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Abstract:

A comprehensive study of adding an antimony (Sb) layer on top of the Mo
layer in a low cost CIGS solar cell is presented. It was found that adding
Sb layer improves the solar cell efficiency which was attributed to the
reduction of defects at the CdS/CIGS interface. To elucidate this
phenomenon, numerical simulation is used to evaluate a CIGS thin film
solar cell figures of merits with and without an Sb layer. The cell
performance is evaluated by introducing defects at the interface
CdS/CIGS. An improvement of the conversion efficiency from 12,08 to
13,6% is reached. The short circuit current density Jsc improved from
25,74 to 26,46 mAcm™, the open circuit voltage VOC is reduced from
0.674 to 0.670 V and the fill factor FF increases from 69.57 to 77.13%.
The calculated figures of merit are in good agreement with the
measurement.

Keywords: CulnGaSe2, Solar cell, Numerical simulation, Trap acceptor,

Sb layer.



Résumeé :

Une étude compléte sur I'ajout d'une couche d'antimoine (Sb) au-dessus
de la couche de Mo dans une cellule solaire a faible colt CIGS est
présentée. Il a été constaté que I'ajout de couche de Sb avait amélioré
I'efficacité des cellules solaires et était attribué a la réduction des défauts
a linterface CdS / CIGS. Pour élucider ce phénomeéne, la simulation
numérique est utilisée pour évaluer les avantages d'une cellule solaire a
couche mince CIGS avec et sans couche de Sh. Les performances de la
cellule sont évaluées en introduisant des défauts au niveau de l'interface
CdS / CIGS. Une ameélioration de l'efficacité de conversion de 12.08 a
13,6% est obtenue. La densité de courant de court-circuit est /¢ passeée
de 25.74 a 26.46 mAcm2, la tension de circuit ouvert V,. a été réduite de
0.674 a 0.670 V et le facteur de remplissage FF de 69 57 a 77.13%. Les

chiffres de mérite calculés sont en bon accord avec I'expérimental.

Mots-clés : CulnGaSe2, cellule photovoltaique, Simulation numérique,

piege accepteur, Couche Sb.
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Table 1. PV parameters of the different solar cells

Sample n(%) Vo (MV)  Jgc (MAcm™2) FF (%)
Sb0 12.1 641 28.8 65.7
Sb7 13.6 637 31.2 68.4
Sb12 133 646 31.8 65.9
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ABSTRACT

A comprehensive study of adding an antimony (Sb) layer on top of the Mo layer in a low cost CIGS solar cell is
presented. It was found that adding Sb layer improves the solar cell efficiency which was attributed to the reduction
of defects at the CdS/CIGS interface [L. Van Puyvelde et al., J. Phys. D. Appl. Phys., 48, p. 175104, 2015]. To
elucidate this phenomenon, numerical simulation is used to evaluate a CIGS thin film solar cell figures of merits
with and without an Sb layer. The cell performance is evaluated by introducing defects at the interface CdS/CIGS.
An improvement of the conversion efficiency from 12.08 to 13.6%is reached. The short civeuit curvent density J_
improved from 25.74 to 26.46 mAem”, the open cireuit voltage V,, is veduced from 0.674 to 0.670 V and the fill
factor FF increases from 69.57 to 77.13%. The calculated figures of merit are in good agreement with the

measurement.

Keywords: CulnGaSe,. Solar cell. Numerical simulation, Trap acceptor, Sb layer

INTRODUCTION

The polycrystalline Copper indium gallium diselenide
Cu(In, Ga )Se, (CIGS) is one of the most promising
materials used for low cost. high efficiency thin-film
solar cells. It exhibits a tunable band gap M, excellent
outdoor stability P\ radiation hardness ™ and it can
produce a power up to 919 W/Kg I, the highest for any
thin film solar cell. Recently. (CIGS) thin film solar
cell with an active area of 0.5 cm? gave the highest
efficiency of ~20.3% B-9. An attempt was made to get
high efficiency devices, despite low temperature
deposition processes. by adding an Sb layer on top of
the Mo layer since it can enhance grain size U-%. It is
also reported that incorporation of Sb can alter the CIGS
conductivity P!, In this work. we simulated a CIGS solar
cell by Silvaco. The goal is to investigate the reason
for the high yield when adding the Sb layer and compare
these theoretical results with measurements made on a
similar solar cell.
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CIGS Solar Cell Structure

A solar cell structure used in an experimental work "%
was simulated. In this experimental work P9, the cell
structure was as follows: soda-lime glass (1 mm).
sputtered molybdenum (1000 nm). CIGS (2 im).
chemical bath deposited CdS buffer layer (50 nm).
sputtered undoped ZnO (400 nm). sputtered aluminum
doped ZnO (80 nm) and nickel/aluminum-grid. CIGS
solar cells with an efficiency of 13.6% were produced
with a composition (Ga / Ga + In = 0.38), corresponding
to a band gap energy of 1.2 eV. A schematic view of the
simulated CIGS solar cell is shown in Figure 1.

Physical Models and Input Parameters

Most numerical simulators use the Shockley-Read-Hall
(SRH) model to describe carrier recombination
phenomena. We considered two Gaussian deep acceptor
and donor defect distributions for the CdS and CIGS.
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Figure 1: The Structure of the CIGS Thin Film Scolar Cell Used
in the Simulation (not to scale)

The position of the combinative defect states is in a
narrow distribution close to the middle of the band gap.
A surface recombination at the CdS/CIGS interface.
which effectively recombines minority carriers, is
considered. Absorption coefficients of ZnO.
polyerystalline CdS and CIGS are defined in Silvaco
database. We modeled CIGS solar cell with the
parameters defined in Table 1. It has to be mentioned
that these parameters are well established except the

Therefore, a standard value is considered ™. The
purpose was to see if it is possible to obtain a reasonable
simulation. which could be compared to experimental
results.

Modeling

Semiconductor materials exhibit crystal defects, which
can be caused by dangling bonds at interfaces or by the
presence of impurities in the bulk. The presence of these
defects may influence the electrical characteristics of
the device. Trap centers. whose associated energy lies
in a forbidden gap. exchange charge with the conduction
and valence bands through the emission and capture of
electrons and hence influence the density of space
charge and the recombination statistics. The net trapped
charge value is defined by [1-12,

0, =q(N ,—N",) (D)

Where N”  and N, are the densities of ionized donor-
like and acceptor-like traps respectively. The ionized
density depends upon the trap density. N. and its
probability of ionization. f, and f,, For donor-like and
acceptor-like traps respectively. the ionized densities
are given by [XL:

N, =Nxf, - @
N, =Nx(1-f,) .(3)

In the case of multiple traps. the net trapped charge

mobilities which depend on the fabrication conditions. ~ becomes:

Table 1: The Saolar Cell Parameters Used in the Simulation

Parameter Symbaole Zn0O cds CIGS
Thickness (nm) d 80 50 2000
Energy gap)eV) Eg 12 24 33
Relative permittivity £ 136 10 9
Affinity (eF) % 48 45 47
Electron mobility ", 50 50 30

Hole mobility , 25 25 25
Electron effective density of states (cm™) N 22x10% 22x10% 22x10%
Hole effective density of states (cm™) N, 1.8 x10% 1.8x10% 1.8x 10%
Electron lifetime (s) T, 1x107 1x107 1x107
Hole lifetime (s) T, 1x107 1x107 1x107
182 Volume 9, No. 4, October-December, 2019
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NtB = E§=1 NrJfJa- N = EF:I Nn_q,ﬁ' ()

Where & is the number of donor-like traps and m is the
number of acceptor-like traps.

The probability of ionization is given by the following
equations for acceptor and donor-like traps.

UpOpn + €4

fea

UpO, + Up O, P + €44 + €4 - (%)
f — Tp P+ enp ¢
tD Up o ntvp oy P+enp tepp ( )

Where ¢ and o, are the carrier capture cross sections
for electrons and holes respectively. v, and v, are the
thermal velocities for electrons and holes. For donor
like traps, the electron and hole emission rates, e  and
e . are defined by:

1 E:—E; -

en_D(A) = E Un(p) Jn(p)nfexp KT, (,)
Ei —E

ep =G Unp) Jn(p)n(-exan .. (8)

Where, E_ is the intrinsic Fermi level position. E, is the
trap energy level, G is the degeneracy factor of the trap
center. K is the Boltzmann constant and 7, is the lattice
temperature.

RESULTS AND DISCUSSION

In ['% the improvement in the efficiency of the low cost
solar cell after an Sb layer was added is attributed to a
suppression or a reduction of the deep acceptor at the
CdS/CIGS interface. A deep level at 0.18 eV above the
valence band is characterized in the initial device
(without the Sb buffer layer). The density of this deep
level is reduced when an Sb buffer layer is added to the
solar cell™, Therefore. we focused on the study of the
effect of the trap acceptor. First, we adjusted different
values for the different constituents of the solar cell to
achieve an efficiency 1= 12.08, an open circuit voltage
V__.= 674 m¥V which corresponds to the experimental

ac
values of 1% Then we varied the acceptor trap
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parameters as follows: density (NY) in the range: 1 x
10 to 1.8 x 10™ em®, capture cross section for electrons
(0, ) inthe range: 1 x 10 to 1 x 107'° cm?, capture cross
section for holes (0,) in the range: 1 x 10%°to 1 x 107
cm?. Although we have simulated several values of the
above mentioned parameters in order to obtain a good
agreement between simulation and measured s and 7.,
and to illustrate the results in a simple way we presented
just those corresponding to the densities of the acceptor
trap 1x 102, 4x 10" and 1.8 x 10" cm™ and its capture
cross section for electrons of 1 x 10, 1 x 10P and 1 x
10 cm? In Figure 2 the effect the capture cross section
for holes (O'F) on the solar cell efficiency for the above
mentioned densities and capture cross section for
electrons is presented.

1.00
E 0.98 o
3
o
3 096 £
S e x40 [
5 - 121078 ey
S 0944 oo™ 1.8a0" .. 4
2 oy
£
E 0924 . 4
4 "
5 L]
0.90 : .
‘0-12 10.11
Capture cross section for holes (o) (cm?)

Figure 2: Dependence of the short circuit current (remaining)
on the capture cross section of the acceptor trap for holes (o
for different trap densities (WV,=1x 10", 4 x10% and 1.8 x 10"
cm™ as shown) and capture cross section of the acceptor trap
for electrons (@)

The remaining short circuit current (J; ) decreases with
increasing capture cross section of the acceptor trap
for holes (O'P). its density (V) and capture cross section
for electrons (0). It is well known that solar cells are
greatly influenced by traps (decreasing its performance)
0411 and this relation is given a function the diffusion
length by [tk

1] (1 B exp(—aw'))

Jse = a4 At avi ..(9)
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Where ¢ is the photon flux. g is the electronic charge. 4
is the solar cell area. [, = /Dt. o is the absorption
coefficient of the light. W the width of the space charge
region under zero bias. L the diffusion length. D the
diffusion coefficient of the minority carriers and 7their
lifetime. The minority carrier lifetime is affected by
the presence of defect through:

o QU | -1
T TU +TD

.. (10)

Where, 7, the inifial lifetime and the lifetime 7, -
corresponds to the defect density through:

-1
,'=Nov

..(11)

(o and N is the capture cross section and the defect
density respectively and v the thermal velocity)

Therefore, when the defect density (or its capture cross
section for the free carriers) increases, the carriers
lifetime decreases according to (11). This in turn will
reduce the diffusion length which eventually will reduce
the short circuit current according to (9).

For the open circuit voltage (¥, ). itis shown in Figure 3.

The open circuit voltage depends on the short circuit
current density by the well-known relation:

Voc =Kqﬁ£n(“i—1) .. (12)

J, is the saturation junction current density which also
depends on the minority carriers lifetime. So the open
circuit voltage should decrease in the same way as does
the short circuit if J is not at all affected by the defects.
However, J; also depends on the defects through the
minority carriers lifetime and this relation is given by®"™:
Jo =n? (Nfin + N%) for Wy (py > Ly or

P

(13)

2 Dy D, )
i (N,, w, T, wp) for Wy p) K Ly

N,(Np)is the acceptor (donor) doping density and W,
is the N(P) region width. If the deep defect reduces the
carriers lifetime so that the diffusion is larger than the
region width than J, will be affected by the presence of
defects. Hence ¥ is affected by both J,_and J . This
seems to be the case since ¥ is not affected as much
asJg.

The fill factor (remaining) is presented in Figure 4. It
is clear that the deep defect has a remarkable effect for
the larger density. This may be due to the fact the deep
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Figure 3: Dependence of the open circuit voltage (remaining)
on the capture cross section of the acceptor trap for holes (g,
for different trap densities (N, =1 x 10%, 4x 10" and 1.8 x 10"
cmr? as shown) and capture cross section of the acceptor trap
for electrons (o).
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Figure 4: Dependence of the fill factor (remaining) on the
capture cross section of the acceptor trap for holes (0;) for
different trap densities (V, = 1 x 10%, 4 x 10” and 1.8 x 10"
cm? as shown) and capture cross section of the acceptor trap
for electrons (g,).
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Table 2: Solar Cell Figures of Merits Compared Between Simulation and Measurements 1%

N, (em?) (%) Vo (mV) I (mA. em?) FF (%) EQE
Simulation 18x 10 12.08 674 25.74 69.57 0.83
Measurement Without Sb layer 12.10 641 2880 65.70 0.80
Simulation 4x 108 13.68 671 26.46 77.13 0.86
Measurement Adding an Sb layer 13.60 637 31.20 68.40 0.90

level induces either a series or a shunt resistance 15
and this is a well-known loss factor in solar cells B9,

The efficiency (1) is presented in Figure 5. 1) decreases
since the other parameters decrease as:

_ Voc %] sc xFF

P .. (14)
1.0 T i . . . |
r— ot
1
" ""--..12‘_1-0
2
0.5 P g .
T . oK*
E‘ s 2 . 18x10' .
k1 o, (em®)= . e *
E 0.8 - 1x10"° ) T
] + 1x107° .
5 s 1x1o™ S
g o7 wxolt = .
0.6 T
10" 10",
Capture cross section for holes (cp) {cm®)

Figure 5: Dependence of the cell efficiency (s) remaining on the
capture cross section of the acceptor trap for holes (op) for
different trap densities (N) and capture cross section of the
acceptor trap for electrons (g,).

From ¢ and ¥, curves and considering several
possibilities for acceptor trap density and its capture
cross sections for holes and electrons; the best values
to give comparable results are: N, = 4x 10" cm”, o, =
1x 10" cem’ and 6, = 1 x 10" em’. These values
presented in Table 2.

CONCLUSION

A thorough investigation is carried out using numerical
simulation by TCAD of SILVACO to clarify the
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improvement of the solar cell efficiency by adding an
Antimony (Sb) butfer layer between the rear contact
(Mo) and the active layer (CIGS). Experimentally a 7
nm thick Sb layer is added which lead to an increase of
the efficiency from 12.1 to value 13.6% and the open
circuit voltage is slightly reduced from 641 to 637 mV.
It was attributed to a suppression/reduction of the deep
acceptor in the CIGS film near the Sb layer. In the
simulation several values of the density: capture cross
sections of the deep level were used to reproduce the
experimental values. It was found a density of and
capture cross sections for holes and electrons gave the
best comparable efficiencies. The open circuit voltage
was also found to be comparable. The short circuit
current and the fill factor were slightly different
although they had the same trend between simulation
and measurements; that is they are improved when
adding an Sb buffer layer.
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