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Impact of MoSe2 Layer on Carrier Transport at the
Back Contact in Cu(In,Ga)Se2 Solar Cells

Yosuke Abe , Takahito Nishimura , and Akira Yamada

Abstract—This study focuses on the impact of MoSe2 at the
Mo/Cu(In,Ga)Se2 (CIGS) interface on back contact characteristics
in CIGS solar cells. The unintentionally formed MoSe2 layer has
been reported to establish a quasi-ohmic contact at the Mo/CIGS
interface. In this research, we construct a device model for the CIGS
solar cells with the MoSe2 intermediate layer using the solar cell
capacitance simulator (SCAPS-1D) considering the experimentally
measured physical properties. By assuming Mo vacancies as the
source of p-type conductivity of MoSe2, we demonstrate the repro-
ducibility of the experimental series resistance. At the Mo/MoSe2
interface, a Schottky barrier of around 0.9 eV for holes is formed
due to the difference in their work functions. It is revealed that
the quasi-ohmic contact is formed by recombination between holes
and electrons through the defect in the MoSe2, despite the Schottky
barrier. Since the recombination at the MoSe2 layer follows the
SRH model, the density of Mo vacancy significantly reduces the
series resistance. Meanwhile, the decrease in the series resistance
by the increase in the Mo vacancy saturates at around 0.83 Ω·cm2.
To further reduce series resistance, Nb doping into the MoSe2
is proposed in SCAPS-1D, enhancing p-type conductivity. It is
disclosed that the Nb doping induces a transition in dominant
hole transport from recombination toward tunneling, resulting in
a decrease in the series resistance. If the doping density of the Nb
exceeds 5 × 1019 cm−3, the series resistance becomes comparable
to the flat band condition of the back contact.

Index Terms—Back contact, MoSe2, quasi-ohmic contact, thin-
film Cu(In,Ga)(Se,S)2 solar cell.

I. INTRODUCTION

CU(In,Ga)Se2 (CIGS) is one of the most promising ma-
terials as a light-absorbing layer in thin-film solar cells,

characterized by a high optical absorption coefficient and a
tunable bandgap (Eg) (1.00–1.68 eV) [1]. The power conversion
efficiency (PCE) of 23.6% [2] has been achieved in lab-scale
cells by improving CIGS bulk properties and buffer layer in-
terface characteristics [2], [3], [4]. However, the increase in
efficiency has slowed down in recent years, and analysis of the
back contacts is needed to further improve efficiency. Recently,
an analysis focusing on transparent conducting oxide (TCO)
has been conducted to assess the impact of series resistance
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(Rs) [5]. Similarly, the back contact resistance also affects the
properties of the CIGS solar cells. Poor contact characteristics
lead to the distortion of a current density–voltage (J–V) curve,
such as rollover, kink, and an increase in Rs [6], [7], [8], [9], [10].

Generally, Mo is used as the back contact material in the
CIGS solar cells because of its low electrical resistivity and high
stability at high temperatures. Mo reacts with Se during the high-
temperature growth of the CIGS absorption layer [11], forming
a MoSe2 layer at the Mo/CIGS interface. MoSe2 belongs to the
VI-group transition metal dichalcogenides and has a hexagonal
structure with sheets composed of Se–Mo–Se covalent bonds
held together by weak van der Waals forces [12]. In the CIGS
solar cells, the orientation and electrical properties of MoSe2
have been found to be affected by various factors, including the
sputtering conditions of Mo, the alkali content from the glass,
and the film formation conditions of CIGS [13], [14], [15]. It
has been suggested that MoSe2 alleviates the Schottky barrier
expected from the work functions of CIGS and Mo, forming a
quasi-ohmic contact [9], [15]. However, the mechanism of the
quasi-ohmic contact and the carrier transport have not been dis-
cussed in detail. In this regard, we constructed a device model of
the CIGS solar cell based on actual measurements and analyzed
the effect of the MoSe2 layer on the backside characteristics by
theoretical calculations using solar cell capacitance simulator
(SCAPS-1D) [16]. In addition, to reduce the resistance loss at
the back contact for the CIGS solar cells, we analyzed the effect
of Nb doping [17], [18], [19] into the MoSe2 layer, where the Nb
element acts as an acceptor. The usefulness of the highly doped
p-type MoSe2 intermediate layer is theoretically discussed.

II. SIMULATION METHODOLOGY

To experimentally obtain the physical properties of the
actual devices, the CIGS solar cell with SLG (soda-lime
glass)/Mo/CIGS/CdS/i-ZnO/ZnO:B/Al structure was prepared.
Mo was formed on the SLG by direct current (dc) sputtering. The
CIGS layer was then grown by a three-stage process [20] using
a molecular beam epitaxy system. The solar cell was completed
with CdS as n-type buffer deposited by chemical-bath deposi-
tion, i-ZnO as a high-resistance buffer, ZnO:B as a window layer
deposited by metal-organic chemical vapor deposition, and Al
finger electrode by thermal evaporation. Fig. 1 shows the J–V
characteristic for the completed CIGS solar cells. The PCE,
open-circuit voltage (Voc), short-circuit current density (Jsc),
fill factor (FF), Rs, and shunt resistance (Rsh) are summarized
in Table I.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

https://orcid.org/0009-0008-1701-0025
https://orcid.org/0000-0003-4800-0758
https://orcid.org/0000-0002-7047-8291
mailto:abe.y.bc@m.titech.ac.jp
mailto:nishimura.t.ak@m.titech.ac.jp
mailto:yamada.a.ac@m.titech.ac.jp
https://doi.org/10.1109/JPHOTOV.2024.3496479


2 IEEE JOURNAL OF PHOTOVOLTAICS

Fig. 1. J–V curve of the CIGS solar cell on which the simulation was based.

TABLE I
SOLAR CELL CHARACTERISTICS OF FIG. 1

The simulation parameters for each layer are listed in Table II.
The Eg and electron affinity (χ) of the CIGS layer were estimated
using the reported equations as a function of the Ga/(Ga+In)
ratio [21] inferred from first-principles calculations. The com-
positional ratio in the depth direction for the CIGS layer was
obtained from energy-dispersive X-ray (EDX) spectroscopy as
shown in Fig. S1 in Supplementary Material. A Cu-deficient
layer (CDL) is known to be formed on the surface of CIGS
prepared by the three-stage method, and the decrease in Cu
concentration causes a shift of the valence band maximum
(VBM) to the lower energy side [22], [23]. The χ of CDL was
adjusted to that of the CIGS surface, and the VBM reduction
was taken into account by increasing the Eg by 0.1 eV from the
CIGS surface value [24]. Table III shows the defect properties
for the CIGS layer and CDL assuming the antisite defect of
InCu. The total defect density was adjusted to coincide with the
experimental Voc for the CIGS solar cell.

The thickness of the MoSe2 layer was estimated from the
cross-sectional transmission electron microscope (TEM) image
of the CIGS solar cell in Fig. 2. The c-axis oriented MoSe2
with a thickness of approximately 5 nm was observed at the
Mo/CIGS interface. It has been experimentally and theoretically
disclosed that MoSe2 is an indirect transition semiconductor
with an Eg of about 1.09 eV [25], [26]. The χ of MoSe2 was set
to 4.43 eV based on the analysis of the band structure of MoSe2
by UV photoelectron spectroscopy and inverse photoemission
spectroscopy after the liftoff of a CIGS film on Mo [27]. The
carrier type of MoSe2 has been discussed in various ways [17],
[28], [29], [30], [31]. When the MoSe2 is assumed as n-type

Fig. 2. (a) Cross-sectional TEM images at the back contact of the CIGS solar
cell. (b) Magnified image enclosed by red rectangle.

Fig. 3. J–V curve when assuming n-type MoSe2 due to Se vacancy (VSe).
The donor defect of 1 × 1017 cm−3 due to VSe at 0.1 eV below the conduction
band minimum and the neutral defect of 5 × 1020 cm−3 in the middle gap as a
recombination center were introduced, respectively.

conductivity due to Se vacancy, the device characteristics were
very poor and the experimental data could not be reproduced in
the simulation as shown in Fig. 3. In this article, we, therefore,
assumed a p-type MoSe2 layer. For the origin of the p-type, Mo
vacancy (VMo) [32], [33] was assumed as a native defect and
its electrical characteristics are shown in Table IV. It has been
reported that Mo vacancies in monolayer MoSe2 form defect
levels with an extension near the middle gap [34]. Hence, the
defect state with Gaussian distribution was introduced at a depth
of 0.5 eV above the VBM. Fig. 4 shows the band diagram near the
back contact (a) before and (b) after the formation of the junction
in thermal equilibrium state. The hole barrier of about 0.9 eV
is formed at the Mo/MoSe2 interface, and the conductivity of
the MoSe2 near Mo changes from p-type to n-type due to strong
band bending.

III. RESULTS AND DISCUSSION

A. Rs and Current Flow at the Back Contact

The back contact characteristics are significantly affected by
the hole transport. The Rs is an indicator for the evaluation

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 
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TABLE II
PARAMETERS OF EACH LAYER OF THE CIGS SOLAR CELL USED IN SCAPS-1D SIMULATION

TABLE III
PARAMETERS RELATED TO DEFECTS IN THE CIGS LAYER AND CDL

USED IN SCAPS-1D SIMULATION

TABLE IV
DEFECT PROPERTIES OF MO VACANCY (VMo) IN THE MOSE2 LAYER

USED IN SCAPS-1D SIMULATION

of the contact characteristics. Fig. 5 depicts the experimental
and theoretical J–V characteristics and Table V shows their
Rs values. Two theoretical J–V curves were drowned by the
simulation. First, the ideal flat band condition without the MoSe2

Fig. 4. Band diagram near the back contact (a) before and (b) after the
formation of the junction in thermal equilibrium state. EC, EV, and Ef are energy
levels of the conduction band, valence band, and fermi energy, respectively. The
work function of polycrystalline Mo has been reported to be 4.3 eV [35].

layer was simulated, assuming the ideal metal back contact,
where the work function of the metal is adjusted to that of
CIGS. Second, the MoSe2 intermediate layer with the density
of VMo (NVMo ) of 5 × 1020 cm−3 was inserted between Mo

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 
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Fig. 5. Experimental and theoretical J–V curve. Two theoretical J–V curves
were calculated by SCAPS-1D. The green solid line is the ideal flat band
condition where the work function of the metal is adjusted to that of CIGS. The
orange solid line is the case where MoSe2 intermediate layer with the density
of VMo (NVMo ) of 5 × 1020 cm−3 is inserted between Mo and CIGS.

TABLE V
Rs OBTAINED FROM THE J–V CURVE IN FIG. 5

and CIGS. The simulated Rs value of 0.41 Ω·cm2 for the ideal
flat band condition was less than half of the experimental Rs

of 0.97 Ω·cm2. Meanwhile, the Rs value of 0.93 Ω·cm2 for the
simulated condition with the MoSe2 intermediate layer was in
good agreement with the experimental Rs value.

We focused on the current flow near the back contact in the
presence of the MoSe2. Fig. 6 shows (a) the band diagram and
(b) the distribution of current density and recombination rate
(U) near the back contact at V = 0 V under light irradiation.
In SCAPS-1D, the current passing through the heterointerface
is represented by thermionic emission and tunneling based on
the WKB approximation [36], [37]. A large Schottky barrier of
about 0.9 eV is formed at the interface between Mo and MoSe2.
The hole current density (Jp) rapidly reduced to 0 mA/cm2 at the
depth of ∼1 nm from the interface with Mo layer, whereas the
Jp was replaced with the electron current density (Jn) through
the carrier recombination in the MoSe2 intermediate layer. The
integrated U at the depth of ∼1 nm in MoSe2 layer corresponds
to the total current density value. In other words, at the interface
between Mo and MoSe2, the holes flow through the Schottky
barrier not by the thermionic emission but by the recombination
with electrons coming from the Mo side via defect levels due
to VMo, forming the quasi-ohmic contact. The tunneling current
density for the holes from MoSe2 to Mo was on the order of 10–20

mA/cm2, while having almost no impact on the total current. The

Fig. 6. (a) Band diagram (Et is the defect level due to VMo, and Efn and Efp

are the quasi-fermi levels of electrons and holes, respectively). (b) Distribution
of current density (Jn: electron current dentiy, Jp: hole current density) and
recombination rate (U) near the back contact at V = 0 V under light irradiation.

band diagram of the entire solar cell and the distribution of the
current density are shown in Fig. S2 in Supplementary Material,
where the photoexcited electrons in the CIGS layer flow to the
n-type CdS buffer layer, while the holes flow toward the Mo
back contact by carrier recombination.

B. Mo Vacancy Density (NVMo
) in the MoSe2 Layer

1) Effect ofNVMo
on Rs: As mentioned above, the holes flow

at the MoSe2 layer by recombining with electrons through the
defect states. Therefore, the dependence of NVMo in the MoSe2
layer on Rs was investigated to clarify the effect of the defect
property in the MoSe2 layer on the back contact characteristics
for the CIGS solar cells. Fig. 7 shows the variation of J–V curves
with respect to NVMo . The inset in Fig. 7 is a magnified view
near the maximum power point. It was revealed that the current
density was reduced by decreasing NVMo . This means that the
decrease inNVMo reduces the recombination current density (JU)
in the MoSe2 layer, affecting FF and PCE with increasing Rs.
Fig. S3 in Supplementary Material depicts the (a) PCE, (b) FF,
(c) Voc, and Jsc as a function of NVMo . There was no significant
change in Voc and Jsc, whereas FF was increased with increasing
NVMo , improving the PCE. Fig. 8 shows the variation in JU and
Rs withNVMo . Here, JU was obtained by integrating the U which
exhibits a peak as shown in Fig. 6(b) at V = 0.6 V under the
light irradiation. The Rs value was decreased with increasing
JU at NVMo of 4 × 1020 cm−3 or below. Meanwhile, the Rs

value was saturated to around 0.83 Ω·cm2 when NVMo exceeded

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 
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Fig. 7. Variation of J–V curves with respect to NVMo . The inset shows a
magnified view near the maximum power point.

Fig. 8. Variation of JU and Rs with respect to NVMo . JU was calculated from
the U of the back contact at V = 0.6 V under the light irradiation.

4 × 1020 cm−3. Finally, PCE and FF were improved with
reducing the Rs (Supplemetary Material Fig. S3), suggesting
the usefulness of defect property for the MoSe2 intermediate
layer.

2) Theoretical Calculation of the Back Contact Resistance:
In this section, the factors to saturate the JU and back contact
resistance are discussed. The recombination at the MoSe2 in-
termediate layer is the SRH recombination through the defect
levels due to VMo, which can be expressed by the following
equation:

U =
σnσpvth

(
np− n2

i

)
NVMo

σn

(
n+ ni exp

(
Et−Ei

kT

))
+ σp

(
p+ ni exp

(−Et−Ei

kT

)) .

(1)
In (1), σn and σp represent the capture cross sections of

electrons and holes, vth is the thermal velocity, n and p are the
densities of electrons and holes, ni is the intrinsic carrier density,
Ei is the mid-gap energy, k is the Boltzmann constant, and T is
the temperature. From (1), the origin of the JU saturation in
spite of increasing NVMo is caused by the np product. Fig. S4
in Supplementary Material depicts the (a) U and (b) (np)0.5

in the depth direction at the MoSe2 layer from the interface

Fig. 9. (a) U, (b) quasi-fermi level of electron (Efn) and hole (Efp), middle
gap energy (Ei), and (c) n, p in the depth direction within the MoSe2 layer from
the interface with Mo when NVMo is 8 and 3 × 1020 cm−3 at V = 0.6 V under
the light irradiation with the dashed-dotted line on the center indicating the peak
position of the U and the two dotted lines on both sides indicating the FWHM
of the U.

with Mo at V = 0.6 V under the light irradiation. Fig. S4(a)
in Supplementary Material revealed that the peak width of U
decreased with increasingNVMo . This is due to the decrease in the
peak width of the (np)0.5 shown in Fig. S4(b) in Supplementary
Material.

Fig. 9 shows (a) U, (b) quasi-fermi level of electron (Efn), and
hole (Efp), middle gap energy (Ei), and (c) n,p when NVMo is 8
and 3 × 1020 cm−3 with the dashed-dotted line on the center
indicating the peak position of the U and the two dotted lines on
both sides indicating the FWHM of the U.

Fig. 9(b) shows a magnified view of the quasi-Fermi near
the carrier inversion, indicating that a slight separation of Efn

and Efp is important for SRH recombination. Up to this point,
Rs has been used to represent the series resistance of the entire
solar cell. However, to focus on the resistance value of the back

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 
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Fig. 10. Relationship between NVMo and Rc indicated by the blue marker
which is estimated from the Rs of the entire solar cell minus the ideal flat band
condition where the work function of the metal is adjusted to that of CIGS (see
Table V, 0.41 Ω·cm2). The solid black line is the result of fitting using (2).

contact, we define the back contact resistance (Rc) as the value
obtained by subtracting the ideal flat-band condition, where the
metal work function is adjusted to match the work function of
CIGS (see Table V, 0.41 Ω·cm2), from the overall Rs of the solar
cell.

The relationship between back contact resistance (Rc) and
NVMo is derived by combining Fig. 9 and (1). As discussed in
the Supplementary Material (S1)–(S9), Rc can be expressed as

Rc =
1

qni

√
qμvthσ
28BkT

1
√

NVMo

= ANn
VMo

. (2)

The Rc value decreases in inverse proportion to the square root
ofNVMo according to (2), assuming that the current is dominated
by SRH recombination in the Schottky contact. A is a constant
value determined by physical properties other than NVMo , and n
is a multiplier of NVMo . Fig. 10 shows the relationship between
Rc and NVMo . The A and n values in (2) were determined by
fitting the simulation values shown in Fig. 10. The n was –0.52,
which is close to the theoretical value of –0.5. These results
indicate that the Rc is determined by the concentration of the
recombination center when the hole transport is dominated by
the carrier recombination at the MoSe2 layer.

C. Investigation of Nb Doping in MoSe2 Layer

As described above, the decrease in Rs with NVMo saturates
if hole transport is governed by the carrier recombination. To
further reduce Rs, MoSe2 should have highly doped p-type con-
ductivity to generate a tunneling current. Nb doping is consid-
ered as a promising method to improve the p-type conductivity
for the MoSe2 intermediate layer. It has been reported that high
acceptor densities exceeding 1 × 1019 cm−3 for MoSe2 have
been achieved by Nb doping [18]. Furthermore, in previous
studies, Nb-doped MoSe2 was formed at the Mo/CIGS interface
by sputtering Mo-Nb precursor onto Mo followed by CIGS
deposition, leading to a reduction in the series resistance of the
solar cells [38].

TABLE VI
DEFECT PROPERTIES OF NBMo IN THE MOSE2 LAYER USED

IN SCAPS-1D SIMULATION

Fig. 11. (a) Band diagram and (b) p in thermal equilibrium in the depth
direction from the Mo/MoSe2 interface when Nb doping is applied. NVMo is
5 × 1020 cm−3 for w/o Nb, and NVMo and NNbMo are 4.5 × 1020 cm−3 and
5 × 1019 cm−3 for w/ Nb, respectively.

To verify the effect of highly doped p-type MoSe2 on the back
contact properties, the model for the antisite defects of Nb on
the Mo sites (NbMo) which acts as an acceptor in MoSe2 was
constructed on SCAPS-1D. It has been reported that the acceptor
level due to Nb is relatively shallow in MoSe2 [39]. We hence
introduced NbMo with a defect energy level at 0.1 eV above the
VBM, as shown in Table VI. NVMo was assumed to be decreased
by the formation of NNbMo, where Nb occupies the Mo vacancy.
Fig. 11 shows (a) the band diagram and (b) the p in thermal
equilibrium when Nb doping is applied. The introduction of a
shallow acceptor defect, NNbMo, increased p by more than four
orders of magnitude and strongly bended the band.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 
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Fig. 12. Variation of Rs with respect to NVMo and NNbMo.

Fig. 12 shows the variation of Rs with respect to NVMo

and NNbMo. The reduction of Rs was saturated in NVMo above
4 × 1020 cm−3 when the hole transport is dominated by re-
combination as discussed in Fig. 8. Meanwhile, the Rs value
further decreased by introducing NNbMo and finally reached to
0.48 Ω·cm2 at NNbMo of 5 × 1019 cm−3, which is comparable to
that of 0.41 Ω·cm2 in the ideal flat band condition. Eventually,
in Fig. S5(a), (b) in Supplementary Material, FF and PCE were
improved due to the lower Rs caused by Nb doping. This result
can be explained by the hole tunneling current density (Jpt).
WhenNNbMo was 1× 1019 cm−3 and 3× 1019 cm−3, the Jpt was
3.25×10−20 mA/cm2 and 3.61 mA/cm2, respectively, indicating
that the dominant process of hole transport is by recombination.
On the other hand, whenNNbMo was increased to 5× 1019 cm−3,
the Jpt was 22 mA/cm2, which is a large fraction of the total
current of 34.7 mA/cm2, and tunneling is the dominant process
of hole transport. These results show that Nb doping promotes
the tunneling of holes from MoSe2 to Mo, resulting in lowering
the Rs.

IV. CONCLUSION

In this study, the effect of MoSe2 at the Mo/CIGS interface on
the back contact characteristics was analyzed using SCAPS-1D.
TEM measurements confirmed the presence of approximately
5 nm thick MoSe2 at the interface between the Mo and the
CIGS layer fabricated using the three-stage process. The in-
troduction of MoSe2 as a p-type semiconductor, attributed to
Mo vacancies, in SCAPS-1D successfully reproduced the series
resistance of the actual device. At the Mo/MoSe2 interface,
a significant Schottky barrier of around 0.9 eV is formed for
holes due to the difference in their work functions. However,
instead of thermionic emission over this barrier, holes maintain
the total current by recombining with electrons coming from
the Mo side through the defect level of the Mo vacancies.
It has become evident that Mo vacancies, deep-level defects
within MoSe2, act as recombination centers, forming a quasi-
ohmic contact. Since recombination at the MoSe2 layer is SRH

recombination, the density of Mo vacancies has a significant
impact on the series resistance. However, the decrease in series
resistance due to an increase in Mo vacancy density saturated
at approximately 0.83 Ω·cm2. The relationship between back
contact resistance and Mo vacancy density derived from the
SRH recombination equation fits the simulation results well,
showing that when hole transport is dominated by recombi-
nation in Schottky contacts, the contact resistance decreases
inversely in proportion to the square root of the Mo vacancy
density.

To achieve further reduction in series resistance, Nb doping
was proposed into MoSe2 and its effect was also simulated
by SCAPS-1D. Nb forms antisites with Mo, improving p-type
conductivity in MoSe2 as acceptor defects. As a result, by
doping with 5 × 1019 cm−3 of Nb, dominant hole transport was
transformed from recombination into tunneling, reducing series
resistance to the value close to the ideal flat band condition where
the work function of the metal is adjusted to that of CIGS, and
the efficiency improvement was achieved.
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