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environment-friendly and cost-efficient photovoltaic material. However, the intrinsic low carrier density
and electrical conductivity limited its scope of applications. In this work, an effective ion doping strategy
was implemented to improve the electrical and photoelectrical performances of Sb,Ses thin films. The
Sn-doped and I-doped SbSes thin films with controllable chemical composition can be prepared by
magnetron sputtering combined with post-selenization treatment based on homemade plasma sintered
targets. As a result, the Sn-doped Sb,Ses thin film exhibited a great increase in carrier density by several
orders of magnitude, by contrast, a less increase with one order of magnitude was achieved for the I-
doped Sb,Ses thin film. Additionally, such cation or anion doping could simultaneously modify the
conduction type of Sb,Ses, enabling the first fabrication of a substrate structured Sb,Ses-based quasi-
homojunction thin film solar cell with configuration of Mo/Sb,Ses3-Sn/Sb,Ses-1/ITO/Ag. The obtained
power conversion efficiency exceeding 2% undoubtedly demonstrated its attractive photovoltaic appli-
cation potential and further investigation necessity.

© 2021 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent decades, solar cells have drawn tremendous research
interest due to their sustainable, renewable and environment-
friendly power source of solar energy[1,2]. As a new generation of
photovoltaic devices, thin film solar cells show attractive applica-
tion potential thanks to their advantages of low material con-
sumption, high power generation and the scalable flexibility[3—5].
Among them, the representative copper indium gallium selenide
(CIGS) and cadmium telluride (CdTe) solar cells have achieved
impressive power conversion efficiencies (PCEs) of 23.35% and
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22.1% at the laboratory scale, possessing a non-ignorable market
share[6]. Nevertheless, the involved scarce elements of In, Ga, and
Te, and/or toxic element of Cd could inevitably hinder their further
development to a multi-terawatt level. Thus, alternative cost-
efficient and environment-friendly semiconductor materials are
widely explored to broaden its scope of applications in thin film
photovoltaic scenarios.

Antimony selenide (Sb,Ses) is an inorganic V-VI binary com-
pound with only one stable orthorhombic phase, its elemental
constitutes of Sb and Se also possess advantages of low toxicity, low
cost and earth abundance. It has emerged as promising photovol-
taic candidate because of its attractive optoelectronic properties,
such as an appropriate band gap (1.1-1.3 eV, approaching the ideal
Shockey-Queisser value), large absorption coefficient (>10° cm™1),
decent carrier mobility (~10 cm?V~'s~1) and long carrier lifetime
(~60 ns)[7—9]. During the last decade, Sb,Ses solar cells have been
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extensively investigated, presenting a significant improvement of
PCEs from less than 2%[10] to a record 7.6%[11] for planar hetero-
junction configuration and a champion 9.2%[8] for core-shell Sb,Se3
nanorod array structure. Despite such great endeavors, it is still far
behind its Shockley-Queisser (S-Q) limit efficiency of above 30%
[12]. Analysis of the key device parameters, the short-circuit cur-
rent density (Jsc) and fill factor (FF) of the state-of-the-art Sb,Se;
solar cells have reached 70% of their S-Q limits, but the open-circuit
voltage (Voc) with a ratio less than 50% seems a core bottleneck for
further breakthrough of device efficiency[12]. Such large Voc deficit
(Eg/g-Voc) can be attributed to the severe recombination caused by
the surface/interface trap states and/or defects/impurities in bulk
[12,13]. For the critical absorber layer, the deep-level defects (i.e.,
Vse, Sbse, and Sesp) could be fairly diminished by optimizing the
fabrication process. However, the experimental-dependent free
carrier density of undoped Sb,Ses is only 10> cm~3, far lower than
the optimal doping density for absorber layer (~10'® cm™3), limiting
the quasi-Fermi level splitting and thus primarily limit the Voc
[14,15]. Up to now, some attempts have been made to increase the
carrier density of Sb,Ses, but the results are still unsatisfactory
[14,16].

Doping with extrinsic ions is an efficient way to increase the
carrier density of the absorber layer. For instance, Chen et al.
demonstrated that sodium ion doping could simultaneously regu-
late the hole concentration of the CIGS absorber layer as well as the
device Voc[17]. Metzger et al. reported that polycrystalline CdTe
films with group V arsenic doping could realize a significant in-
crease of major-carrier density with 3 orders of magnitude,
resulting a device efficiency of 20.8%[18]. In contrast, the research
on SbhySes thin films with effectively increased carrier density has
been rarely reported, which is closely related to its intrinsic 1D
chainlike structure of (SbsSeg), ribbons with wide spacing
(~0.35 nm) to easily locate the dopants between ribbons. Our pre-
vious work, including the enhanced electrical conductivity of
(SnySb1_x)2Ses nanorods prepared by hot-injection method and Sn-
doped Sb,Se; bulk crystals prepared by melt-quenching method
[19,20], the efficient SbySes-based quasi-homojunction thin film
solar cell with superstrate configuration of ITO/SbySess/
Sb(Sepglp1)3/Au[21], suggesting the possibility of successful ion
doping in SbySes; and certainly needs further exploration.

In this work, tin (Sn) and iodine (I) were respectively chosen as
cation dopant and anion dopant to simultaneously increase the
carrier density and modify the conduction type of Sb,Ses thin films.
A facile method of ball milling followed with spark plasma sintering
(SPS) was firstly used to prepare the pre-designed Sb,Ses-based
sputtering targets, then a high energy process of magnetron sput-
tering (almost two times energetic compared to general thermal
evaporation process) was implemented to obtain ShbySes-based thin
films with ideal substitutional doping. An increased carrier density
and improved photoelectric performance have been successfully
fulfilled through such ion doping. Finally, a substrate structured
Sb,Ses-based quasi-homojunction thin film solar cell with config-
uration of Mo/Sb,Ses-Sn/Sb,Ses-1/ITO/Ag was fabricated for the
first time and achieved an interesting PCE of 2.17%. This work offers
a new research direction for solving intrinsic low carrier density of
Sb,Sejs thin films and exploring applications as advantageous quasi-
homojunction solar cells.

2. Experimental section
2.1. Preparation of SbySes-based targets
An effective and scalable method of ball milling combined with

SPS process was used to prepare the ShySes-based targets. High-
purity SbySes powder (99.99%, Advanced Material Professional
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Manufacture, 100 meshes), Sn powder (99.99%, Aladdin, 100
meshes) and I particles (99.99%, Aladdin) were used as raw mate-
rials. A schematic illustration of the preparation process is shown in
Fig. 1a. Taking Sn (1 wt%)-doped Sb,Ses target as an example, 35 g
Sb,Ses; powder and 0.35 g Sn powder were put into a stainless cell
with steel balls and kept milling for 5 h in a vertical planetary ball
mill. The SPS process of the as-milled mixed powder was carried
out by using an apparatus Labox-325 SPS, performing under a fixed
pressure of 30 kN, a temperature of 420 °C with heating rate of
20 °C/min and a dwell of 5 min. Finally, the sputtering target with
diameter of 60 mm and thickness of 2 mm could be obtained by
finely surface polishing of the SPS processed bulk sample.

2.2. Preparation of SbySe3-based thin films

SbSes-based thin films were prepared using radio frequency
(RF) magnetron sputtering based on the aforementioned home-
made targets, an additional post-selenization heat treatment was
applied to contribute efficient crystallization, as depicted in Fig. 1c
and d. In detail, Mo-coated soda lime glass with sequential cleaning
treatment of detergent, ethanol solution and deionized water, was
chosen as substrate. The deposition chamber was evacuated to a
residual pressure of less than 8.0 x 104 Pa before running the
deposition procedures. High-purity argon gas was introduced at a
rate of 40 sccm, the sputtering power was fixed to 25 W also with a
low deposition pressure of 1.0 Pa to ensure essential compactness.
Afterwards, a post-selenization heat treatment was carried out in a
double-chamber vacuum tubular furnace with separately placing
the as-deposited SbySes-based thin film and high-purity Se parti-
cles (99.999%, particle size: 1—6 mm, Aladdin). Temperature of the
Se side was kept at 400 °C to provide sufficient Se partial pressure,
selenization of the thin films was last for 20 min at temperatures of
350 °C, 400 °C and 450 °C, respectively.

2.3. Preparation of Sh,Ses quasi-homojunction thin film solar cells

Herein, for the first time, a substrate structured Sb,Se3 quasi-
homojunction thin film solar cell with configuration of Mo/
Sb,Ses3-Sn/Sb,Ses-1/ITO/Ag was fabricated. The Sb;Se3-Sn and
SbaSes-I layer was successively sputtered with respective thickness
of 800 nm and 100 nm, then undergoing a synchronous post-
selenization heat treatment. Indium tin oxide (ITO) window layer
was sputtered under a power of 120 W, a pressure of 0.4 Pa, a flow
rate of 30 sccm for argon and 8 sccm for oxygen gas. Finally, the
conductive Ag patterns was thermally evaporated on the surface
and it was scribed into small squares with identical active device
area of 0.15 cm? (Fig. 1e).

2.4. Characterizations

The crystal structure of SbySes-based thin films were charac-
terized by X-ray diffraction (XRD, Ultima-IV) with CuKe radiation
under 40 kV and 40 mA. The quality and composition of the thin
films were also analyzed by X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB 250Xi). Morphologies of the thin films were ob-
tained using a Zeiss SUPRA 55 thermal field emission scanning
electron microscope (SEM). A Shimadzu UV-3600 UV/Vis/NIR
spectrophotometer equipped with monochromator was used for
the optical reflectance and transmittance investigation by using
pure soda-lime glass (SLG) as the substrate. Electrical properties of
the Sb,Ses-based thin films were measured using a Hall-effect
measurement system with Van der Pauw configuration
(HL5500PC, 200 Nanometrics). The photo-electro-chemical (PEC)
properties of the thin films were characterized by cyclic voltam-
mograms and chronoamperometry measurements with K050
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Fig. 1. Schematic illustration of the preparation process of the Sb,Se3 quasi-homojunction thin film solar cell. (a) Sn-doped and I-doped Sb,Ses fine powder obtained by ball milling,
(b) SbySes-based target obtained by SPS process, (c) SbySes-based thin film deposition by RF magnetron sputtering, (d) Post-selenization heat treatment, (e) Representative
photograph of the device, surface morphology of the device after Ag electrode painted.

photochemical electrolytic cell under AM 1.5G light illumination.
Current density-voltage (J-V) curves of the Sb,Se; quasi-
homojunction thin film solar cells were obtained using a multi-
meter (Keithley, 2400 Series) under AM 1.5G light illumination
with intensity calibrated to 100 mW/cm? through a Si reference
cell. External quantum efficiency (EQE) measurements were also
implemented using a Zolix SCS101 system.

3. Results and discussion

The Sb,Ses-based thin films were prepared using magnetron
sputtering combined with post-selenization heat treatment based
on homemade targets. For convenience, the pure Sb,Ses, Sn-doped
Sb,Ses with 1 wt% doping concentration and I-doped Sb,Ses with
5 wt% doping concentration are labeled as C, C-Sn-1% (or C-Sn) and
C-1-5% (or C-I), respectively. Fig. 2a shows the XRD patterns of the
C-Sn target and the corresponding C-Sn thin films at different post-
selenization temperatures. It can be seen that all the diffraction
peaks of the C-Sn target match well with the JCPDS standard card
(No. 15—0861) of the orthorhombic phase of Sb,Ses; without
detectable impurity. The absence of second phase can be attributed
to a slight difference in atomic radius between Sb (0.160 nm) and Sn
(0.158 nm) that satisfies the criterion for substitution solubility
proposed by Hume-Rothery[20]. Moreover, the obtained target has
a rather ideal relative density as high as 98% measured by using
Archimedes drainage method. Combined with a smooth and
compact surface morphology, as depicted in Fig. 1b, the SPS pro-
duced target meets the requirement for magnetron sputtering. An
obvious state transition from amorphous as-deposited C-Sn thin
film to crystalline post-selenized thin films can be observed, indi-
cating an effective thermally induced crystallization under Se
environment. The sharp and matched diffraction peaks also indi-
cate its highly crystalline nature, and an accurate composition
transfer from target to thin films. Moreover, an emerging prefer-
ential growth orientation of (hk1) has been attached to the crys-
talline C-Sn thin film, which is really beneficial for reducing the
recombination loss at grain boundaries and promoting the photo-
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generated carriers transport through absorber layer, according to
recent theoretical and experimental studies[22,23]. Analogously,
XRD patterns of the as-prepared C-I target and C-I thin films are
shown in Fig. 2b, presenting a similar Sb,Se; matrix determined
evolution. However, an additional diffraction peak (20 = 29.4°)
belonging to (112) crystalline plane of orthorhombic SbSel (JCPDS
Card No. 38—0691) can also be observed for the C-I target and C-I
thin film post-selenized at 450 °C. Such phenomenon is probably
because a high doping concentration and high temperature treat-
ment that induced excess I and Se to form second phase under
enough thermodynamic energy. Importantly, the result of C-I thin
film post-selenized at 400 °C also indicates an effective substitu-
tional doping. To further confirm the successful ion doping, XPS
characterizations have been implemented to the aforementioned
C-Sn-1% and C-I-5% thin films after post-selenization at 400 °C,
accompanied by two suchlike C-Sn-10% and C-I-10% thin films with
significantly higher doping concentration. As shown in Fig. 2c,
compared to pure Sb,Ses (C), two observable peaks located at 494.8
and 486.5 eV indicated the existence of Sn** ions, which is in
accordance with our pre-designed cation doping. Similarly, the
spin-orbit-coupled doublet of the I 3d core levels of C-I-5% and C-I-
10% thin films are split into 3ds; (~630.4 V) and 3ds3; (~618.9 eV)
with increased intensity and a fixed separation binding energy
value of 11.5 eV (Fig. 2d), such typical I~ characters further
confirmed the successful anion doping in Sb,Ses[24].

Fig. 3 presents the SEM images of the as-deposited and post-
selenized SbySes-based thin films at temperatures of 350 °C,
400 °C and 450 °C, respectively. As shown in Fig. 3a and e, both the
as-deposited C-Sn and C-I thin films show amorphous nature, in
agreement with XRD results. The observed fine particles were
formed due to limited kinetic energy and weak surface diffusion
during the sputtering process. After post-selenization at
350 °C—400 °C, an obvious thermally induced crystallization and
densification of the C-Sn thin films can be observed, accompanied
by a synchronous increase of average grain size from approximately
350 nm—1200 nm (Fig. 3b and c). However, further increasing the
temperature to 450 °C, the formation of distinct micro-voids was
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Fig. 2. XRD patterns of the C-Sn (a) and C—I (b) homemade targets and the corresponding thin films post-selenized at different temperatures. XPS spectra of Sn-3d (c) and I-3d (d)

for the Sb,Ses-based thin films.
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Fig. 3. Top-view SEM images of the C-Sn (a—d) and C—I (e—h) thin films under deposition and post-selenization at temperatures of 350 °C, 400 °C and 450 °C, respectively.

reasonable to occur due to Se evaporated from the pristine thin film
under its naturally high vapor pressure, as depicted in Fig. 3d.
Similarly, a dense and uniform crystalline C-I thin film with an
average grain size of approximately 1000 nm can be obtained at a
post-selenization temperature of 400 °C (Fig. 3g). A slightly
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different surface morphology evolution and grain size decrease for
C-I thin film as compared to C-Sn thin film indicate the doping ions
have participated and affected this crystallization and growth
process. Overall, it is crucial to control the post-selenization tem-
perature to simultaneously obtain high-quality C-Sn and C-I thin
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film, enable the achievement of efficient quasi-homojunction solar
cells.

The optical properties of the Sb,Ses-based thin films were
characterized by UV/Vis/NIR spectrophotometer. Fig. 4 shows the
reflection and transmission spectra of C-Sn and C-I thin films using
glass as substrate and the wavelength of incident light ranges from
300 nm to 1600 nm. As shown in Fig. 4a and d, obvious reflection
curves shift between the as-deposited amorphous thin film and the
post-selenized crystalline thin films can be observed, which is
closely related to its structure-dependent atomic arrangement and
density-dependent refractive index[25]. Moreover, the reflectance
of the amorphous C-Sn and C-I thin film lies at approximately 40%
in the short wavelength absorption region, then a slight value
variation for the selenized thin films are caused by interior crys-
tallinity and surface roughness. According to the transmission
spectra (Fig. 4b and e), a synchronous red-shift of the cut-off edge
from 705 nm for the amorphous C-Sn thin film to about 980 nm for
the crystalline C-Sn thin film and 670 nm for the amorphous C-I
thin film to about 930 nm for crystalline C-I thin film, both clearly
imply a decrease of band gap after post-selenization heat treat-
ment. The specific band gap value can be calculated according to
the following formulas:

1, /1=R()
a:aln(w) (1)
ahv=C(hv — Eg)" (2)

where a is the absorption coefficient, d is the thickness of thin film,
R is the reflectance, T is the transmittance, h is the Planck’s con-
stant, v is the photon frequency, C is a constant, n is an index
defined by 2.0 for indirect and 0.5 for direct band gap semi-
conductor, respectively [26,27]. As shown in Fig. 4c, after linear

(a) (b)
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extrapolating of the (ahv)2 versus hv curve, the as-deposited
amorphous C-Sn thin film has a direct band gap Eg of 1.68 eV,
then the value decrease to 1.12 eV and 1.10 eV for the crystalline C-
Sn thin films underwent 350 °C and 400 °C post-selenization. An
abnormal band gap of 1.02 eV belonging to the C-Sn thin film
selenized at 450 °C can be attributed to the composition deviation
and compactness damage at high temperature, as corroborated by
SEM result. Fig. 4f shows a similar temperature-dependent band
gap evolution for the C-I thin films, except for a slight value
expansion possibly caused by doping induced Burstein-Moss shift
[28]. Notably, these doped thin films possess optimum band gap as
efficient light absorber layer in photovoltaic scenarios.

Electrical properties of the absorber material are important
parameters to be considered when designing and optimizing the
device configuration. The study on Sb,Ses thin film is really lacking
because of its intrinsic low electrical conductivity (1076 Q1 m™1),
which is a considerable challenge for obtaining electrical properties
directly from Hall effect measurement. Herein, the electrical con-
ductivity, carrier density, mobility and the conduction type of
Sb,Ses-based thin films were systematically characterized through
an effect temperature-dependent Hall effect process. The insulative
soda-lime glass (SLG) was used as substrate for depositing Sb,Ses-
based thin films and four symmetric gold plots as electrodes with
Ohmic contact were subsequently deposited on the surface via
sputtering. Fig. 5a shows the temperature-dependent electrical
conductivity (o) of pure ShbySes (C) thin film, Sn-doped Sb,Ses (C-
Sn-1% and C-Sn-10%) thin films in the temperature (T) range of
100 °C—200 °C. An obvious positive correlation between the elec-
trical conductivity and temperature confirmed typical semi-
conductor characteristics. The significant increase of Inc value also
indicates an increase of conductivity after Sn doping. Moreover, the
conductivity ¢ exhibits nearly single activation energy in the
measuring temperature range, which can be described by the
following Arrhenius equation:

[ C-Sn-as-deposited 100 —— C-Sn-as-deposited
601 — c-sn3soec —— (-$n-350°C
e C-Sn-400°C 80{——C-Sn-400°C
— C-Sn-450°C |—— C-Sn-450°C '“'E
404 ~ 601 2
-4 = 40 o
204 2
20 | / 5
0 0 : , - | : : : :
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Fig. 4. Optical characterization of the C-Sn (a—c) and C—I (d—f) thin films as a function of wavelength and with different post-selenization temperatures. (a, d) Reflection spectra, (b,

e) Transmission spectra, (c, f) Plot of (ahv)? versus hv, used to obtain direct band gap.
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Fig. 5. Temperature-dependent electrical conductivity () and carrier density (n) of C-Sn thin films (a, b) and C—I thin films (c, d) with different doping concentration and covering a

temperature (T) range of 100—200 °C during Hall effect measurements.

AE
0=00 exp (fk—T) (3)

where oy is the pre-exponential factor, AE is the thermal activation
energy and k is the Boltzmann constant[29]. Thus AE and op can be
calculated from the slope and the intercept on the y-axis of the Incg
versus 1/T curve, respectively. Then the temperature-dependent
carrier density (n) of the C thin film and C-Sn thin films are
depicted in Fig. 5b, presenting an obvious increase of carrier density
with increasing doping concentration and testing temperature. In
parallel, temperature-dependent ¢ and n of pure Sb,Ses (C) thin
film, I-doped Sb,Ses (C-I-5% and C-I-10%) thin films are shown in
Fig. 5c and d, respectively. The same variation tendency confirmed
an effect ion doping, a smaller growth rate is closely related to its
efficient doping concentration and ionization rate associated to the
dopants, i.e., I ion possesses high vapor pressure. Finally, all the
electrical properties of ShySes-based thin films determined by Hall
effect measurements at 100 °C are summarized in Table 1. Obvi-
ously, pure SbySejs thin film exhibits extremely low electrical con-
ductivity of 2.52 x 107> s cm~!, then the value increase to
1.72 x 107*s cm ! and 3.66 x 10~2 s cm~! for C-Sn thin films with
1% and 10% doping concentration, 1.67 x 107% s cm~' and

Table 1
A summary of electrical properties of the Sb,Ses-based thin films at 100 °C.

Sample o n n Go /\E  Conduction
(s-em™1) (em™3) (V-s) (s-em™')  (eV) type

C 252 %107 121 x 10" 129 422 x10* 067 P

C-Sn-1% 172 x 107 182 x10™ 59 110 x 10* 058 P

C-Sn-10% 3.66 x 1072 207 x 107 111 443 x 10" 023 P

C-1-5% 167 x 107 1.03 x 10" 101 298 x 10° 055 N

C-1-10% 332 x 1074 299 x 10 69 1.35x10° 050 N

332 x 107% s ecm™! for C-I thin films with 1% and 10% doping
concentration, respectively, accompanied by a synchronous in-
crease of carrier density. According to the typical expression:

(4)

where n is the carrier density, p is the carrier mobility and e is the
unit charge[30]. Considering that p values decrease after doping,
the dominant factor that accounts for the increase of ¢ is the in-
crease of n caused by extrinsic ions induced effective substitutional
doping. The calculated AE values show a decrease trend after
doping, which is consistent with its theoretically prediction since it
varies inversely with the charge carrier density. The obtained og
could modify by the increase of localized state density created by
doping induced composition and configuration disorder. Impor-
tantly, Table 1 also shows the C-Sn thin films and C-I thin films
present P-type and N-type conduction behaviors, respectively. It
demonstrates that such ion doping can simultaneously increase the
carrier density and modify the conduction type of Sb,Ses, enabling
the design of novel quasi-homojunction thin film solar cells.

The photoconductive characteristics of the SbySes-based thin
films were investigated using the classical 3-electrode photo-
electro-chemical (PEC) measurements. Fig. 6a shows a represen-
tative schematic configuration, where Ag/AgCl electrode in 3.5 M
KCl was used as the reference electrode, Pt-wire as the counter
electrode and the SbySes-based thin film deposited on ITO sub-
strate was used as working electrode. These electrodes were
simultaneously immersed into the electrolyte (0.1 mol.L! NaSO04
solution) and undergoing AM 1.5G light illumination. The chopped
light can be obtained by a mechanical chopper at a frequency of
5 Hz. Fig. 6b-d shows the current density versus voltage curves
using 400 °C post-selenized C, C-Sn and C-I thin films as the
working electrode, respectively. As shown in Fig. 6b, the SbySe;
crystalline thin film can produce a photocurrent density

og=neu
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Fig. 6. (a) Schematic diagram of the 3-electrode photo-electro-chemical (PEC) measurement. (b—d) Current density-voltage characteristics using C thin film, C-Sn thin film and C—I

thin film as working electrode, respectively.

of —170 pAjcm? at —0.6 V, suggesting its photoelectric effect. For C-
Sn thin film (Fig. 6¢), by comparison, the dark current density
increased from —24 pAjcm? to —64 pA/cm? at a negative bias
voltage of —0.6 V, confirming the enhancement of electrical con-
ductivity after Sn doping, then the photocurrent density also
dramatically increased from —170 pA/cm? to —345 pAjcm?, pre-
senting much superior photoelectric properties. Interestingly, an
obvious photo-response under positive bias condition can be
observed for C-I thin film (Fig. 6d), implying a reverse of conduction
type. Since the minority carriers in the space charge region will
participate in charge transport in the presence of a depletion layer,
the enhanced current density under positive bias during PEC
measurement indicates its N-type conductive character[31]. Thus,
the PEC-determined conduction type for Sh,Ses-based thin films
are consistent with the information given by Hall effect measure-
ments. Explanatorily, the dopant Sn with one fewer valence elec-
tron than Sb can constitute hole doping under appropriate
substitution, however, the dopant I can replace the lattice position
of Se and play a strong electron donor role.

The stability and response speed of the SbySes-based thin film
working electrode were also characterized by chronoamperometry
measurements with PEC equipment. Fig. 7a-c shows the time-
resolved PEC response using C, C-Sn and C-I crystalline thin film
as the working electrode, respectively. As shown in Fig. 7a, when
the light was on, the current density rapidly increased
from —55 pAjcm? (dark condition) to —160 pA/cm? (with
100 mW cm2 light illumination). Once the light was off, the cur-
rent density rapidly returned to its initial value, such “on/off” circle
can remain the same after more than 10 times, suggesting the
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excellent reversibility and stability of this SbySes thin film PEC
electrode. For C-Sn thin film working electrode, the same phe-
nomenon can be observed except for a larger dark current and
photocurrent (Fig. 7b), which is closely related to ion doping
induced increase of carrier density. An obvious time-resolved PEC
response under positive bias (+0.6 V) is consistent with its N-type
conductive nature. To extract the specific response time, one of the
response periods is magnified, as shown in Fig. 7d-f. In the time
domain, the response time (7o) and the recovery time (o) of the C
thin film working electrode are both 0.09 s, then these two evalu-
ated values decrease to 0.09 s and 0.07 s for C-Sn thin film, both
0.07 s for C-I thin film, respectively. Such interesting evolution can
be explained by doping induced the introduction of interfacial
states and surface dangling bonds to decrease the electron-hole
recombination. Furthermore, it is worth noting that the fast
response speed is comparable to some outstanding results of the
previously reported high performance photoelectric devices
[32,33].

Up to now, state-of-the-art Sb,Ses solar cells generally used CdS,
ZnO or TiO, as buffer layer to construct planar heterojunction
configuration[9,11,34]. Only a few preliminary attempts have been
applied to SbySes-based quasi-homojunction thin film solar cells
with superstrate structure, reported by our group[21,35]. Herein,
taking the features of quasi-homojunction device structure with
theoretical advantages, i.e., eliminating solution processed buffer
layer, highly efficient light absorption and well-matched interfacial
lattice, a novel SbySes-based quasi-homojunction thin film solar
cell with substrate structure of Mo/Sb,Se3-Sn/Sb,Ses-1/ITO/Ag was
prepared for the first time. Fig. 8a shows a schematic illustration as
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tegrated Jsc, and (d) Nyquist plots of the representative SC-350 and SC-400 devices.

well as a representative cross-sectional SEM image of this device. It
displays obvious layered structure with approximate thickness of
800 nm, 120 nm and 550 nm for Sb,Se3-Sn, Sb,Ses-1 and ITO layer,
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respectively. Moreover, the well-adherent and pinhole-free inter-
face is really beneficial for reducing charge carrier recombination
and current leakage. Two representative quasi-homojunction solar
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cells based on Sb,Se3-Sn/Sb,Ses-1 duplex thin films post-selenized
at 350 °C and 400 °C are denoted as SC-350 and SC-400, respec-
tively. According to the current density-voltage (J-V) curves, as
shown in Fig. 8b, the SC-350 device gives a Jsc of 18.04 mA/cm?, Voc
of 0.20 V, FF of 36.46% and a PCE of 1.31%. In contrast, the SC-400
device shows an improvement with Jsc of 22.45 mA/cm?, Voc of
0.28 V, FF 0f 34.51%, and an interesting PCE of 2.17%. Such important
improvement can be attributed to the 400 °C selenized Sb,Ses-
based absorbing thin film with better crystallinity, larger crystal
grains and much benign growth orientation, which is consistent
with the XRD and SEM results. This preliminary exploration already
demonstrates an effective design of this substrate structured quasi-
homojunction thin film solar cell, further absorber engineering (i.e.,
doping concentration, defects control, growth control) and inter-
facial engineering (i.e., band alignment, back contact) should be
implemented in future research. Fig. 8c shows the external quan-
tum efficiency (EQE) spectra of these two devices, a broad response
region (up to ~1100 nm) is in accordance with the narrow band gap
of Sb,Ses-based thin films. The integrated Jsc calculated from EQE
data are 16.76 mA/cm? and 20.28 mA/cm?, respectively, which are
also comparable to the J-V measurement results. Meanwhile,
electrochemical impedance spectroscopy (EIS) was used to char-
acterize the carrier transport properties of the device. Fig. 8d shows
Nyquist plots of the SC-350 and SC-400 devices, which were
measured in the frequency range from 1 to 10% Hz under darkness
with a 30 mV AC amplitude. Each plot possesses two quasi-
semicircles covering the whole frequency region, obtained by
fitting the EIS data. An equivalent circuit diagram (inset in Fig. 8d)
consists of a sheet resistance (R1), contact resistance (R2) and
recombination resistance (R3). In detail, R1 extracting mainly from
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the substrate shows a similar value of approximately 19 Q for both
devices. The high frequency feature can be ascribed to R2, associ-
ated with the Sb,Se3-Sn/Sb,Ses-I quasi-homojunction interfaces,
the fitted values are 274.5 Q and 143 Q for those two devices,
implying the SC-400 device has a better interfacial contact. Finally,
a higher R3 value for SC-400 device also reveals an essentially
suppressed charge recombination, leading to a higher Jsc and Voc.

The junction-dependent electrical behaviors of the SC-350 and
SC-400 devices were further analyzed by dark J-V measurements.
As shown in Fig. 9a, obvious rectifying characteristics for both de-
vices can be observed. According to the general single exponential
diode equation:

J=Jo exp[ gl (V=RD] + GV — ), (5)
where g is reverse saturation current density, q is the elementary
charge, A is diode ideality factor, R is series resistance, G is shunt
conductance and J; is light current density[36]. Fig. 9b presents the
plots of dJ/dV against V, where the G values can be obtained by
reading from the flat regions under reverse bias, thus the SC-400
device possesses a higher G value of 30 mS-cm 2 than
18 mS-cm~2 belonging to the SC-350 device. The series resistance R
and the diode ideality factor A were obtained by plotting dV/d]
against (J + Jsc)~! to extract the intercept and slope, respectively
(Fig. 9c). After linear fitting, the R can be specified to 6.9 Q cm? and
5.0 Q cm? for SC-350 and SC-400 device, respectively. Meanwhile,
the obtained A values were 3.8 and 3.1, implying the existence of
nonuniformity of trap levels in the depletion region at the Sb,Ses-
Sn/Sb,Ses-1 quasi-homojunction interface that induced interface
recombination and space-charge region (SCR) recombination, and a
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less nonradiative recombination loss for SC-400 device[12,37]. The
defect states were further investigated according to a standard
space charge limited current model[38]. As shown in Fig. 9d, the
logarithmic J-V curve can be divided into three regions, including
the Ohmic region (at low voltages), the trap-filled limit (TFL) region
(at intermediate voltages) and the Child region (at high voltages).
The obtained onset voltages of TFL region (Vyg) were 0.12 and
0.13 eV for SC-350 and SC-400 device, respectively. Then the trap
state density Niap can be estimated with the following equation:

- 2880 VTFL

Ntrap qu

(6)

where L is the SbySes-based thin film thickness, q is the elementary
charge, e is the relative dielectric constant and ¢g is the vacuum
permittivity[39]. By comparison, the Ni,p value shows a decrease
from 3.45 x 10'® cm~3 for SC-350 to 3.03 x 10'> cm— for SC-400
device, suggesting that the 400 °C post-selenized thin film pos-
sesses much superior quality with less trap sites and/or defect
centers. Importantly, the SC-400 device with larger shunt
conductance, better ideality factor, smaller series resistance and
less trap state density confirmed an efficient Sb;Ses-Sn/Sb,Ses-I
quasi-homojunction and an improved junction quality under
appropriate post-selenization heat treatment, further demon-
strating its great photovoltaic application potential.

4. Conclusions

In summary, an effective SbySes associated ion doping strategy
with tin (Sn) and iodine (I) respectively chosen as cation dopant
and anion dopant has been successfully developed. A facile method
of ball milling combined with SPS process was firstly used to pre-
pare the composition designed Sn-doped and I-doped Sb,Se; tar-
gets, then high-quality Sb,Ses-based thin films can be obtained by
RF magnetron sputtering followed with an additional post-
selenization heat treatment. A systematic investigation of crystal-
line phase, surface morphologies, optical properties, electrical
properties and photoelectric properties evolution confirmed an
ideal ion doping in Sb,Ses thin film. Importantly, the Sn-doped
Sb,Ses thin film exhibited a great increase in carrier density by
several orders of magnitude, a less increase with one order of
magnitude was also achieved for the I-doped Sb,Ses thin film. Such
ion doping could simultaneously modify the conduction type,
leading to P-type and N-type characters for SbySes3-Sn and ShySes-I
thin films, respectively. Accordingly, a substrate structured Sb,Ses-
based quasi-homojunction thin film solar cell with configuration of
Mo/Sb,Se3-Sn/Sb,Ses-1/ITO/Ag was fabricated for the first time and
the efficiency reached already an interesting 2.17%. The combined
features of absorbing thin films with controllable preparation and
properties, solar cells with advantageous substrate and quasi-
homojunction configuration, which undoubtedly demonstrated
its great application potential in thin film photovoltaic scenarios.
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