer of P-doped Cu(In, Ga)Sez (CIGS) with a
thickness of 350 nm was deposited on the Molybdenum.

AZO
i-ZnO

CdS
Molybden

Fig. 1 - The Ultrathin CIGS solar cell structure

In order to form the PN junction we deposited on the ab-
sorber material a buffer layer of CdS (50 nm). Then, we
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deposited a layer of intrinsic ZnO (200 nm). Finally, the
window layer is carried out by depositing aluminum-
doped ZnO (AZO) with a thickness of 300 nm onto the
i-Zn0. The physical and technological parameters of the
different materials used in this structure are summa-
rized in Table 1.

The efficiency of this cell is highly dependent on the
CIGS absorber material and especially when this cell is
considered ultrathin. Indeed, several studies have de-
tailed the different processes for producing Cu(In,
Ga)Sez [1,10]. The presence of the four materials Cu, In,
Ga and Se in the CIGS structure plays a determining
role. This is controlled by the ratios x = [Ga]/([In] + [Gal])
and y = [Cu]/([In] + [Ga]), the ratio x allows the adjust-
ment of the bandgap E; between 1.04 eV and 1.67 eV
[14]. The ratio [Cu]/([In] + [Ga]) allows to control the en-
richment and depletion of Copper Cu in the structure
[15]. It should be noted that the bandgap of CIGS mate-
rial used in this structure is 1.12 eV [7].

Table 1 — Material properties [2, 5]

Parame-
ters
Thickness
(nm)
Bandgap
(eV)
Dielectric
permittiv- 9 9 10 13.6
ity
Electron af-
finity

N (cm~3)
Ny (cm —3)
Electron
mobility s | 100 100 100 100
(cm?2/Vs)
Hole mobil-
ity i | 25 25 25 25
(cm?/Vs)
Donor den-
sity (cm —3)
Acceptor
density - - -
(cm—%)
Defect den-
sity (cm—2)

AZO i-ZnO CdS CIGS

300 200 50 350

3.44 3.37 2.4 varied

4.55 4.55 4.45

2.2E18 | 2.2E18 | 2.2E18
1.8E19 | 1.8E19 | 1.8E19

3.89

2.2E18
1.8E19

1E18 - 6E17

1E17

1E17 1E17 1E17 1E15

The bandgap E; (€V) can be calculated from the fol-
lowing relation [14]:

E,=1.04+0.63x+0.21x(1-x) 2)

3. RESULTS AND DISCUSSION

Comparing the obtained results for an ultrathin CIGS
solar cell with an absorber thickness equal to 350 nm to
those found in the literature [7], it can be said that elec-
trical characteristics obtained by ATLAS-SILVACO are
appropriate and quite consistent (see Table 2). Note that
the simulations carried out in this study are compliant
with STC conditions.
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Table 2 — Extracted parameters of Ultrathin CIGS solar cell

Table 3 - Extracted parameters of defect density effect on
350 nm absorber CIGS

Parameters | Experimental [6] | Simulation
Voe (V) 0.5 0.56 Defect Ve | Ju
o 0, 0,

L (mA/em?) | 28.1 29.12 g:‘;rlls_lg’ W | mAem-z | "0 | FFOO

FF (%) 61 58 1010 0.57 | 29.33 9.18 60.76

1 (%) 8.6 8.62 1012 0.567 | 29.33 9.18 60.76

1014 0.57 | 29.31 9.12 60.49

The degradation of ultrathin CIGS solar cell perfor- 1015 0.56 | 29.12 8.62 58

mance (absorber thickness equal to 350 nm, 7 = 8.62 %) 1016 0.53 | 27.63 6.21 46.80

compared to a thin CIGS cell (absorber thickness
=2 um, 7= 21 %,) [16] can be clearly seen as the thick-
ness is reduced. This is directly due to the grain bound-
ary interfaces which are considered positively charged
structural defects. These positively charged defects will
significantly increase the recombination rate in the ab-
sorber layer especially in the rear surface (see Figure 2).
Several studies have linked the degradation of ultrathin
CIGS solar cells performance to the increase in the rear
surface recombination [6, 10, 17]. But in reality and as
shown in the Figure 2, we cannot neglect the impact of
the defect density in the quasi neutral zone of CIGS be-
cause the increase in the defect density in the absorber
leads to an increase in the recombination rate and con-
sequently the degradation of the ultrathin CIGS solar
cell performance. As shown in Table 3, the increase in
defect density leads to the decrease in the device effi-
ciency. The increase in defect density can be related to
the decrease in grain size. Indeed, G. Rajan et al. [7] re-
vealed that in a 3-step process for manufacturing ul-
trathin CIGS films, the reduced deposition time implies
a decrease in the CIGS grain size. This decrease will lead

Fig.2 — Recombination evolution in the solar cell: (a) thickness
of CIGS absorbor 2 pm, (b) thickness of CIGS absorbor 0.35 pm

to an increase in the density of grain boundaries and
consequently the increase in the density of defects in the
structure. It should be noted that the defect density of
105 ¢cm -3 allowed for good agreement between the ex-
perimental and theoretical data.

Figure 3 illustrates the evolution of the efficiency
(and Fill Factor) as a function of the acceptor density Na.
It can be seen that the efficiency of the ultrathin cell in-
creases from 7.90 % to 9.20 % (the Fill Factor increases
from 52.95 % to 66 %) when the acceptor density varies
from 1015 em—3 to 1017 ¢cm - 3. This improvement can be
attributed to the copper weakening because the increase
in P-type doping in these films is accompanied by the
creation of more Cu vacancies Vcu [18]. Therefore, the
presence of more copper in the Ultrathin CIGS cells pro-
duces shunting effects in the structure.
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Fig. 3 — Efficiency and Fill Factor versus Absorber carrier con-
centration

In order to reduce the recombination that occur at
the rear surface of the structure, we proceeded to deposit
on the molybdenum an alumina passivation layer
(Al203) with 200 nm contact openings (pitches) [6, 8, 9]
(see Figure 4(a)). A study carried out by S. Bose et al. 8]
demonstrated that the introduction of a 25 nm thick alu-
mina passivation layer with pitches of about 200 nm in
an ultrathin CIGS solar cell with an absorber thickness
of 500 nm allowed having an increase in efficiency from
8.1 % t0 9.5 %, i.e., an improvement of 14.73 %. The Fig-
ure 4(b) clearly shows the decrease in the recombination
rate at the rear surface compared to the basic structure
(see Figure 2(b)). The introduction of the alumina layer
led to a passivation of donor defects by reducing Se va-
cancy defect. The reduction of donor defects will thus in-
crease the electric field which leads to reducing the
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effective interface recombination velocity. Several stud-
ies have recorded the presence of negative fixed charge
at the CIGS/Al203 interface with a density of the order
of 1012em~—2[9, 11].

Matarisy

Pitch o

Merors

Fig.4-Rear surface passivation:(a) simulated structure, (b) Re-
combination rate after passivation

These negative charges have contributed to the im-
provement of the characteristics, with the highest effi-
ciency of 11.22 % being the one that has more fixed
charges at the CIGS/Al203 interface (see Figure 5). How-
ever, although we recorded an increase in efficiency with
increasing negative fixed charges at the CIGS/Al203 in-
terface, the efficiency value remains stable beyond
Qr="7x1012cm~-2
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Fig. 5 — Effect of negative fixed charge on electrical parameters
of solar cell
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Figure 6 describes the evolution of the electric field at
the rear contact as a function of the fixed charges that ap-
pear at the absorber/insulator interface. We can see that
the existence of the negative fixed charges at the
CIGS/Al203 interface, when they vary from 102 cm~3 to
9.10!2 cm -3, has allowed increasing the electric field from
34 kV/em to 71 kV/em.
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Fig. 6 — Effective electric field at the absorber close to the rear
contact

In order to improve the performance of ultrathin
CIGS solar cells, we were initially fixed acceptor density
Na=10'7 cm~3. Then we were interested in optimizing
the absorber bandgap, we remind that the CIGS
Bandgap used in the G. Rajan et al. [7] structure is of
the order of 1.12 eV. In theory, increasing the bandgap
makes it possible to increase the efficiency of CIGS solar
cells by increasing the Voc. Indeed, we found that when
the gap varies between 1.12 and 1.4 eV (see Figure 7),
the efficiency increased by 11.22 % to 15.06 %. But in
practice, when the gap exceeds 1.27, the battery experi-
ences a degradation of its performance due to the in-
crease in structural defects [19]. So the presence of more
Galium at the expense of Indium will lead to a growth of
defect density. Indeed, for an ultrathin CIGS cell and in
order to reduce the defect density in the structure, it is
suggested to opt for a bandgap value of approximately
1.23 eV [6,10], This choice allowed to have an improve-
ment of the efficiency 7= 14.08 % (FF = 70.98 %) which
corresponds to an improvement of An = 38.77 % while
retaining the value of the defects density already opti-
mized during the validation of the technological param-
eters of the cell studied.

In order to further improve the ultrathin solar cell
performance, we used a highly doped layer as the Back
Surface Field (BSF) layer. Several works have demon-
strated that the introduction of a highly acceptor doping
layer between the rear contact and the CIGS absorber
such as Si, SnS, ZnSe, PbS [20-24] has made it possible
to increase the efficiency of the solar cell. Based on the
fact that reducing the deposition time leads to an in-
crease in the defect density, we opted for the integration
of a BSF P+-CIGS layer, i.e, the same CIGS absorber ma-
terial, while maintaining the same initial thickness of
350 nm. Therefore, the deposition time will be preserved
and the density of defects will not be affected.
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Table 5 illustrates the evolution of the ultrathin solar
cell performance as a function of the doping density of
the BSF layer (the BSF layer thickness equals to 50 nm).
The obtained results show that when the solar cell elec-
trical characteristics: Jsc, Voe, 7and FF increase with the
increase of the BSF layer acceptor density. The highest
efficiency is 7= 15.04 % which corresponds to the doping
density NABSF = 1020 cm -3. We can see that the yield
begins to decrease from the concentration NABSF = 102!
cm -3, This improvement is due to the addition of an elec-
tric field on the back surface. Indeed, the introduction of
the P+-CIGS layer on the back surface between the pas-
sivation layer and the absorber (P-CIGS) created a re-
pulsive electric field resulting from a (P/P*) junction.
This electric field allowed, on the one hand, to reduce the
rear surface recombination, on the other hand, to propel
the electrons which are considered as minority carriers
towards the front contact. This can be explained by the
increase in the short-circuit current density Jsc which
increased from 28.37 mA/cm?2 to 29.35 mA/cm?2.

Table 5 — Estimated electrical characteristics after introducing
a 50 nm thick BSF layer for different acceptor concentrations

Acceptor

density of

f:y(SrI ] e (mAffxl—Z) %) | FFOO
Nagsr

(cm—?)

Without

BSF 0.751 | 28.37 14.08 | 70.98
Layer

1018 0.756 29.12 14.74 71.92
1019 0.758 | 29.35 14.99 | 72.39
1020 0.758 | 29.37 15.04 | 72.53
1021 0.758 | 28.95 14.86 | 72.66

The effect of the BSF layer thickness as a function of
the acceptor density was also optimized (see Table 6), we

J. NANO- ELECTRON. PHYS. 17, 06005 (2025)

found that the thickness of dpsr = 100 nm with the dop-
ing density Nassr = 1019 cm —3 of the BSF layer allowed
to have the best efficiency which corresponds to
n=15.47 %.

Table 6 — The ultrathin CIGS solar cell electrical characteris-
tics as a function of the BSF layer thickness and acceptor den-
sity

NagsF = 10%cm -3 INABSF = 1020 cm —3
fﬁ‘fﬁf) n@%) | FFe) | n@) | FFe)
50 14.99 72.39 15.04 72.53
100 15.47 73.46 15.34 73.65
150 15.26 76.44 14.55 76.79

4. CONCLUSION

In this study we investigated an ultrathin CIGS-
based solar cell. The study was carried out using the sim-
ulation with ATLAS-SILVACO. Initially, we validated
our results including the technological parameters based
on the structure realized by G. Rajan et al. [6]. The opti-
mization of the technological parameters allowed to
have a yield n = 8.62 %. As a crucial technological pa-
rameter, we found that the defect density is of the order
of 1015 cm -2, this is related to the increase in the grain
boundaries density caused by the formation of small-
sized grains. We fixed the CIGS absorber layer according
to the presence of copper in the CIGS structure Then, in
order to improve the performance of this stack, we car-
ried out a passivation with a 25 nm layer of AloOswith
contact pitches of 200 nm. The passivation allowed to ob-
tain an improvement in the efficiency of An=14.7 %.
This was explained by the decrease in the rear surface
recombination. Furthermore, we have confirmed the
presence of negative fixed charges of the order of cm 2
at the CIGS/Al20s interface. Then, we proceeded to im-
prove the ultrathin CIGS solar cell performance by opti-
mizing some physical and technological parameters. We
found that the optimal acceptor density of the absorber
is of the order of 107 cm -3, As for the CIGS material
bandgap, the correlation between the calculated results
and the experimental results presented in the literature
allowed us to take into consideration E;= 1.23 eV. Fi-
nally, in order to further reduce the rear surface recom-
bination, we proposed to add a BSF layer (P+-CIGS)
while  keeping the same initial thickness
(dssF + dcigs = 350 nm). This configuration allowed add-
ing an electric field which led to reduce the recombina-
tion which occurs on the rear surface, and consequently
the increase in the passage of minorities (electrons) to-
wards the rear contact (increase of the Js). Finally, an
optimization of the BSF layer thickness and acceptor
density was carried out. We found that the pair
dpsr = 100 nm and Nagsr = 102 cm —2 allowed to obtain
a maximum efficiency 7 = 15.47 %.
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JocraimxeHHsa Ta MOKPAIEeHH MIPOAYKTUBHOCTI yIBTPATOHKHUX COHAUYHUX enemeHTis CIGS

B. Kaghouchel2, A. Saoulil:3, I. Nouicer4, S. Abadli2, Z. Deridj, S. Boulmelh2, L. Dib2, L. Saci?

1 Abdelhafid Boussouf University centre of Mila, BP N°26 RP Mila 43000, Algeria

2 LEMEAMED Laboratory, Electronics Department, University of Constantine 1 — Mentouri Brothers,

25000 Constantine, Algeria
3 Microsystems and Instrumentation Laboratories (LMI), Faculty of Technology Sciences,
Mentouri Brothers University of Constantine, 25000 Constantine, Algeria
4 Centre de Développement des Energies Renouvelables, (CDER), B.P. 62, Route de 'Observatoire,
16340, Bouzaréah, Algiers, Algeria

CoHSYHI eJIeMEeHTH JPYTOro IOKOJIIHES Ha 0CHOBI nmorymmHabHoro mapy CIGS MaoTs sHauHmii moTeHIial
y doToesreKTpuYHiMi raysi, i, K MU 3HAEMO, TOJIOBHUM BHKJIMKOM Iii€l TEXHOJIOTII € 3MEHIIEeHHS TOBIIUHHI
mrapy CIGS 3 meroro MiHiMI3aIlil BUpOOHUYUX BUTPAT, OCOOIUBO MIJIAXOM 3MEHIIIEHHS CIOYKUBAHHSA TAJII0 Ta
1H/I110, SIK1 BBAYKAIOTHCS JTOPOTUMU MaTepiasamMu. 3 OrJisly Ha Iie, MU IIPOBEJIU MOJIEJI0BAHHS 3 BUKOPUCTAH-
Ham Moyt ATLAS-SILVACO, mo6 onTuMisyBaTH TeXHOJIOTIYHI ITApaMEeTPH Ta HOKPAIIATH IIPOIyKTUBHICTD
1poro mpucrpomo. JilficHo, Ha 0CHOBI Bike BUTOTOBJIEHOr0 HaaToHKoro exemenTa CIGS mam Bgasocsa sadikcy-
BaTH TEXHOJIOTIYHI ITapaMeTpH JOCTIIKYyBAaHOro eeMeHTa. EdekTuBHICTS Ta hopM-paKTop Maixke 11eaabHO
Y3TOKYIOTECS 3 €TAJIOHHUM COHIIHUM ejieMeHTOM (77 = 8,62 % ta FF = 58 %). Byna nocmimkeHna miipHICT
nedeKTiB y CTPYKTYpi mmorjamHa4va. 30iblIeHHsa IiibHocTl gedekTiB (mopsamky 1015 cm —3) mu moB'asanu 31
301JIBIIIEHHAM IIJIBHOCTI MesK 3epeH. Mu 00roBOpHIM BILIMB BeJUKOI KijgbkocTi migi (Cu) B HAATOHKOMY CO-
asunomy esemenTi CIGS. Ilorim, BBemenns mapy nacusariii AleOs ToBiuHO©0 25 HM 3 HeraTUBHUMY (PIKCO-
BaHUMH 3apsgamu Ha Mexi posainy CIGS/Al:Os 103B0IHIO HOKPAIIKUTH MPOAYKTUBHICTE IPUCTPOIO, 1€ MU
3adircyBanu edertuBHicTs 77 = 11,22 % ta FF = 64 %. Hapermrri, Mmu npoBesu onTuMi3aliiio Ha OCHOBI BBe-
neuna mapy P+-CIGS BSF. Eposmoliiio eIeKTpUYHNX XapaKTePUCTUK YJIBTPATOHKOTO COHAYHOTO eJIEMEeHTA
00roBOpOBAIA AK (PYHKIIO LIIJIbHOCTI akmernropa Ta ToBmuHu 1mapy BSF. Ia xomdirypamia AZO/i-
Zn0/CdS/P-CIGS/P+-CIGS/Mo mosBonuina orinuTu 36ibireHHs epekTuBHOCTI 10 77 = 15,47 % (FF = 73,46 %).

Knwouosi ciosa: Yasrparouki CIGS, ATLAS-SILVACO, Iineaicts nederris, [Tacusamia, BSF.
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