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In this present contribution, AMPS-1D device simulator is employed to study the performances of
superstrate SLG/TCO/p-Cu(In,Ga)Se,(CIGS)/n-ODC/n-In,Ses/Metal thin film solar cells. The impact of the
TCO and Metal work functions on the cell performance has been investigated. The combination of optical
transparency and electrical property for TCO front contact layer is found to yield high efficiency. The
obtained results show that the TCO work function should be large enough to achieve high conversion
efficiency for superstrate CIGS solar cell. Nevertheless, it is desirable for Metal back contact layer to have
low work function to prevent the effect of band bending in the n-In,Ses/Metal interface. Several TCOs
materials and metals have been tested respectively as a front and back contact layers for superstrate CIGS
solar cells. An efficiency of 20.18%, with V,c = 0.71 V, Jic = 35.36 mA/cm? and FF = 80.42%, has been
achieved with ZnSn,03-based as TCO front contact layer. In the case of SnO;:F front contact and indium
back contact layers, an efficiency of 16.31%, with V,c = 0.64 V, Jc = 314 rnA/cm2 and FF = 79.4%, has
been obtained. The present results of simulation suggest an improvement of superstrate CIGS solar cells

efficiency for feasible fabrication.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Culny_xGaxSe; (CIGS) has a major potential as a semiconductor
material for thin film photovoltaic devices. This is due to its high
optical absorption coefficient, appropriate band gap and
outstanding electro-optical properties [1—3]. CIGS-based solar cells
with x = 0.3 corresponds to a bandgap energy range of 1.1-1.2 eV
yields the best efficiency both in laboratory and commercial solar
cells [4,5]. Recently CIGS thin film solar cells approached effi-
ciencies of 22.8% for substrate configuration [6]. The superstrate
configuration is an alternate design, where the deposition sequence
is reversed, the absorber is grown on glass coated with the trans-
parent front contact (TFC), followed by an evaporated CdS or In,Ses
buffer layers and finished by a sputtered metallic back contact layer
[7—9]. Further improvements of the superstrate CIGS solar cells
performance require an accurate knowledge of the electronic loss
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mechanisms.

The properties of Transparent conducting oxide (TCO) films, such
as resistivity, band-gap energy and work function, affect obviously
the performance of solar device because they affect both the energy
barrier height at the heterojunction interfaces and the electron field
emission [10]. TCO films are n-type degenerated semiconductors
(metallic oxides), they are formed from binary oxides, such as In,03,
Sn0, and ZnO; ternary oxides, such as Zn,In;0s5, Zn,Sn04, CdSb,0g,
Mgln;04, ZnSn03, GalnO3, and IngSn301; and multi-component
oxides composed of combinations of these binary or ternary ox-
ides [11]. The work function of the TCO films (Wrco) has a critical
importance in optoelectronic device performance, the change in
work function and electron/hole injection barrier is related to the
band alignment [12—14]. Ritzau et al. [ 15] have reported the role of
the work function and back contact barrier height on the perfor-
mance of a-Si:H solar cells. Besides, Belfar et al. [ 16] investigated the
effect of Wrco for the performance of n—i—p+ and n—i—p—p+ solar
cells based on hydrogenated amorphous silicon (a-Si:H) and hy-
drogenated nanocrystalline silicon (nc-Si:H) absorber layers using
AMPS-1D simulation tools. Furthermore, Hussain et al. [ 17] reported
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that the high work function of ITO films can be used for barrier
height modification of HIT solar cell and the wide band gap and
highly doped ITO films behave electronically similar to metals ele-
ments and the electronic behavior of the ITO/a-Si:H(p) interface was
assumed as similar to a metal/semiconductor junction. Recently,
Bouchama et al. [18] have reported that the CIGS solar cell with
superstrate configuration has a better photovoltaic performances
when lighting through SnOs:F front contact layer. Moreover, an ef-
ficiency higher than 16%, could be obtained for superstrate SLG/
Sn0,:F/CIGS/ODC/In,Ses/Zn solar cell structure for 300 nm p-CIGS
absorber thick.

This paper reports on systematic studies of TCO and Metal work
functions including a discussion of their dependence on the
superstrate  SLG/TCO/p-CIGS/n-ODC/n-In,Se3/Metal solar cells
photovoltaic properties. Our study is focused on reducing the po-
tential barriers so as to increase carriers collection in the structure.

2. Device simulation and modeling

The model used in the simulation is simple as shown in Fig. 1. Up
to five regions of different material parameters can be used to define
the cell structure. The structure consists of SLG/TCO/p-Culng7.
Gap 3Sez/n-ODC/n-InySes/Metal in which the light enters through
the TCO layer is considered as the solar cell model in the simulation.
We insert in the model a significant Ordered Defect Compounds
(ODC) n-type layer between the In,Ses and CIGS layers. This layer is
usually created experimentally in the CIGS absorber part when the
In,Ses buffer layer is deposited onto SLG/TCO/CIGS substrate with
high substrate temperature [8,9]. The AMPS-1D software estimates
the steady state band diagram, recombination profile, carrier
transport in one dimension based on the Poisson equation and the
hole and electron continuity equations [19]. The recombination
currents are calculated with the Shockley—Read—Hall (SRH) model

;/hv < <

Front contact (TCO layer)

Cu(In,Ga)Se: (p)

Ordered Defects Layer

Back contact (Metal)

Fig. 1. Schematic cross section of superstrate CIGS solar cell structure.

for bulk defects. The layers parameters used for simulating the de-
vice performance are summarized in Table 1. The Culng7Gag3Se;
absorber and In,Ses buffer parameters were fixed from our previous
research work [18]. The radiation AM1.5G with incident power
density of 100 mW/cm? is used as an illuminating source. In
superstrate CIGS solar cells, a highly doped TCO front contact and
Metal back contact layers serve as the front and back electrodes,
respectively.

3. Results and discussion
3.1. Effect of TCO work function on cell performance

In the superstrate CIGS structure presented in Fig. 1, an n+-type
TCO front contact can be believed to form a barrier with p-CIGS
absorber part. The formation of a low resistance, low barrier TCO/p-
CIGS front contact is among the most challenging aspects of high
performance fabrication of superstrate CIGS solar cells. The wide
band gap and highly doped TCO films behave electronically similar
to metals elements and the electronic behavior of the TCO/semi-
conductor interface was assumed as similar to a metal/semi-
conductor junction [17]. Moreover, the TCO/p-type CIGS contact
does not always form a barrier and has the possibility of forming an
ohmic contact, which is determined by the difference in work
functions between TCO and p-CIGS [20]. For a p-CIGS type semi-
conductor with band-gap Eg and electron affinity x(CIGS), and a
TCO with work function Wrycp, an ohmic TCO/p-CIGS contact is
formed when: Wrco > Eg + %(CIGS) and a rectifying (Schottky)
barrier contact is formed when Wrco < Eg + %(CIGS) [21]. Most TCO
materials, however, do not have sufficiently high work-functions
and therefore form a Schottky barrier contact to p-CIGS absorber
layer.

The understanding of the effects of TCO work function on TCO/
p-CIGS/n-0ODC/n-In,Ses solar cells in depth requires the calculation
of the energy band diagram at thermodynamic equilibrium and the
built-in electric field. Fig. 2 depicts the schematic band diagram of
the TCO/p-CIGS/ODC part for different TCO work functions. The
band bending on the p-CIGS part appeared along with the decrease
of TCO work function. Two possible carrier transport mechanisms
were expected. In the case of high TCO work function, an ohmic
contact was formed in n+-TCO/p-CIGS interface and a direct
recombination of holes in the valence band of p-CIGS and electrons
in the conduction band of n+-TCO was occurred. The second is a
trap-assisted tunneling even if the barrier is formed at the n+-TCO/
p-CIGS interface [20]. Photogenerated holes in p-CIGS part can
passes across the Schottky barrier and reach TCO contact easily
thanks to a trap-assisted tunneling.

Table 1

Physical parameters used in the simulation model for superstrate CIGS solar cell.
Layer parameters p—CIGS n—0DC n—In,Ses
W (nm) 500 3500 200
Np (cm™3) - 1 x 10" 1x 10'®
N4 (cm™3) 2 x 106 - -
Eg (eV) 1.12 13 24
% (eV) 41 41 3.8
N¢ (cm™3) 22 x10'® 22 x 10'® 22 x 10'®
N, (cm~3) 1.8 x 10" 1.8 x 10'° 1.8 x 10'°
feo (=) 13.6 13.6 10
te (cm? V1571 50 50 50
wn (cm? v-1s71) 12 12 12
Npc, Nag (cm~3) D: 10" A: 10'® A: 10'®
Ea, Ep (eV) Mid—gap Mid—gap Mid—gap
We (eV) 0.1 0.1 0.1
oo (cm?) 10713 10713 10715
op (cm?) 1071 1071 10712
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Fig. 2. Band structure in the TCO/p-CIGS interface with different TCO work functions.

The performance of superstrate SLG/TCO/p-CIGS/ODC/n-In,Ses/
Metal solar cells will be investigated numerically by the variation of
TCO work function (Wrco). In the model, P-type CIGS and ODC layer
parameters were fixed, and only the work function of TCO films was
changed from 4 to 5.5 eV. Zn material was used in this section as a
back contact. When TCO work function is below 5 eV, the transport
of holes is limited because of the occurrence of the band bending in
the p-CIGS part. In the case of the TCO work function is higher than
5 eV, the band bending in the p-CIGS absorber part is reduced to
form a flat band. The increase in Wy leads to the decrease of the
Schottky barrier height between TCO and p-CIGS layer; therefore
more hole carriers can be collected at the front contact.

Different TCO work functions at the interface between TCO and
p-CIGS layer will lead to different built-in electric field. Fig. 3 shows
the distribution of built-in electric field in the structure as a func-
tion of TCO work function. Note that the electric field decreases
gradually in the p-CIGS part near the TCO/p-CIGS interface.
Nevertheless, in the region of n-ODC layer the built-in electric field
keeps unchanged. In the p-CIGS part with Wrco < 5 eV, the built-in
electric field is positive near the interface, which hinders holes from
reaching the front electrodes. When Wrco > 5.1 eV, the built-in
electric field is negative in the whole of p-CIGS region. This elec-
tric field gives the effective force on holes to move to the left region
in Fig. 3, which is very beneficial for holes to transport through the
p-CIGS region.

One of the aims of this simulation is to determine the proper
work function of TCO front contact for designing high conversion
efficiency of superstrate CIGS solar cell. So, it is necessary to calcu-
late the photovoltaic parameters of the solar cell on the wide range
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Fig. 3. Distribution of built-in electric field in the structure with various TCO work
functions.

of variation of Wrco. Fig. 4 shows the simulated performance of SLG/
TCO/p-CIGS/n-ODC/n-In,Ses/Metal solar cells as a function of TCO
work function. It is easy to note that when Wy is varied between
4.3 eV and 5.0 eV, the TCO work function has a little impact on Jsc.
The open-circuit Vpc increases rapidly with Wrcp, and then become
saturated at Wyco = 4.8 eV. As the Wrco increases, FF also increases
due to the migration of holes from p-CIGS part to TCO front contact
since the hole injection barrier was reduced. Reduction of the band
bending was due to the decrease of the electric field at TCO/p-CIGS
interface which can provide low leakage current. At Wyco = 4.8 eV,
we can achieve an efficiency of about 15.02%, FF = 80.06%,
Voc = 0.63 V, Jsc = 29.23 mA/cm?. It is obvious that at Wrcg = 4.3 eV,
the cell has a poor performance with n = 2.08%, FF = 51.4%,
Voc=0.13 V and Jsc = 29.21 mA/cm?, while at Wy = 5.4 eV, the cell
has a good performance with n = 20.71%, FF = 81.80%, Voc = 0.71 V
and Jsc = 35.32 mA/cm?. The structure with TCO work function
below 4.2 eV does not work at all. This simulation result manifests
the critical effect of TCO work function in superstrate CIGS solar
cells.

The front contact processes are designed to reduce the down-
ward band-bending in the TCO/p-CIGS interface so that the barrier
to holes is reduced and current can be collected. Several TCO layers
have been tested in the model as a front contact layers for super-
strate CIGS solar cells. Fig. 5 shows the cell-performance results
with different TCO front contact layers. ZnSnOs n-type semi-
conductor with the wide band gap and high work function of
~5.3 eV, considered as a front contact material, is a potential
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Fig. 4. Performance of superstrate CIGS solar cells as a function of TCO work function.
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Fig. 5. A summary results of superstrate CIGS solar cells performances with different
TCO films.

candidate for a good TCO. With ZnSnOs front contact we can ach-
ieve an efficiency of 20.17%, with V,c = 0.71 V, Jc = 35.35 mA/cm?
and FF = 80.4%. ITO films have a low work function which is about
4.6 eV. This degrades the conversion efficiency of solar cells to
8.63%. Solar cell with ZnO:Al front contacts showed also a poor
efficiency of 7.31%. The SnO,:F material with a work function of
~4.9 eV is another candidate similarly to TCO front contact for
superstrate CIGS solar cells presenting an efficiency of 15.06%.

Spectral response of various TCO work functions was studied
and presented in Fig. 6. With increasing Wrco, the spectral response
increases in short wavelength region. The quantum efficiency (QE)
has a maximum value close to 80% under 100 mW/cm? when the
TCO work function reaches 5.2 eV.

3.2. Effect of back metal work function

The metal back contact forms a barrier to n-type In,Ses semi-
conductor which depends on the work function of both Metal and
n-InySes material. If the work function of an n-type In,Se; semi-
conductor (Wp_sc) is greater than that of the Metal (Wpetal), Wh-
sc > Whietal, then the n-In;Ses/Metal heterojunction forms an ohmic
contact. If the relative magnitudes are reversed, i.e. Wy_sc < Wpetal,
then the n-In;Sesz/Metal heterojunction forms a blocking or
Schottky barrier [22]. The band bending in the n-In;Ses buffer layer
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Fig. 6. Effect of TCO work function on the spectral response.

was occurs in the vicinity of the interface. The carrier (electron)
transport across n-In;Ses/Metal interface is greatly affected by the
barrier height resulting in the n-In,Ses/Metal interface. At high
Metal work function, the tunneling mechanism through the barrier
dominates the current transport with high doping n-type In,Ses
semiconductor used in the simulation (Np(In,Se3) = 1 x 10'8 cm™3),
while the thermionic emission acts as a secondary transport
mechanism in the n-In,Ses/Metal interface. In the case of the
thermal emission, the electron has to overcome the whole energy
barrier, however, the tunneling takes place through the energy
spike resulting in the n-In,Ses/Metal interface. The barrier height
@y, is defined as the potential difference between the Fermi energy
of the metal and the band edge where the majority carrier reside.
For n-type In;Ses semiconductor the barrier height is obtained as
[23]:

D = Whtetat — %(In2Se3) (1)

where Wyeqr is the work function of the metal and (In,Ses) is the
electron affinity of the n-In,Ses semiconductor. Fig. 7 shows the
work function of selected metals and their calculated barrier height
on n-InySes part, where the metal work functions varied between
4.1 and 5.2 eV. We can see that the barrier height in the n-In,Ses/
Metal interface can be varied from 0.2 to 1.3 eV by using various

5.2 1,4
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3
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Fig. 7. Work function of selected metals and their calculated barrier height on n-type
In,Se; buffer layer.
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metals.

To find the influence of the barrier height @, on cell perfor-
mance, we have firstly varied the value of ¢}, from 0.46 to 0.6 eV and
the simulated current density-voltage (J-V) characteristics are
shown in Fig. 8. The results of the calculation were obtained by
using SnO0,:F as a TCO front contact layer. It is evident from the
behavior of the curves that only the fill factor FF was degraded with
increasing the barrier height @,. This may be due to the increase in
the resistance and the presence of the rectifying n-In,Ses/metal
junction which forms a Schottky barrier in the structure (Fig. 8). The
high potential barrier prevents most charge carriers (electrons)
from passing to the metal back contact. Only a small number of
carriers have enough energy to overcome the whole energy barrier
(thermoionic emission), however, the tunneling effect takes place
in some cases. To clarify this dependence in an interval of variation,
the barrier height @, was varied from 0 to 0.9 eV.

Fig. 9 summarizes the output performance of Jsc, Vo, fill factor
(FF)and n as a function barrier height @. All photovoltaic parameters
remain almost constant for barrier height below 0.4 eV. By an in-
crease in @, of more than 0.4 eV an incredible decrease in efficiency,
Vocand FF was found as revealed from Fig. 9. In this case, the majority
carriers have insufficient energy to overcome the potential barrier,
and are trapped on back side of the interface and cannot contribute
to the diffusion current, reducing thus the solar cell performance. It is
evident from Fig. 9 that the short-circuit current Jsc has a slight
decrease as the @ increases from 0.4 to 0.9 eV, which may be due to
the tunneling enhancement. The use of SnO5:F front contact and Zn
back contact layers in the structure reported in Ref. [18] led to an
efficiency of 15.12%, with Ve = 0.63 V, Ji = 314 mA/cm? and
FF = 74.6%. Using low metal work function as a metal back contact,
such as indium (4.12 eV), a best efficiency of 16.31%, with
Voc = 064V, Jsc = 314 mA/cm2 and FF = 79.4%, has been obtained.

4. Conclusion

The presence of the barrier height in the front and back contact
layers of the superstrate SLG/TCO/p-CIGS/n-ODC/n-In,Ses/Metal
solar cells can significantly affect the cell performance by limiting
the carriers current flow. The influence of the TCO and Metal work
function has been studied using AMPS-1D and the corresponding
design optimization has been provided. According to the obtained
results, the TCO work function should be large enough of over
4.8 eV to prevent the effect of absorber band bending caused by the
difference in the work function between the p-type CIGS absorber
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Fig. 8. J-V characteristics of the selected structure with different barrier heights @.
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Fig. 9. Solar cell performances as a function of barrier height at the n-In,Ses/Metal
interface.

and TCO front contact. We notice that all the photovoltaic param-
eters increase with increasing the TCO work function. This
remarkably sharp rise has also been confirmed by the external
quantum efficiency. The high Wrco is used to inject holes in the
front contact barrier. Thus, the desired values of work functions
should be as high as possible. The high work function of ZnSnO3
material is helpful in making low-resistance electrical contact to
the p-type CIGS layer. Secondly, a significant performance
improvement of the cell efficiency can be expected through the
minimization of barrier height (<0.45 eV) in the n-In;Ses/Metal
interface. When the barrier height of the n-In,Ses/Metal interface
exceeds 0.5 eV, the degradation came from the reduction of the fill-
factor FF and open-circuit voltage Voc. The present results may help
in the development of superstrate CIGS solar cells with high con-
version efficiency and low cost.
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