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Sb,S3 solar cells with substrate structure usually suffer from pretty low short circuit current (Jsc) due to the defects
and poor carrier transport. The SbyS3, as a one-dimensional material, exhibits orientation-dependent carrier transport
property. In this work, a thin MoSe; layer is directly synthesized on the Mo substrate followed by depositing the Sb,S3 thin
film. The x-ray diffraction (XRD) patterns confirm that a thin MoSe; layer can improve the crystallization of the Sb,S3 film
and induce (hk1) orientations, which can provide more carrier transport channels. Kelvin probe force microscopy (KPFM)
results suggest that this modified SbyS3 film has a benign surface with less defects and dangling bonds. The variation
of the surface potential of Sb,S3 indicates a much more efficient carrier separation. Consequently, the power conversion
efficiency (PCE) of the substrate structured SbyS3 thin film solar cell is improved from 1.36% to 1.86%, which is the best
efficiency of the substrate structured Sb,S3 thin film solar cell, and Jsc significantly increases to 13.6 mA/cm?. According
to the external quantum efficiency (EQE) and C-V measurements, the modified crystallization and elevated built-in electric

field are the main causes.

Keywords: Sb,S3 thin film, super thin MoSe;, built-in electric filed, Kelvin probe force microscopy

PACS: 88.40.H—, 88.40.hj

1. Introduction

Recently, SbyS3 has received great attention for the ap-
plication in solar cell. It possesses many good properties,
such as a proper bandgap of ~ 1.7 eV, high light absorption
coefficient (> 10° cm’l), earth abundance, nontoxic source,
etc.!121 Sb,S3, as a binary semiconductor compound, can keep
a single phase and avoid forming the unfavorable secondary
phase at high temperature, 3] which makes it a good alterna-
tive to Cu(In,Ga)Se; (CIGS), Cu;ZnSnSy (CZTS), and CdTe
absorber layers. In particular, the large bandgap provides a
promising utilization for tandem dual-junction solar cells.*!

Up to now, the highest efficient (7.5%) Sb,S3 solar cell
is achieved by the semiconductor-sensitized device structure
with glass/TCO/TiO,/Sb,S3/polymer.l>) As sensitized solar
cells inevitably suffer from interface degradation and device
instability. To improve the device stability, much more at-
tention is shifted to the planar structured Sb,S; solar cell.
A few techniques have been used to synthesize the Sb,S;
thin films, like chemical bath deposition,!® solution spin
coating,!”! pulse electrodeposition,®! sputtering with post-
annealing,[®! and thermal evaporation.!'’! Owing to the low
melting point of SbyS3 (~ 550 °C), it can be synthesized
at low temperatures (~ 350 °C) with good crystalline qual-
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ity in a short time.['!l Hence, for the planar heterojunction
Sb,S3 thin film solar cells, rapid thermal evaporation (RTE) is
a promising approach to implement the large scale industrial
preparation. At present, most of SbyS3 solar cells are based
on the superstrate-structured solar cell: glass/FTO/TiO;(or
CdS)/SbyS3/Au. In 2016, Yuan et al. fabricated Sb,Sj3 thin
film solar cells with large grains and preferential growth by op-
timizing the rapid thermal evaporation and cooling techniques,
achieving a power conversion efficiency (PCE) of 3.5%.!!'!]
As a one-dimensional ribbon material, the intra-ribbons are
dominated by the covalent bonds, and the ribbons are bonded
with each other by Van der Waals force. Thus, SbyS3 ex-
hibits strong anisotropy in optical and electrical properties. ']
Theoretically, most of SbyS; based devices are orientation-
dependent. For this concern, Deng et al. successfully ob-
tained vertical (hk1) orientated Sb,S3 by engineering TiO, ex-
posure facets, which significantly improved the interface qual-
ity and intra-ribbon transport.'*! As reported previously, dif-
ferent substrates affect both the morphology and the crystal
structure orientation of Sb,S3 grains.!'#! The orientation of
Sb,S3 can be tailored by modifying the substrate. The Sb,S3
solar cells with superstrate structure show good performances,
but it is difficult to further improve the PCEs due to their

*Project supported by the National Key R&D Program of China (Grant Nos. 2019YFB 1503500, 2018 YFE0203400, and 2018 YFB1500200), the National Natural
Science Foundation of China (Grant No. U1902218), the YangFan Innovative and Entrepreneurial Research Team Project of China (Grant No. 2014YT02N037),

and the 111 Project, China (Grant No. B16027).
fCorresponding author. E-mail: yizhang@nankai.edu.cn
fCorresponding author. E-mail: shenglizhang @nankai.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

058801-1


http://dx.doi.org/10.1088/1674-1056/ab8220
mailto:yizhang@nankai.edu.cn
mailto:shenglizhang@nankai.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 5 (2020) 058801

simple device structures. For the purpose of thorough scien-
tific study, substrate configuration of glass/Mo/Sb,S3/CdS/i-
Zn0O/Al-ZnO/Ni:Al is beneficial to engineer the junction inter-
face and improve the spectral matching, which may have po-
tential for the flexible and tandem application. In 2017, Zhang
et al. prepared Sb,S3 thin film on Mo substrate by evaporat-
ing metallic Sb and then annealing in N/H,S atmosphere. The
best PCE of the resulting solar cells was 0.65%.!1>! Later, Pan
et al. systematically studied the effect of the substrate temper-
ature and evaporation time on Sb,S3 thin films deposited by
rapid thermal evaporation (RTE), and the PCE was increased
up to 1.75%.111 As mentioned in many reports, the Sb,S3 film
suffers from the parallel orientation (%k0) to the substrate, es-
pecially on the Mo substrate, resulting in an unsatisfying car-
rier transport and large series resistance, which is detrimental
for device performance.!!%!1-15-18] To induce (hk1) preferred
orientations, an extra MoSe; layer is taken into consideration.
It is reported that the MoSe, possesses two-dimensional semi-
conductor property. Each monolayer is bonded by covalence
in the order of Se—-Mo-Se and all layers are stacked by weak
Van der Waals interaction.!'”) Wu et al. demonstrated that a
few layers of MoSe, exhibit good electrical conductivity. !
Thereby, a MoSe,/Mo substrate is supposed to be a good al-
ternative.

In this work, a MoSe, layer is applied to the Sb,S;3
thin film solar cell with the substrate configuration of
glass/Mo(MoSe;)/Sb,S3/CdS/iZO/AZO/Ni:Al.
characterizations are employed to reveal the influence of the

Systematic

thin MoSe; layer on the Sb,S3 thin film growth and resulting
solar cell. Finally, the PCE of the Sb,S3 thin film solar cell
is increased from 1.36% to 1.86%, especially, the short circuit
current Jsc rises from 7.11 mA/cm? to 13.6 mA/cm?.

2. Experimental details
2.1. Fabrication

A two-layer structured Mo film was deposited on soda-
lime glass by DC-magnetron sputtering. A pre-selenization
process was carried out by chemical vapor deposition (CVD)
in a quartz tube with two heating zones. The 300 mg sele-
nium powder (99.999% purity, Alfa Aesar) and Mo substrate
were located in the center of each hot zone with tempera-
tures of 250 °C and 550 °C, respectively. The reaction was
lasted for 10 min with 20 sccm Ar carrying gas flow.[?") After
that, the Sb,S3 film was prepared by rapid thermal evaporation
in a single temperature tube furnace, the substrate was main-
tained at 310 °C for 15 min, then rapidly rose up to 530 °C in
30 s, the evaporation duration was 100 s followed by natural
cooling. 1!

Sb,S3 thin film solar cells were fabricated with substrate
structure of glass/Mo (MoSe,)/SbyS3/CdS/iZO/AZO/Ni:Al

The CdS buffer layer was deposited on the Sb,S3 absorber
by chemical bath deposition (CBD) at 75 °C for 9 min fol-
lowed by sputtering 50 nm intrinsic ZnO and 500 nm ZnO:Al
as the widow layer. Finally, the front electrode Ni:Al grid was
prepared by electron beam evaporation, and the active area of
each Sb,S3 solar cell was 0.18 cm?.

2.2. Characterization

The crystal structure of the Sb,S3 film was character-
ized by x-ray diffraction (XRD) with Cu K« radiation source
(PANalytical X’pert pro).
was analyzed by Raman spectrum at room temperature with
532 nm excitation wavelength (Horiba JobinYvon, LabRAM
HR800). And the surface and cross-sectional morphologies

The lattice vibration of MoSe;

of the SbyS3 thin films were measured by scanning electric
microscopy (SEM, Hitachi S-4800). The atomic force mi-
croscopy (AFM) (Dimension Icon, Bruker) was used to char-
acterize the surface topography and thickness of the MoSe,
film with an area of 5 um?. Kelvin probe force microscopy
(KPFM) was used to detect the contact potential difference of
the films, which was equipped with a Pt coated Si tip with 6 nm
radius of curvature (HYDRA6R-100NG-10, APPNABQ) as
the probe in a noncontact mode, and the AC voltage was ad-
justed by the instrument according to the films. The ultravi-
olet photoelectron spectroscopy (UPS; Kratos, UK) was con-
ducted to detect the work function of the SbyS3 and molyb-
denum electrode by using He I radiation (21.2 eV) as the ex-
citation source. The work function of the film can be calcu-
lated by @ = hv — (Ecuoff — Er). The current density—voltage
(J=V) characteristics of the SbyS3 thin film solar cells were
measured by a solar simulator (SAN-EI XES-500T1), which
was calibrated by a standard single crystal Si solar cell, under
the standard AM1.5 spectrum with an illumination intensity
of 1000 W/m? at room temperature. The capacitance—voltage
(C-V) measurement was performed with a HP 4284A LCR
meter in darkness at room temperature, the frequency and bias
parameter were 100 KHz and 30 mV, respectively. The exter-
nal quantum efficiency (EQE) of the Sb,S3 thin film solar cells
was measured by Beijing Zolix Solar Cell Scan 100, which
measured the ratio of short circuit photocurrent to incident il-
lumination intensity in a wavelength range of 300—-1300 nm.

3. Results and discussion
3.1. Growth of MoSe, and Sb,S; thin films

In this work, a bare Mo substrate is exposed to the Se
The Ar flow

is used as the carrying gas during this process. Figure 1(a)

atmosphere for 10 min to form MoSe, first.

shows the Raman spectrum of this pre-selenized substrate,
the peaks at 167.6 em~!, 239.2 cm~!, and 286.3 cm~! are
attributed to Eyg, Ay, and Ey; modes of the MoSe; film,
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respectively.?%2!] With the help of AFM, the thickness of the
MoSe; layer is measured to be about 8 nm (Fig. 1(b)). From
Figs. 1(c) and 1(d), the bare Mo substrate has large grains with
distinct shapes and the surface Ra (arithmetic average of ab-
solute roughness) is 3.26 nm. For MoSe; covering on the Mo
film, however, the surface Ra increases up to 4.91 nm, and
grains’ topography becomes much higher and steeper, which
indicates that MoSe, can obviously improve the roughness of
the Mo substrate and refine the surface microstructure.

Then the Sb,S3 absorbers are deposited on the Mo and
MoSe,/Mo substrates by RTE. Figure 2(a) displays the XRD
patterns of the Sb,S3 films. All the diffraction peaks of these
two thin films can be indexed to the orthorhombic Sb,S3 phase
(space group Pbnm, #]JCPDS 42-1393) without any impurity
phase. Besides, as shown by the Raman spectrum of Sb,S3
on MoSe, substrate in the inset of Fig. 2(a), the peaks at
189.7 cm ™! and 208.3 cm ™! are assigned to the By, mode of
S—Sb-S vibration and the peak at 251.4 cm ™! corresponds to
the Ay mode of S—Sb—S vibration, suggesting a pure phase of
SbyS3. Clearly, the XRD results of both samples show good
crystallization, but their orientations differ due to the differ-
ence in their substrates. The SbyS3 on the Mo substrate prefers
(120) orientation, then moves to (310) due to the introduction
of MoSe,. To find out more about the variations of orienta-
tion between the SbyS3 films deposited on Mo and MoSe,/Mo
substrates, the texture coefficient is calculated based on the

(2) MoSe,

Intensity/arb. units

150 200 250 300
Raman shift/cm~!

Mo Ra 3.26 nm

following equation:[??!

I 1 I
(hkl) Z (hkl)
= AT ) (1)
. Tognia) / (N N oy )

where /(3 1s the observed peak intensity of the (hkl) plane,

Io(niry 1s the intensity of the standard XRD pattern, and N is
the total number of counted peaks for calculation. The diffrac-
tion peaks with larger texture coefficient demonstrate better
crystallization in that direction. As shown in Fig. 2(b), the
Sb,S3 on Mo substrate presents [2k0] preferred orientation, as
indicated by the strong diffraction peaks of (120), (220), and
(420), while the above peaks are suppressed in the SbyS3 on
MoSe,/Mo substrate, except for the stronger (310) peak. No-
tably, the intensities of (221) and (211) significantly increase,
which become more than twice of those for the Sb,S3 on Mo
substrate. The calculated (hkl)/(hk0) for these two samples
increases from 0.18 to 0.51, which proves that the MoSe;
can effectively increase the (hk1) orientation. It suggests that
the refined MoSe, layer with larger surface roughness could
enhance [hk1] orientation by providing more nucleation sites
for SbyS; growth. As is well known, SbyS3 exhibits a one-
dimensional structure, which combines with covalent bonds
along the ribbon, and the ribbons are held together by the
weak Van der Waals force.['l121 Ag a result, it leads to the

optical property and carrier mobility being greatly anisotropic.

71\[05(;‘2 Ra 4.91 nm

Fig. 1. (a) Raman spectrum of MoSe;. (b) AFM image of MoSe; atomic layer, the inset shows MoSe; thickness of around 8 nm, and the
step between Mo (dark layer in the center) and MoSe, was created by a blade. AFM images of (c) Mo surface and (d) MoSe;, their surface

roughnesses (Ra) are 3.26 nm and 4.91 nm, respectively.
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When the films grow along (hk1), the ribbons will stand up or
tilt on the substrate, which can offer transport tunnels to carri-
ers. Thus, the modification of the absorber orientation would
play a vital role in improving the Sb,S3 device performance.
The Sb,S; films grown on MoSe,/Mo possess higher intensity
of (hk1) than the film grown on Mo substrate, which would fa-
cilitate the transport of carriers and reduce the covalent bonds
breaking at the lattice terminal.

The top view and cross-sectional SEM images of the
Sb,S3 films deposited on Mo and MoSe,/Mo substrates are
shown in Figs. 2(c)-2(f). It is observed that both of them ex-
hibit compact and continuous grains without obvious voids,
but the SbyS3 film on the MoSe,;/Mo substrate has smaller
grains and some bright edges. From the cross-sectional SEM
images, it can be seen that the Sb,S3 films are composed of
large grains extending through the whole absorber, and the ad-

(a) %
=1
@w )
= 5
b 3
E _ =
e S = z
o N R £100 200 300 400
S| 8257288 |© =0
fol Y 2 I3 . with MoSe,
:
4 without MoSe,
s
1 I| | ||| |||| l.l.ll: uh b h Lk "
10 20 30 40 50 60 70
20/(%)

hesion of the absorber to the substrate is good for these two
samples.

To explore the influence of the modified Sb,S3 orien-
tations on the transport of carriers, KPFM is characterized
and used to detect SbyS3 surface contact potential difference
(CPD).[?324] Figure 3 shows the surface topographies and
CPD maps of the SbyS; thin films on different substrates
from KPFM, and the line profiles reveal the relationship be-
tween the topography and CPD. From Figs. 3(c) and 3(f), we
find the CPD at grain-interiors is higher than that at grain
boundaries for both samples. As reported, the high poten-
tial can accumulate electrons and repel holes, the carriers can
be separated by the CPD difference between grain-interior
and boundaries.!?>2% For the Sb,S; film on the MoSe;/Mo
substrate, the whole CPD is elevated, and the relative

(b) I without MoSe,
I with MoSe,

Texture coefficient

(020) (120) (220) (310) (211) (221) (420)
(hkl)

Fig. 2. (a) XRD patterns, the inset shows the Raman spectrum of Sb,S3 on MoSe; substrate. (b) Texture coefficients of diffraction peaks
of SbyS3 thin films deposited on Mo substrate with and without MoSe,. SEM images: (c) top view and (d) cross section of SbyS3 film
deposited on Mo substrate, and (e) top view and (f) cross section of Sb,S3 film deposited on MoSe,/Mo.
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difference in CPD between peaks and dips is larger (D2>D1),
revealing an enhanced capability of carrier separation, elec-
trons and holes can effectively be collected by the correspond-
ing electrodes.*”! The overall CPD distributions of the Sb,S3
films are shown in Fig. 4. Obviously, the CPD of the Sb,S;
film on the MoSe,;/Mo substrate exhibits narrower distribu-
tion than that of the Sb,S3 film on the bare Mo substrate. It

height sensor

390.0 nm potential

390.0 nm

means that the surface potential is distributed with less fluc-
tuation,implying that the surface defects and dangling bonds
decrease.?®! As discussed above, the property of the SbyS3
thin film is orientation dependent, so the improvement in car-
rier transport can be ascribed to the increased (hk1) channels
and less dangling bonds on the surface of Sb,S3; induced by
the MoSe; layer.

20
(c)
00my 80 15
Z.60 10 E
B ~
o 5 A
'z 40 o,
jas) o ©
_350mv 20 _5
0 05 1.0 1.5
390.0 nm %0 @ /pm 25
(f)
40.0 mV g 60 20
E >
> 15 g
£ 40 E
= 2 10 %
= 5
—35.0 mV 0 0

0 0.5 1.0 1.5
z/um

Fig. 3. (a) Surface topography, (b) CPD map, (c) topography and potential line scans for Sb,S3 thin film grown on Mo substrate. (d)—(e) Those
for Sb, S5 thin film grown on MoSe; substrate. D1 and D2 in panels (c) and (f) show the difference in CPD between the peaks and dips.

without MoSe,

1001~ I with MoSe,

80

Percent /%

—-40 -20 0 20 40 60
Contact potential difference/mV

Fig. 4. Difference between surface contact potentials of SbyS3 films
deposited on Mo substrate with and without MoSe; derived by KPFM.

3.2. Performances of Sb,S; thin film solar cells

Sb,S3 thin film solar cells are fabricated with substrate

configuration of glass/Mo (MoSe,)/Sb,S3/CdS/AZO/AZO/Ni:Al.

The device parameter distributions in Figs. 5(a)-5(d) reveal a
total improvement of Jgc from 8.32 mA/cm? to 12.48 mA/cm?
on average. As for the open circuit voltage (Voc) and fill factor
(FF), they are nearly the same. As a result, the efficiency is in-
creased from 1.27% to 1.62% on average. Figure 5(e) displays
the best J-V curves of the optimal Sb,S3 solar cells deposited
on the Mo substrate and the MoSe;/Mo substrate. The best
device parameters are summarized in Table 1. It is observed
that the PCE of the Sb,S3 solar cells is improved from 1.36%

to 1.86% by inserting a thin MoSe; layer between the Sb,S3
layer and Mo layer. For the Sb,S3 solar cell with the MoSe;
interlayer, Jsc dramatically increases from 7.11 mA/cm? to
13.6 mA/cm?, though Vpc declines from 490 mV to 466 mV
and FF presents a slight drop. Considering the high work
function of MoSe,, the band structure at back contact was first
used to account for the improved Jgc, but the work functions
of the SbyS3 film and Mo film measured by UPS show lit-
tle difference. Specifically, their work functions are 4.27 eV
and 4.86 eV, respectively (Fig. 6). Thus Sb,S3/Mo can natu-
rally form ohmic contact, this means that a super thin MoSe;
has no influence on the rear band alignment. After that, we
find that the enhancement of Jsc can be explained by EQE in
Fig. 5(f). A considerable improvement of quantum yield in
the long wavelength range (550-750 nm) can be seen and the
peak EQE is over 70%, higher than that of the device reported
in the literature. Besides, the limit of light absorption in long
wavelength broadens to ca. 800 nm. As is well known, the
increase in long wavelength reveals a correlation between the
absorber crystallization and the back-interface modification.
From this point, we conclude that the MoSe; interlayer can not
only modify the crystallization of Sb,S3 with (k1) orientation
but also serve as the texture of light trapping. In addition, a
small amout of Se is supposed to diffuse into Sb,S3 during the
heating process, because the band gap decreases from 1.73 eV
to 1.65 eV (see the inset in Fig. 5(f)). As reported previously,
sulfur vacancy (Vs) is a deep-donor defect, which usually
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forms during Sb,S3 deposition at high temperature.'?] But
Vs can be easily replaced by Se, which helps to passivate the
deep defects and improve the carrier density.!*®! Considering
the possibility of amorphous Se being absorbed on the MoSe,
surface, we speculate that some deep defects of Sb,S3 may be
passivated by Se diffusion.

Table 1. Device performance parameters of SbyS3 thin film solar cells.

Voc/mV  Jsc/mA-cm™2  FF/% PCE/%
Without MoSe; 490 7.11 324 1.36
With MoSe, 466 13.6 31.06 1.86
500F (a) 141 (b)
g 460 Q
~ < 10
g 440 g
= 420 ER
&
400 6
38[ (o) 2.0} (d)
% 36 % 1.8
Q
2 34 % 1.6
& 32 ) g 14
= o
& 30 5 1.2
28 1.0
~ without MoSe, with MoSe, without MoSe, with MoSe,
I
g 80 - -
EENGQ ® it Mose;
g 12 60
~ o
E o =
2 @ 40 with MoSe,
5] s Zwithout MoSe,
E 4 20 S04 F,=1635 &V ’
-1 ) B, #1739 eV
3 — without MoSe, ¥ o
= — with MoSe, 0 @ 150 2y L
5 00 0.1 0.2 0.3 0.4 0.5 400 500 600 700 800

Voltage/V Wavelength /nm

Fig. 5. Distributions of device parameters (a) Voc, (b) Jsc, (c) fill factor, and
(d) efficiency. (e) The J-V curves and (f) EQE spectra of optimal Sb,S3 solar
cells deposited on Mo substrate with and without MoSe,, the inset shows the
band gap extracted from the EQE data.

The C-V measurement is employed to get further insight
into the Jsc enhancement. The abrupt p-n™ heterojunction can
be viewed as a parallel-plate capacitor model. We can obtain

the carrier concentration, depletion width, and built-in poten-
tial (V4;) from the following equations:2%-3]

_2ND,n£r,n
NA,p = d<1/C2) N ) (2)
=37 4NDnErpErnA~Eo + 28 p
1 2(Vpi — V
-2y (3)
c gA 8O'gr,pNA,p
EEA
Wa = Cr ) “4)

where Nap, V, Voi, g, €, &, Wy, and A represent the carrier
concentration in the Sb,S3 thin film, bias voltage, built-in po-
tential, elementary charge, vacuum permittivity, relative per-
mittivity, depletion width, and device area, respectively. The
C-V and 1/C?>-V curves of the Sb,S; thin film solar cells
without and with a MoSe; are plotted in Fig. 7. It is observed

that the capacity increases with bias voltage increasing. As the
depletion width decreases, the capacity gradually turns into a
constant. The built-in voltage V;; can be estimated by the x-
intercept in the 1/C?-V plot and Ej, = Vi, /Wy is used to cal-
culate the built-in electric field (Ei,).B132! The values of Vi,
Wy, Na p, and Ej, are summarized in Table 2.

Table 2. Summary of built-in potential V4, depletion width Wy, carrier den-
sity Na p, and built-in electric field V.

Vbi/mV  Wg/nm  Nap/ecm™>  E,/V-em™!
Without MoSe, 347 858  8.12x 10" 4% 10
With MoSe, 538 647 1.8 x 100 8.3 x 10°

Compared with the Sb,S3 solar cell without MoSe,, the
sample with MoSe, shows short Wy (647 nm) and great carrier
density (1.8 x 10'® cm~3). Furthermore, the Ej, of this device
is almost twice as large as that of the sample reported in the
literature. The large Ej, will facilitate the carrier separation,
which is consistent with the result of KPFM, thus contributes
to an enhanced Jsc. We also note that the built-in potential of
the SbyS3 solar cell with MoSe; is 538 mV, which is higher
than 347 mV of the control-one, but the Voc improvement is
not notable, which is considered to be neutralized by the de-
creased band gap.

8
(@) -
s G
~ A
) v
6| 3
7 3
w S5 o
2 19 20 21 22
= 4 Kinetic energy/eV
z -
& T
= w 6
- o
@
2
2F E [ Buer=413 eV,
S o | Beutort = 4-
1+
.0 3.4 3.8 42 46 5.0
Kinetic energy/eV
0 I | |
0 5 10 15 20
Kinetic energy/eV
6 10
(b) N
5r o 6
= 4
3
2
ar :
T 3
%} O 0
N 18 19 20 21 22 23
S 3t ~ _ Kinetic energy/eV.
— - 2 L
E) o 4 \
[=]
g 2r Q 3 \
S z, N
o g E, =4.72 eV
3 cutoff = 4-
1f ol ;
8530 20 50 6.
0 netic energy/eV
1 1 1 1
0 5 10 15 20

Kinetic energy/eV

Fig. 6. UPS of (a) SbyS3 film and (b) Mo film, showing the work
functions of SbyS3 and Mo being 4.27 eV and 4.86 eV, respectively.
(a) DSbaSs = Ejyy — (Er — Ecyofr) = 21.22— (21.08 —4.13) = 4.27 V.
(b) ®Mo = Ej,, — (Er — Ecutofr) = 21.22 — (21.08 —4.72) = 4.86 eV.
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Fig. 7. The C-V and 1 /C2—V curves for SbyS3 solar cells (a) without
and (b) with MoSe;.

4. Conclusions

We fabricate Sb,S3 thin film solar cells with substrate
configuration of glass/Mo (MoSe,)/Sb,S3/CdS/iZO/AZO/Ni: Al
grid. A thin MoSe, layer is developed before the deposition
of the Sb,S3 thin film. The schematical investigation indi-
cates that a thin MoSe; layer with refined micro-structure
can increase the (hk1) orientation of Sb,S3, providing more
carrier transport channels. The concentrated CPD distribu-
tion from KPFM suggests less interface defects and dangling
bonds on the surface of Sb,S3; on the MoSe;/Mo substrate.
What is more, the CPD variations in both samples confirm
an improvement of electrons barrier at GBs, which will fa-
cilitate the carrier separation. Consequently, the PCE of the
Sb,S3 solar cell is improved from 1.36% to 1.86% by insert-
ing the MoSe, layer between the Sb,S3 laye layer and the Mo
layer. The Jsc dramatically increases from 7.11 mA/cm? to
13.6 mA/cm?. EQE and C—V measurements further disclose
the role of MoSe; in enhancing Jsc for this optimal device.
The MoSe; can not only improve the crystallization of SbyS3
with (hk1) orientation, but also serve as a light tapping tex-
ture. Moreover, a small amount of Se is supposed to diffuse
into SbyS3 during the heating process, which is considered
to passivate the deep defects and promote the device perfor-

mance.
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