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ABSTRACT: Cu,ZnSn(S,Se), (CZTSSe) thin-film solar cells have been
encountering a bottleneck period since the champion power conversion
efficiency (PCE) of 12.7% was achieved by Kim et al. in 2014. One of the
critical factors that impede its further development is the relatively low open-
circuit voltage (Vo) caused by serious interface carrier recombination. In
this regard, back surface field (BSF) employment is a feasible strategy to
address the Vi issue of CZTSSe solar cells to some extent. Here, we
demonstrated a self-organized BSF introduced by prompting interfacial
MoSe, layer transition from inherent n-type to desirable p-type with Nb
doping (p-MoSe,:Nb). The BSF application can significantly reduce the
carrier recombination at the back electrode interface (BEI) and lower down
the back contact barrier height. The PCE of the corresponding cell was
improved from 4.72 to 7.15% because of the enhancement of Vi and fill
factor, primarily stemming from the doubling aspects of increased shunt
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resistance (Rg,), decreased series resistance (Rg), and alleviative recombination velocity of the BEI induced by the BSF. Our
results suggest that introducing a BSF fulfilled with p-MoSe,:Nb is a facile and promising route to improve the performance of

CZTSSe thin-film solar cells.
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B INTRODUCTION

interface (BEI) between absorber and inherent n-type

With the increase of global energy demand in the 21st century,
renewable energy has attracted much attention given its
advantages of less pollution and renewability. Among the
renewable energy sources, photovoltaic (PV) solar energy is
considered to be the most promising and potentially widely
applicable one. Kesterite Cu,ZnSn(S,_,Se,), (CZTSSe) is one
of the desirable candidates for high-efficiency thin-film solar
cells owing to its natural abundance, suitable and easily tunable
band gap (E,) of 1.0-1.5 eV, and high optical absorption
coefficient of over 10* cm™.'7® Over the past decades, PV
devices based on CZTSSe thin films have been developed
rapidly and the power conversion efficiency (PCE) was
boosted from 5% in 2004 up to 12.7% in 2014."” However,
as far as the record PCE is concerned, no conspicuous progress
has been achieved since 2014. There still has been a large
performance gap between CZTSSe and the counterpart
Cu(In,Ga)Se, (CIGS) solar cells, which is primarily because
of its low open-circuit voltage (V) or high Ve deficit (E,/q-
Voc). One of the principal elements limiting the Voc
improvement is the carrier recombination at the back electrode
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interfacial MoSe, layer generated through an indispensable
selenization process.” Figure 1 illustrates the schematic device
structure of a typical CZTSSe solar cell with an interfacial
MoSe, layer. The band diagram at BEI between n-MoSe, and
p-CZTSSe is shown at the bottom-left of Figure 1. The n-type
interfacial layer causes two unfavorable functions by forming
an n—MoSez/p—CZTSSe interface. One is to drive electrons
into BEI to increase recombination, and the other is to form a
barrier to hinder holes into the back electrode, being
detrimental for device performance.

To reduce the recombination at BEI, introducing a back
surface field (BSF) into BEI is a facile and effective method.*’
Also, BSF lowers down the back contact barrier height.g’9
However, to the best of our knowledge, surprisingly little
attention has been devoted to focusing on the BSF application
in CZTSSe solar cells so far. Omrani et al."” predicted that the
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Figure 1. Schematic device structure of a typical CZTSSe solar cell
(top) and the corresponding band diagrams at the BEI without
(bottom-left) and with BSF (bottom-right), respectively.

PCE of CZTSSe devices increases from 12.3 to 17.25% using
SnS as the BSF layer by solar cell capacitance simulator
(SCAPS) software. Khattak et al."" also performed a numerical
modeling study on PCE of CZTS solar cells without and with a
CZTSe BSF layer via SCAPS, indicating that the PCE of CZTS
solar cells with BSF was boosted from 6.42 to 12.92%. No
experimental investigations have been undertaken for the
device performance improvement of CZTSSe solar cells by
introducing BSF.

A beneficial effect of BSF is to drive the photo-induced holes
into back electrode. However, the barrier at the n-MoSe,/p-
CZTSSe interface blocks the hole transportation to some
degree. The lowering of the barrier height can be expected if
the conduction type of the interfacial MoSe, layer is
transformed from n- to p-type, facilitating the hole trans-
portation from the absorber to the back electrode. A band
diagram at the BEI of CZTSSe solar cells with BSF is shown at
the bottom-right of Figure 1. Regarding the transition of
conduction type, elemental doping is employed commonly in
transition-metal dichalcogenides (TMdACs).""® It has been
reported that Nb (five valance electrons) could be adopted as a
substitutional p-type dopant to replace Mo with six valance
electrons, where Nb exhibits no miscibility gap in MoNb
alloys.">'* Therefore, in this work, Nb was doped into the
interfacial MoSe, layer of CZTSSe solar cells to form a p-
MoSe,:Nb/p-CZTSSe interface (bottom-right of Figure 1);
then, self-organized BSF generated through indispensable
selenization process, leading to the contrary functions
compared to the aforementioned case involving n-MoSe,.
Remarkably, BSF in our work is totally different from the other
case that was realized externally (such as SnS,'’ CZTSe,"" etc.)
with more complicated processes before absorber preparation.
By introducing BSF, the PCE of CZTSSe solar cell has been
improved considerably from 4.72 to 7.15% because of the
enhancement of Vg, as well as fill factor (FF) and short-
circuit current density (Jsc). Significantly, this is the first
experimental study referring to BSF application in the CZTSSe
solar cell, which would present a wide range of possibilities for
the further development of CZTSSe thin-film solar cells
encountering a bottleneck period.

B EXPERIMENTAL SECTION

Film Preparation. Back electrode Mo or Mo:Nb was prepared on
a soda lime glass (SLG) substrate via direct current (dc) magnetron
sputtering at a power of 150 W. Argon (99.999%) was used as the
working gas and the deposition temperature was maintained at 500
°C during the whole sputtering process. A small Nb sheet (99.95%,
ZhongNuo Advanced Material (Beijing) Technology Co., Ltd.) was
placed on the Mo target surface (99.99%, ZhongNuo Advanced
Material (Beijing) Technology Co., Ltd.) to achieve Nb-doped Mo
films. Then, the sputtered Mo and Mo:Nb films were selenized at 552
°C for 11 min under flowing nitrogen/selenium vapor to obtain
MoSe, and MoSe,:Nb films. The CZTSSe absorber was fabricated by
a two-step procedure. First, Cu(CH;COO),-H,0 (6.00 mmol,
99.95%, Aladdin), SnCl,-2H,0 (3.75 mmol, 99.99%, Aladdin),
ZnCl, (4.39 mmol, 99.9%, Aladdin), and CH,N,S (29.99 mmol,
99%, Aladdin) were dissolved into dimethyl sulfoxide (10 mL, 99.9%,
Aladdin), under magnetic stirring for 2 h at room temperature. The
Cu/(Zn + Sn) and Zn/Sn are ~0.74 and ~1.17, respectively. A
pellucid and light-yellow CZTS precursor solution was obtained.
Second, the CZTS precursor solution was spin-coated on SLG/Mo or
SLG/Mo:Nb substrates at 800 rpm for 5 s and then 3000 rpm for 30
s. Subsequently, it was roasted at 300 °C for 3 min on the hot plate
inside the glove box containing N, (99.999%), and this process was
repeated 10 times to obtain the CZTS precursor film with desired
thickness.

Device Fabrication. CZTSSe solar cells without and with BSF
were prepared using a typical structure of SLG/Mo (Mo:Nb)/
CZTSSe/CdS/i-ZnO/indium tin oxide (ITO)/Al grid, respectively.
The absorber was obtained by post-selenizing the CZTS precursor
film mentioned above to facilitate grain coarse utilizing selenium
pellets (99.999%, Aladdin) as selenium source in a graphite box under
flowing nitrogen (99.999%). The selenization temperature and time
were controlled at 552 °C and 15 min, respectively. When the
CZTSSe films (~1 um) cooled down to room temperature,
immediately, buffer layer CdS thin films (50 nm) were deposited
on the surface of the absorber by chemical bath deposition (CBD).
The Cd and S sources were CdSO,-8/3H,0 (99.5%, Aladdin) and
CH,N,S (99%, Aladdin), respectively. During the CBD process, the
temperature and time were maintained at 75 °C for 14 min, and
NH,Cl (99.5%, Aladdin) was used as the buffering agent. Next,
window layers of i-ZnO (50 nm) followed rapidly by ITO (260 nm)
were deposited on top of the CdS layer using radio frequency
magnetron sputtering. No antireflection coating was applied. Finally,
the Al grid was thermally evaporated through a shadow mask to
arrange the top contact fingers on the surface of the ITO layer, and
the active area of each cell is 0.19 cm?.

Characterization. X-ray diffraction (XRD) measurement was
conducted by a DX-2700 X-ray diffractometer with Cu Ko radiation
(4 =1.5406 A). Raman spectra were recorded via a HoribaJobin Yvon
HRB800 confocal Raman system with an excitation wavelength of 473
nm. The focused spot size is 1 ym, and the laser power was controlled
strictly below 1 mW to eliminate the detrimental effect caused by laser
heating. The morphology and composition were characterized by
HITACHI S-4800 field-emission scanning electron microscopy
(SEM) equipped with an energy-dispersive X-ray spectroscopy
(EDX) system (EDAX Genesis 2000). EDX measurements were
carried out using a Si-drift detector attached to SUTW-Sapphire at an
accelerating voltage of 17 keV. The electrical properties of thin films
were studied by van der Pauw configuration in an electrical transport
property measurement system (Lake shore 7600 Hall) at room
temperature. In order to further confirm the conduction type of the
MoSe, and MoSe,:Nb films, field-effect transistors (FETs) based on
an electrolyte gate with MoSe, and MoSe,:Nb channels were
fabricated. The output characterizations of the FETs were carried
out. The ionic droplets, C;,H,,FsN,0;S,, (DEME-TFSI, 99%,
Shanghai Aichun Biological Technology Co., Ltd.) were used as the
electrolyte gate. The composition and chemical state of the Nb
element in the MoSe,:Nb film were verified by X-ray photoelectron
spectroscopy (XPS) (ESCALAB MARK II, VG Inc.) using an Al Ka

DOI: 10.1021/acsami.9b08946
ACS Appl. Mater. Interfaces 2019, 11, 31851-31859


http://dx.doi.org/10.1021/acsami.9b08946

ACS Applied Materials & Interfaces

Research Article

MoSe,:Nb 33 —— MoSe,:Nb
@ = A [@ s
~ |2 g e BN E, 03¢,
= z =
& &
N’ A
& &
= =
= =
3 Mo = 3
= 3 =
Ll — Ll
10 20 30 40 50 60 70 80 150 200 250 300 350 400
20 (degree) Raman shift (cm™)
(©) (d) (>0V)
3 Drain Gate Source
Source
B . Vg | erFsianion
\ > Gate DEME-TFSI @DEME cation
Drain DEME{Z FSI " ) - gocolh (D
3 )

{— MoSe;(MoSe;:Nb) IA

-
MoSe, (MoSe,:Nb)~ Ip

‘ Soda Lime Glass Soda|LimeiClLEs
x10°
8.0 — 1.54
6.0 (e) Y S (f)
1.0
40{ n-MoSe, p-MoSe,:Nb
0.5
~ 2.0
< <
= 0.0 = 0.0
2.0 20V [ 72 20V
e 10V -0.5 —10v
-4.04 Ve —ov V, —ov
-1.04
6.0] —-10v 10V
80— . OV s . A
08 -04 00 04 08 08 -04 00 04 08
vV, (V) vV, (V)

Figure 2. Characterizations of crystal structure and conduction type for the Nb-doped Mo and MoSe, films. (a) XRD patterns for the Mo, Mo:Nb,
MoSe,, and MoSe,:Nb films. To distinguish the diffraction peak shift, the inset shows the enlarged area near the (002) diffraction peaks. (b) Raman
spectra of the MoSe, and MoSe,:Nb films. (c) Top-view and (d) front-view schematic diagrams of the MoSe,-based FETs with a drop of ionic
liquid electrolyte (DEME-TFSI) as a gate, covering the MoSe, (or MoSe,:Nb) channel. The I,—Vy, characteristics of the FETs with (e) n-MoSe,

and (f) p-MoSe,:Nb channels at various V.

as X-ray source, with a base pressure of 10™® Pa in the analysis
chamber. The ultraviolet photoelectron spectroscopy (UPS) of the
sample was carried out via a Thermo ESCALAB 250 surface analysis
system with photon energy of 21.22 eV. For the measurements of PV
performance, current density—voltage (J—V) curves of CZTSSe solar
cells were measured using a Keithley 2400 source meter under
simulated AM 1.5G solar illumination that has been calibrated to 100
mW-cm ™2 by a Newport officially certified crystalline Si reference cell.
Furthermore, temperature-dependent J—V characteristics were
recorded in a closed-cycle helium cryostat system driven by an
8200 Compressor (CTI-CRYOGENICS, U.S.A.), and the sample
temperature is measured with a silicon diode. External quantum
efficiency (EQE) curves were obtained by a Zolix SCS100 QE system
equipped with a 150 W xenon light source, an integrating sphere, and
a lock-in amplifier. The EQE signal was amplified and collected via
lock-in technique. The capacitance—voltage (C—V) data were
measured at room temperature by using 20 mV and 100 kHz
alternating current excitation source with dc bias from —1.0 to 0.5 V
under dark condition.

B RESULTS AND DISCUSSION

XRD characterization was utilized to reveal the change in
crystal phase of Mo:Nb and MoSe,:Nb thin films where Mo is
partially substituted by Nb, and the results are displayed in
Figure 2a. It can be seen that the diffraction peaks for the Mo
and Mo:Nb films are well-indexed to the cubic phase (JCPDS
card no. 42-1120). The (110) peak of the Mo:Nb film reveals a
shift toward the lower diffraction angle with respect to the Mo
film, indicating a larger lattice constant for the Mo:Nb because
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of the bigger Nb-substituted Mo atoms (Nby). The XRD
patterns of MoSe, and MoSe,:Nb films exhibit similar peak
positions that belong to (002), (004), (100), (103), (006),
(110), (008), and (200) diffraction peaks of hexagonal
structures (JCPDS card no. 29-0914), respectively. We also
calculated the lattice parameters using these XRD data (Table
S1, Supporting Information). It is found that the lattice
constant along the c-axis is shrunken from 12.934 A for MoSe,
to 12.922 A for MoSe,:Nb (inset of Figure 2a), whereas the
lattice constant a within the plane varied negligibly (from
3.285 to 3.288 A). Besides, combining the slight volume

shrinkage (Ai = 0.007), it is concluded that Nb takes a

substitutional site (Nby,), rather than interstitial doping
(Nb,)."* Consequently, less electrons engaged in nonbonding
orbitals because of Nby,, replacement, which weakened the
repulsion between Se atoms and nonbonding orbitals."”
Furthermore, the repulsion of Se 3p, orbitals between sheets
is weaker compared to that of Se 3p, and Se 3p, orbitals within
a sheet. Then, structure rearrangement occurred to balance the
repulsion; as a result, g-axis increased and c-axis decreased
simultaneously.

To further confirm the presence of MoSe, or MoSe,:Nb,
Raman spectroscopy investigation was conducted, as Raman
spectroscopy is a sensitive method to detect TMdCs. As shown
in Figure 2b, four Raman modes were observed, which are
assigned to E;, (in-plane), Ay (out-of-plane), Eig (in-plane),
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Table 1. Electrical Properties Including the Resistivity (p), Carrier Concentration (Ny,;), Mobility (#), and Conduction Type
of Mo, Mo:Nb, MoSe,, MoSe,:Nb, and CZTSSe Films, Respectively

sample p [Q-cm] Ny [em ™3] u [em? Vs conduction type
Mo 2.50 x 107 4.88 X 107 511 x 1072 p-type
Mo:Nb 291 x 107* 5.01 x 10% 427 x 1072 p-type
MoSe, 6.37 x 10 3.09 x 10" 3.02 x 107! n-type
MoSe,:Nb 1.86 x 10° 3.54 x 10" 9.52 x 107! p-type
CZTSSe 6.70 X 10 1.33 x 10" 6.94 x 10° p-type
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Figure 3. (a,e) Mo 3d, (b,f) Se 3d, and (c,g) Nb 3d XPS spectra as well as (d,h) UPS spectra for the MoSe, and MoSe,:Nb films, respectively.

and Big of MoSe,."* No peaks related to the possible NbSe,
were found, which is consistent with XRD findings. It should
be pointed out that a slight red shift of E;, (—0.673 cm™") and
Ay, (1353 cm™") peaks occurred after being doped by Nb, as
listed in Table S2 (Supporting Information). The Eég mode is
sensitive to the built-in strain, whereas the A}, mode allows us
to acquire information on the interlayer van der Waals
interactions of TMdCs.'®'” Furthermore, according to the
report of Rice et al.'® and Conley et al."” the E;g and A,
modes would be shifted to a lower frequency with increasing
lattice strain. Thus, in terms of the variation in the lattice
distance between Mo—Se and Nb—Se bonds,>’™** it is
reasonable to illustrate that Nb-doping has led to the increased
strain (Table S1, Supporting Information). Therefore,
compared to the MoSe, case, we attribute the red shift of
Eig and Aj, modes of MoSe,;:Nb to the effect of strain
variation. Interestingly, the decreased vibrational frequency of
Eég and A;; modes also supported the XRD results that a-axis
expansion and c-axis contraction of the lattice took place as Nb
is doped into MoSe,. Therefore, Nb was doped successfully
into Mo or MoSe,.

The electrical property of the interfacial MoSe,:Nb layer
plays a key role in improving the performance of CZTSSe solar
cells because it determines the BSF nature. To determine the
electrical properties of the MoSe, and MoSe,:Mo films, we
performed Hall-effect measurements. The results are listed in
Table 1. A transition from n- to p-type conduction was realized
as Nb was doped into MoSe,. Also, the p-MoSe,:Nb exhibits a
dramatic decrease in resistivity (p) (from 63.7 to 1.86 Q-cm)
and the increase in carrier concentration (Ny,;) in comparison
with that of the n-MoSe, film, which leads to favorable impacts
on the device performance. To further validate the transition in
conduction type of MoSe,:Nb, we fabricated FET's with MoSe,
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and MoSe,:Nb channels. The schematic diagrams of the FETs’
structure are shown in Figure 2c,d. The gate bias (Vg)-
dependent plots of drain current (I,) versus drain voltage (Vp,)
(output characterization) for the FETs with MoSe, and
MoSe,:Nb channels were recorded, as shown in Figure 2ef.
For the FET with the MoSe, channel, the I, at a certain
positive Vp, increases with increasing positive Vg (Vg"),
suggesting an intrinsic n-type behavior of the MoSe,.”* In
contrast, for the FET with the MoSe,:Nb channel, the I
exhibits a different trend, which decreases with a Vg*
increment. Such variation further confirms the p-type
conduction of the MoSe,:Nb film. Note that similar variations
were observed as Vg transformed to a negative value in
consideration of the fact that negative V injects hole, which
further confirms the discussions above. It should be
emphasized that the accuracy of Hall-effect and FETSs results
is dependent on the sole phase MoSe, or MoSe,:Nb, that is,
absence of the Mo or Mo:Nb phase because of their
tremendous difference in resistivity (Table 1). From Figure
2a (upper-half), the other characteristic peaks derived from
Mo, Mo:Nb and possible floating Se powders on the surface of
MoSe, or MoSe,:Nb films were not detected. This result
suggests that two samples have been fully selenized, supporting
their conduction type determination from Hall-effect and FET
measurements. Besides, it is also found that p-MoSe,:Nb
exhibits remarkably nearly 300-fold improvement in Ny
compared to that of the p-CZTSSe film (Table 1). As a
result, a p-MoSe,:Nb/p-CZTSSe heterojunction BEI with self-
organized BSF was formed in the CZTSSe solar cell through
an indispensable selenization process, being advantageous for
the re;i;lction of carrier recombination at the BEI (discussed
later).”
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Figure 4. PV performance characterizations and cross-sectional morphologies for the CZTSSe solar cells (a—c) without and (e—g) with BSF,
respectively. (a,e) J—V curves under AM 1.5G illumination. (b,f) Cross-sectional SEM images. (c,d,g) Temperature-dependence of V¢ and Rg; the
inset shows that the back barrier height @y is extracted by In(RgT) vs 1000/T. (h) UPS spectra of the CZTSSe film.

The Nb dopant in the MoSe,:Nb film was further analyzed
using XPS and UPS measurements, as shown in Figure 3. The
binding energies of Mo 3d and Se 3d in MoSe,:Nb are
downshifted by —0.42 eV compared to those of MoSe,, which
is a distinct evidence for the incorporation of Nb into the
MoSe,:Nb film.”**> Moreover, according to the viewpoint of
previous studies,” this binding energy difference indicates
that the Fermi level has shifted toward lower energy after Nb-
doping, being beneficial for its p-type transition. Also, UPS
spectra revealed the p-type doping effect in MoSe,:Nb, as seen
in Figure 3d,h, and the Fermi level of p-MoSe,:Nb is 0.45 eV
smaller than that of n-MoSe,, which is in good agreement with
the binding energy variation of Mo 3d and Se 3d. No Nb-
related peak was observed for the MoSe, film, as shown in
Figure 3c. In contrast, the Nb 3d peak (Nb 3d;,,)”” assigned to
Nb atoms incorporated within the MoSe, lattice is observed
clearly in MoSe,:Nb (Figure 3g). Additionally, it is also found
that the other two higher binding energy components
correspond to native oxide-related (NbO,).”* Similar phenom-
ena were reported by Jin et al.”* and Deepak et al,”> and they
hold a point that the oxidized Nb appears to form a sub-
nanometer coating (NbO,) on the surface of the film. Besides,
the elemental composition was evaluated from XPS and EDX
measurements (Table S3, Supporting Information). By
comparison, the Nb content in XPS data is more accurate
because of its superior element stoichiometric ratio.

Figure 4a,e illustrates the J—V curves of the CZTSSe solar
cells without and with BSF, respectively. The corresponding
device and electric parameters were collected and are listed in
Tables 2 and 3, respectively. We found a remarkable increase
of PCE from 4.72 to 7.15% after introducing BSF. The
improvement mechanism of PCE is elucidated in detail below.

Table 2. PV Parameters of CZTSSe Solar Cells with Various
BEI Structures

VOC ] SC PCE

BEI ] [mA-cm™]  FF [%] [%]
SLG/Mo/n-MoSe, 0.401 29.32 40.26 472
SLG/Mo:Nb/p-MoSe,:Nb  0.424 30.56 55.24 7.15

Table 3. Electric Parameters of CZTSSe Solar Cells with
Different BEI Structures

Rg Rgp,
BEI [Qcm?]  [Q-cm?] A J, [mA-cm™?]
SLG/Mo/n-MoSe, 4.39 8211 238 358 %1072
SLG/Mo:Nb/p-MoSe,:Nb 17§ 497.51 209 126 x 1072

It is commonly known that n-MoSe, or n-MoS, is formed at
the BEI during indispensable selenization or sulfurization
processes, and they affect V¢ and band alignment at the BEI,
exerting deleterious effects on the device performance.””*’
Moreover, according to the report of Biccari et al*! that n-
MoS, causes a barrier at the MoS,/CZTS interface, it has been
suggested to have p-MoS, for the sake of achieving better
results. In this work, the desirable p-MoSe,:Nb/p-CZTSSe
interface was produced instead of the conventional n-MoSe,/
p-CZTSSe interface, that is, BSF was formed at the BEL
Therefore, the improved PCE can be attributed to the
contribution of the V¢ improvement from 0.401 to 0.424 V
and the dramatic boost of FF from 40.26 to 55.24%, primarily
stemming from the doubling aspects of increased shunt
resistance (Rg,), decreased series resistance (Rg), and
alleviative recombination velocity of BEI induced by
BSE.>>** It should be noted that the rise of Rg, is reasonably
because of the reduced electric leakage as a result of the BSF
generated locally passivated to the back electrode.”** Also,
ultrathin NbO, (sub-nanometer level)**** was coated on the
surface of the SLG/Mo:Nb substrate. Therefore, one has to
consider the reduced secondary phases at the BEI induced by
the blocking effect of the NbO,, layer for the reaction between
the absorber and the back electrode, which is partly responsible
for the higher Rg,. Furthermore, the growth of the interfacial
MoSe,:Nb layer formed during the selenization process was
also suppressed by the blocking effect mentioned above. The
result is a decrease in the thickness of the interfacial MoSe,:Nb
layer (Figure 4b,f) and thus smaller Rg accordingly (Table 3),
further considering that p-MoSe,:Nb has lower p in
comparison with that of n-MoSe, (Table 1). The other
noteworthy finding is that the smaller R is also ascribed to the
decreased back contact barrier height arising from the BSE.*’
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It has been accepted that the cross-over point defined as the
non-superposition behavior between the light and dark -V
curve is indicative of the presence of a back contact barrier,***®
that is, contact resistance of the back electrode that is one of
the sources to Rs. From Figure 4a,e, the matching current
density of the cross-over point has achieved an appreciable
enhancement (from 12.97 to 35.51 mA-cm™2) with the
formation of BSF, suggesting a lower barrier height and thus
smaller Rg. To verify the reliability of J—V data, the statistics of
device parameters including Vo, Jsc, FF, and PCE were
obtained based on 18 devices, as shown in Figure S. According
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Figure S. Device parameter statistics of the CZTSSe cells without and
with BSF, (a) V¢, (b) Jsc, (c) FF, and (d) PCE, respectively. The
sample size in each column is 18 devices.

to the statistical data, a relationship can be observed between
the device performance and BSF application. After introducing
BSF, V¢ and Jgc improved to some extent, especially FF
witnessed an appreciable rising from ~40.55 to ~53.62%.
Then, the average PCE was increased from ~4.94 to ~6.95%.

To gain a better understanding on the diminished interface
recombination, temperature (T) dependence of J—V measure-
ment was adopted. Figure 4c,g plots the temperature
dependence of V¢ for the device without and with BSF,
respectively. As is known to all, the relationship between V¢

and T can be expressed as eq 1777

A e

Vo =
g g (1)

where E,, q, k, Joo, and ] represent activation energy for
recombination, electron charge, Boltzmann constant, reverse
saturation current prefactor, and photocurrent density,
respectively. According to the report of Wang et al.*’ that
Voc versus T should be a linear relation based on eq 1,
extrapolation of which yields E, value at 0 K assuming ideal
factor (A), Joo and ], are not strongly temperature-dependent.
In our results (Figure S1, Supporting Information), the
variation of these parameters with T (300—200 K) follows
the regularity mentioned above; then, E, can be estimated to
some degree. It can be seen from Figure 4¢,g that the extracted
E, of two cells are distinctly lower than their E, (E, was
calculated by EQE shown in Figure 6b), which is a good
indicator of dominating interface recombination.”*'~** Nota-
bly, when BSF is applied, the E, is closer to the corresponding
E,, that is, smaller AEg,, implying a reduced interface
recombination. An identical conclusion was evidenced by the
smaller A and reversion saturation current density (J;) for the
device with BSF (Table 3). In addition, according to the study
of Gunawan et al.,*® the Ry of the solar cell can be denoted as
eq 2 below

ool

Rg= R, + ——exp| —=
gA*T "\ kT @)

where k, A*, and ®p are the Boltzmann constant, effective
Richardson constant, and back contact barrier height,
respectively. It should be noted that R, is the background
series resistance rooting in different factors (e.g., contact grid
and distributed resistance of the window layer). Particularly, it
is nearly independent of the low temperatures and only
contributing at the temperatures above 300 K. In other words,
Ry can be regarded as a negligible factor for Rg at a lower
temperature. Figure 4d depicts the temperature-dependent Rg
for CZTSSe cells without and with BSF, respectively. Rg
increases with decreasing temperature, especially at a lower
temperature. To estimate ®p, In(Rg-T) versus 1/T was
replotted, as shown in the Figure 4d inset. It is seen that the
data exhibit linearity well at a high 1/T stage, the slope yields
@y of 122 and 86 meV for the device without and with BSF,
respectively. This result suggests that BSF exerts an appreciable
impact in lowering down the ®j of the CZTSSe cell,
coinciding with its lower Rg and higher cross-over point
(Figure 4a,e). This positive effect of BSF in @y reduction can
be elucidated by the band alignment between MoSe,
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Figure 6. Performance characterizations of the CZTSSe solar cells without and with BSF. (a) EQE and the corresponding integrated current from
EQE spectra. (b) Determination of E, of the absorber based on EQE spectra. (c) C—V curves, respectively.
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(MoSe,:Nb) and CZTSSe. Figure 4h shows the UPS spectrum
of the CZTSSe film, which extracts a work function of 4.64 eV
that is situated between the corresponding values of MoSe,
and MoSe,:Nb (Figure 3d,h). Therefore, with the incorpo-
ration of BSF, it is favorable to accelerate the photo-generated
hole transportation from the absorber to the back electrode;
thereby, @y decreased, as displayed in Figure 1.

In order to deeply investigate device performance improve-
ment, EQE was measured for CZTSSe solar cells without and
with BSF, as shown in Figure 6a. Obviously, the EQE was
improved in the whole visible region via introducing BSF,
which might be explained by the considerably reduced Rg
(Table 3) that has been analyzed in the J—V section. Also, in
terms of the BSF effect, the more effective charge carrier
collection in the deep region of the CZTSSe film is in favor of
the higher EQE.* Given that the photo-induced carrier to
incident photon quantity ratio represents EQE, we can
estimate the Jg- on the basis of eq 3

Je =af B BQ)-d. (3)

where g and F (1) are electron charge and the incident
photons density under AM 1.5G solar illumination, respec-
tively. In Figure 6a, we derived the current density of 29.42 and
31.13 mA-cm™* by integrating the EQE spectra of CZTSSe
cells without and with BSF, respectively, further validating our
experimental Jyc values (Figure 4a,e). Additionally, E, of the
absorber was evaluated from the EQE data plotted as [ghv-ln(l
— EQE)]* versus hv, where the hv is photo energy, as
illustrated in Figure 6b. It has been found that E; of the
CZTSSe film has no clear correlation with BSF introduction,
and they are in the range of 1.087—1.094 eV. EQE
improvement in the long-wavelength region also mirrors the
superior separation ability or collection efliciency of photo-
induced carriers. Therefore, we further performed C—-V
characterization on the device without and with BSF, as
displayed in Figure 6c. The carrier density (Nc_y) of the
CZTSSe film for the cell without BSF is calculated as 2.07 X
10" cm™3, and its width of depletion region (W,) is estimated
to be 141 nm by eq 4

VV& — éogqucell

C )
where A_ is the area of the solar cell, &, and &, denote the free
space permittivity (commonly ~8.85 X 107> F-m™") and the
relative dielectric constant of the absorber, respectively. By
using the method reported by Persson,*® here, &, values have
been taken to be 8.13 and 8.19 for CZTSSe cells without and
with BSF, respectively. After introducing BSF, N_, decreased
to 1.33 X 10" cm™, which is possibly because of the blocking
effect for Na diffusion from SLG induced by the NbO,, layer at
the BEL As a result, the Wy has enlarged to 214 nm
accordingly. It is generally established that the absorption
coefficient gets smaller as the light wavelength increases.
Indeed, much long-wavelength incident light was absorbed in
the bottom of the absorber film, then, photon-induced carrier
of which cannot be collected effectively if the depletion region
is narrow.” Consequently, the higher EQE response of the
device with BSF at the long wavelength region should be
attributed not only to the decreased Rg but also to the
increased Wj.

B CONCLUSIONS

In summary, we have reported the reduction of carrier
recombination at the BEI by introducing BSF. The self-
organized BSF was realized by the conduction type transition
from n- to p-type via Nb-doping for the interfacial MoSe, layer.
The transition was validated by Hall-effect measurements and
output characterizations of FETs. The PCE of the device with
the BSF increased dramatically from 4.72 to 7.15%, which is
explained by the increased Vi (from 0.401 to 0.424 V) and
FF (from 40.26 to 55.24%). The higher Vi and FF are
attributed to the doubling aspects of increased Rg, (from 82.11
to 497.51 Q-cm?®), decreased Rg (from 4.39 to 1.75 Q-cm?),
and alleviative recombination velocity of BEI induced by the
BSF effect. The rise of Rg, is reasonably ascribed to the
reduced electric leakage as a result of the BSF generated locally
passivated for the back electrode. A decrease in the thickness of
the p-MoSe,:Nb layer is in favor of the smaller Rg accordingly.
Also, p-MoSe,:Nb has a much lower p than that of n-MoSe,,
contributing to the decrease of Rgs. The reduced interface
recombination after incorporation of BSF was proved by the
smaller 4, J,, and AE,,. EQE and C—V results manifested the
superior separation ability of photo-induced carriers for the
device with BSF.
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