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Under substrate heating conditions, the CdS thin film prepared by magnetron sputtering has a flat and dense morphology with en-
hanced crystallinity.

Public summary
m Substrate heating was used during the sputtering process to improve the quality of the CdS thin film.

m A higher crystallinity and smoother surface as well as a good energy level matching between the CdS and Sb,(S,Se); ab-
sorber layers are achieved.

m Oxygen plasma treatment was used to treat the CdS layer to reduce Se diffusion during the annealing process, which im-
proves the Jy- and power conversion efficiency of solar cells.

m A solar cell device with a power conversion efficiency of 8.09% is achieved, which is the highest among all antimony
chalcogenide solar cells based on a sputtered CdS window layer.
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Abstract: Cadmium sulfide (CdS) is an n-type semiconductor with excellent electrical conductivity that is widely used as
an electron transport material (ETM) in solar cells. At present, numerous methods for preparing CdS thin films have
emerged, among which magnetron sputtering (MS) is one of the most commonly used vacuum techniques. For this type of
technique, the substrate temperature is one of the key deposition parameters that affects the interfacial properties between
the target film and substrate, determining the specific growth habits of the films. Herein, the effect of substrate temperat-
ure on the microstructure and electrical properties of magnetron-sputtered CdS (MS-CdS) films was studied and applied
for the first time in hydrothermally deposited antimony selenosulfide (Sb,(S,Se);) solar cells. Adjusting the substrate tem-
perature not only results in the design of the flat and dense film with enhanced crystallinity but also leads to the formation
of an energy level arrangement with a Sb,(S,Se); layer that is more favorable for electron transfer. In addition, we de-
veloped an oxygen plasma treatment for CdS, reducing the parasitic absorption of the device and resulting in an increase in
the short-circuit current density of the solar cell. This study demonstrates the feasibility of MS-CdS in the fabrication of

hydrothermal Sb,(S,Se); solar cells and provides interface optimization strategies to improve device performance.

Keywords: magnetron sputtering; CdS; substrate heating; plasma treatment; Sb,(S,Se)s; thin film; solar cell
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1 Introduction

Cadmium sulfide (CdS) plays an important role as a window
layer in thin film photovoltaic technology, especially in chal-
cogenide solar cells, including Cu(In,Ga)Se, (CIGS),
Cu,ZnSn(S,Se), (CZTSSe) and CdTe!*. The easy bonding
chemical nature of CdS and proper lattice constant that
matches well with usual photovoltaic (PV) absorber materials
make it an ideal window layer. When used in the superstrate
configuration, the high thermal and chemical stability of CdS
allows for multiple methods to deposit a high-quality ab-
sorber layer onto this substrate. Antimony chalcogenides, in-
cluding antimony selenide (Sb,Se;), antimony sulfide (Sb,S;)
and antimony selenosulfide (Sb,(S,Se);), have emerged as at-
tractive light-harvesting materials for solar cells owing to
their simple chemical composition, high phase stability, low
toxicity and abundant element storage'*. Among all the
available window layers, CdS is the most popular because of
its ability to fabricate highly efficient solar cell devices.

CdS has been deposited in a variety of ways, including
chemical bath deposition™*'" closed space sublimation',
thermal evaporation'”, spin coating!‘l, molecular beam epi-
taxy!”], atomic layer deposition''” and magnetron sputtering

0604-1

(MS)!"=1. As a third-generation vacuum thin film deposition
technology, magnetron sputtering has many advantages, in-
cluding a high deposition rate, thorough material coverage,
high purity and adhesion of the deposited films, and high uni-
formity on large-area substrates™!. Compared with the tradi-
tional CBD method, magnetron-sputtered CdS shows greater
environmental friendliness, good control of film thickness
and greater uniformity on large substrates (see Supplement-
ary Note | in Supporting information). All these advantages,
especially the ability to fabricate large-area thin films"’, make
it suitable for industrial application in synthesizing CdS for
solar cells!”?**. The magnetron-sputtered CdS (MS-CdS)
typically uses reactive sputtering in environments containing
a mixture of O, and Ar gases to improve its electrical proper-
ties. The MS-CdS thin film has also been applied in anti-
mony chalcogenide solar cells. Guo et al.!' reported that us-
ing 2% O, in sputtering gas not only increased the bandgap of
CdS thin films from approximately 2.4 eV to 2.6 eV, increas-
ing the transmittance of the Sb,Se; active layer, but also im-
proved the grain size and crystal orientation of Sb,Ses.
Moreover, the band alignment at the CdS/Sb,Se; interface
changes from a “cliff’-like structure to a “spike”-like struc-
ture, contributing to an increase in the power conversion effi-
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ciency from 3.59% to 7.01%. However, there is an intrinsic
problem of uncontrollability with the use of O, during sput-
tering, as mass flow control is based on the closed-loop con-
trol principle. Fluctuations might occur in the gas flow dur-
ing the sputtering process, and a change of only approxim-
ately 1% in the O, concentration can lead to a change of 1.5%
in the power conversion efficiency (PCE). The use of sub-
strate heating during the deposition process can reduce the
impact of gas flow fluctuations on the photovoltaic perform-
ance of the device and improve the device efficiency.
However, the specific explanations for this improvement have
not yet been reported!'®'*>">*,

Herein, for the first time, magnetron-sputtered CdS was
used in a hydrothermally fabricated Sb,(S,Se); solar cell with
a superstrate structure of fluorine-doped tin oxide
(FTO)/CdS/Sb,(S,Se)5/2,2°,7,7’-tetrakis(N,N-di-p-meth-
oxyphenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD)/Au.
The effect of the substrate heating temperature on the electric-
al properties of CdS and the improvement in device photovol-
taic performance can be attributed to the improved crystallin-
ity and flatter surface of CdS together with a more favorable
band alignment with the Sb,(S,Se); layer. We found that a
change of approximately 50 °C near the optimal temperature
only results in a change of approximately 1% in the PCE,
which demonstrates a much greater reproducibility than that
of the method using O, during sputtering. In addition, a post-
oxygen plasma treatment was conducted to reduce the parasit-
ic absorption of CdS, improve the Jgc, and achieve a PCE of
8.09%. This study provides an effective strategy and new un-
derstanding of interface passivation to improve the efficiency
of antimony selenosulfide solar cells.

2 Experimental section

2.1 Ingredient information

fluorine-doped tin oxide (FTO) glass (15 mmx20 mm) was
obtained from Liaoning YingKou Libra New Energy Techno-
logy Co., Ltd. FTO is specified as GD-H8 with a square res-
istance of 6-10 Q-sq'. C4H4,KO,;Sb-0.5H,0 and Na,S,0;-
5H,0O were obtained from Sinopharm. CH,N,Se with a purity
of 98% was obtained from Sigma-Aldrich. 2,2°,7,7’-
Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobi-
fluorene (Spiro-OMeTAD) was obtained from Yingkou
Youxuan Trade Co., Ltd. Acetonitrile (C,H;N), lithium
bis(trifluoromethylsulfonyl) imide (Li-TFSI), and 4-tert-
butylpyridine (tBP) were obtained from J&K. All solvents
and other materials were used without additional purification.
The CdS target used in magnetron sputtering was purchased
from Hebei Qinbang New Materials Technology Co., Ltd.
The size of the target was 7 cmx20 cm.

2.2 Magnetron sputtering of CdS

FTO substrates were cleaned ultrasonically in FTO detergent
diluted with a deionized water—deionized water—ethanol se-
quence, each lasting for 40 min. Thereafter, the substrates
were dried under N, gas flow. Before sputtering, the FTO
substrates were cleaned using a mixture of Ar/O, plasma at an
RF power of 20 W for 15 min to remove organic residues.
The RF sputtering device was manufactured by Wuhan
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PDVACUUM Technology Company (PD-400 with a custom-
ized two-chamber design). The base pressure was 5x10™ Pa.
Prior to deposition and presputtering, the substrates must un-
dergo a preheating process to achieve better solar cell per-
formance. RF power sources were purchased from Advanced
Energy. The RF power was set to 25 W with approximately
0—1 W reverse sputtering power. Pure Ar gas was chosen as
the working gas. The gas flow was set to 30 sccm, and the
pressure in the sputtering chamber was approximately 1.5 Pa.
The presputtering step lasted for approximately 10 min, and
the sputtering process lasted for approximately 29 min. The
optimized substrate heating temperature was chosen to be 200
°C, with other temperatures (room temperature, 150 °C, 250
°C) used for comparison.

2.3 Posttreatment of sputtered CdS

After the sputtering process, the CdS must undergo several
post-treatments. Under basic conditions, only CdCl, spin
coating and ambient air annealing are needed. Two extra steps
or changes are required for further improvements in the PCE.
For the chloride spin coating, the basic condition was a CdCl,
solution, which used CdCl,-2.5H,0 as the CdCl, source and
ethanol as the solvent, and the concentration was 5 mg/mL.
For the mixed chloride solution, the solution had a CdCl, con-
centration of 2.5 mg/mL and a SbCl; concentration of 15
mg/mL. Ethanol was still used as the solvent. The CdS was
annealed at 400 °C for 10 min in ambient air after chloride
spin coating. Oxygen plasma treatment was conducted after
the ambient air annealing process. The air pressure was set to
approximately 80 Pa, and the power level was set to high
power. 15 min was the optimal condition.

2.4 Fabrication of Sb,(S,Se); thin films

Sb,(S,Se); was deposited using a hydrothermal method as de-
scribed in a previous report'”. In a 100 mL beaker, 80 mL of
deionized water was added to 0.5342 g of APT (antimony po-
tassium tartrate) as an antimony source. The mixture must
first be stirred to achieve a clear solution before adding other
reactants. Then, 80 mg of NH,F was added to the APT solu-
tion under stirring conditions. Stirring was continued until the
solution was transferred to the autoclave. After approxim-
ately 1 min, 1.5884 g of STS (sodium thiosulfate) was added
to the above solution. After another 5 min, 50 mg of selen-
ourea was added to the above solution. Before the addition of
selenourea, the solution was slightly yellow. After the addi-
tion of selenourea, the solution gradually turned. The final
solution was transferred into a 50 mL autoclave with CdS
sputtered on FTO/glass attached to a glass slide facing
down!. The autoclave was placed in a baking oven at 135 °C
for 2 h. After cooling to room temperature (RT) naturally, the
sample substrates were rinsed with deionized water and eth-
anol and blow-dried with nitrogen gas. Finally, the as-grown
Sby(S,Se); films were annealed at 375 °C for 10 min in a N,
atmosphere to enhance the crystallinity.

2.5 Device fabrication

The hole transport material was fabricated according to a pre-
viously reported method™. First, 36.6 mg of Spiro-OMeTAD
was dissolved in a mixed solution containing 1 mL of
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chlorobenzene, 14.5 puL of 4-tert-butyl pyridine and 9.5 pL of Sb,(S,Se); films with different amounts of sputtered CdS
Li-TFSI solution (520 mg-mL™" Li-TFSI in acetonitrile). The were obtained using a Helios setup in which a nondegenerate
as-prepared Spiro-OMeTAD solution was spin-coated onto pump-probe configuration was applied to probe the transient
the Sb,(S,Se); sample at 3000 r/min for 30 s. The spin-coated dynamics (8000 to 0 ps). An optical parametric amplifier
Spiro-OMeTAD was annealed at 105 °C for 10 min in ambi- (OPerA Solo) was pumped by a 1-kHz regenerative amplifier

ent air as an oxidation process. Finally, the device was fin- (Coherent Libra, 800 nm, 50 fs, 4 mJ). Frequency doubling of
ished by thermal evaporation of a Au (70 nm) film as a metal the fundamental output by a mode-locked Ti-sapphire oscil-
electrode. lator (Coherent Vitesse, 80 MHz) was used to generate pump

pulses. The white light generated by a sapphire plate was used
. . to generate probe pulses. To ensure sufficient light transmit-
The su.rface morphology. and cross-sectional scanning elec- tance, the Sby(S,Se); film growth time was reduced from 120
tron microscopy (SEM) images of Sby(S,Se); and CdS were min to 35 min, with a thickness of approximately 40 nm.
observed using cold field-emission SEM (Hitachi SU8220)

fmd Shockley emission SEM (Zeiss G4SQ). Energy dispers- 3 Results and discussion

ive spectroscopy (EDS) was performed using an Oxford EDS
detector as an attachment in the SEM instrument. The analys- 31
is software Aztec was also developed by the Oxford instru-

ment. The crystal structures of Sby(S,Se); and CdS thin films The microstructure and electrical properties of CdS sputtered
were characterized by XRD (D/Max-rA) with Cu Ka radi- at RT or at substrate heating temperatures of 150 °C, 200 °C
ation (1 = 1.5406 A). The ultraviolet-visible absorption spec- and 250 °C were investigated. X-ray diffraction (XRD) was

2.6 Characterization of films and devices

Effect of substrate heating temperature

tra were obtained using a UV-visible spectrophotometer used to determine the crystal structure of CdS. The standard
(UV-vis DRS, SOLID 3700). UPS measurements were car- thickness of CdS (60 nm) used in the device usually exhibits a
ried out on a Thermo ESCALAB 250XI. To eliminate resid- ~ Wweak XRD peak intensity, causing its peak response to be
ual pollutants on the surface, Ar ion sputtering was used to confused by background noise (see Supporting information
clean the surface prior to the measurements. The sputtering Fig. S2). Therefore, a 240 nm thick CdS sample was depos-
depth for CdS was 2 nm, and that for Sb,(S,Se); was 10 nm. ited for XRD analysis (Fig. ). Considering that the CdS
The EIS measurements were performed on an electrochemic- sputtered on FTO displays the real status of the crystal, while
al workstation (Zahner Mess System PP211) with frequen-  the CdS sputtered on glass displays the accurate position of
cies ranging from 1 Hz to 1 MHz at a bias potential of —0.6 V the peak without confusion with the FTO peak, two results
in the dark. The capacitance-voltage (C-V) curves were ob- are displayed. In addition, all the samples were subjected to
tained from the same electrochemical workstation at RT with CdCl, solution spin coating and ambient air annealing before
a frequency of 10 kHz. The AC amplitude was 5 mV. The DC being characterized.
bias voltage was changed from -0.1 to 0.8 V. The The XRD results for CdS sputtered on a glass substrate are
voltage—current density characteristics of the Sb,(S,Se); shown in Fig. la. Only the (002), (110), (103), and (004) dif-
devices were determined using a Keithley 2400 sourcemeter fraction peaks corresponding to hexagonal-phase CdS are de-
unit under AM 1.5G illumination at 1000 W-m™ with an Ori- tected, indicating that the CdS film prepared by magnetron
el Sol 3A and a Japan solar simulator. The active area of the sputtering is a pure hexagonal-phase crystal. The same phe-
electrode was 0.105 cm’. The EQE (Newport QuantX-300) nomenon was observed when FTO was used as the substrate
was measured using a single-source illumination system (Fig. 1b). Considering that the position of the (002) peak co-
(halogen lamp) combined with a monochromator. Atomic incides with that of the FTO peak, as well as the influence of
force microscopy (AFM) was performed using a Bruker Di- substrate properties on the crystal orientation of the deposited
mension icon. The transient absorption spectra (TASs) of films, we performed grazing-incidence X-ray diffraction
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Fig. 1. X-ray diffraction (XRD) pattern of the sputtered CdS thin film. The deposition time was 2 h, four times the standard CdS growth time. (a) CdS
sputtered on a glass substrate at different temperatures. (b) CdS sputtered on an FTO substrate. The positions of the FTO diffraction peaks are labeled
with asterisks. (¢) Grazing incidence XRD (GIXRD) result of CdS sputtered on an FTO substrate. The incident angle is 0.4°, and no FTO substrate peaks
are found.
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(GIXRD) characterization (Fig. 1c). As shown in Fig. Ic, an
increase in the intensity of the (002) peak is observed under
substrate heating conditions compared with that of the CdS
film deposited at RT, and higher temperatures are more favor-
able for the growth of the (002) crystal plane, indicating that
substrate heating helps to improve the crystallinity of the
sputtered CdS film.

Scanning electron microscopy (SEM) characterization was
conducted to investigate the surface morphology of the CdS
particles sputtered before and after ambient air annealing
(Fig. 2). The CdS films studied here were treated with a 5
mg/mL CdCl, ethanol solution and then annealed at 400 °C in
ambient air for 10 min. As shown in the SEM image, the
sputtered film is composed of small CdS particles with dia-
meters less than 50 nm that are covered directly on the FTO
substrate. CdS sputtered at different temperatures has similar
nanoparticle sizes and shapes. After annealing in ambient air,
the size of the nanoparticles increases to 50-100 nm and
masks the morphology of the FTO substrate, contributing to a
decrease in the surface roughness and an increase in the crys-
tallinity. This morphological change is to some extent caused
by the spin-coated CdCl, solution, as CdCl, acts as a flux to
induce the recrystallization of CdS during postannealing treat-
ment™*1,

Generally, the growth of thin films consists of two pro-
cesses: deposition and diffusion”. For the deposition of these
films, the sputtering parameters are the same, so the depos-
ition process of the incident particles is similar. The main in-
fluence of substrate heating is the diffusion of Cd and S atoms
on the substrate surface, which can be depicted by the diffu-
sion coefficient obtained from the following equation®":

Dzvoexp(kB—T), (1
where v, is the jump frequency and E is the diffusion activa-
tion energy, which typically amounts to tenths of eV. There-
fore, higher temperatures will lead to larger diffusion coeffi-
cients, while lower temperatures will lead to smaller diffu-
sion coefficients. At RT, the diffusion coefficient is low, and
when atoms collide with the substrate, they will immediately

. :“:. /

0604-4

~. 500 am
Fig. 2. SEM image of sputtered CdS. The first row shows sputtered CdS without ambient air annealing. The second row shows sputtered CdS with CdCl,
spin coating and ambient air annealing posttreatment. The four columns show CdS sputtered at RT, 150 °C, 200 °C and 250 °C from left to right.

stay at that position, with little opportunity to form an ordered
arrangement to increase the crystallinity. In contrast, sub-
strate heating can provide more energy for atoms to over-
come intermediate states, thereby improving the crystallinity
of CdS films. Although the postannealing process helps atoms
diffuse to the correct lattice position, the crystallinity of the
thin film still depends on the original position of the CdS
clusters®”. However, when the temperature is too high, the re-
duction in the free energy retained in the correct lattice posi-
tion cannot effectively constrain the ability of atoms to es-
cape from that position, resulting in a decrease in crystallin-
ity. Moreover, AFM revealed that substrate heating reduced
the surface roughness (Rq) of CdS from 41.3 nm (at RT) to
36.6 nm (at 150 °C). A further increase in temperature had al-
most no effect on Rq, which was approximately 36.0 nm at
200 °C and 250 °C (see Supporting information Fig. S5). This
is because the concave position has a lower energy, and atoms
tend to migrate to these areas to decrease the surface energy
on the substrate (see Supporting information Fig. S6)F7.

Furthermore, the optical properties of CdS were character-
ized via ultraviolet—visible (UV—Vis) absorption spectro-
scopy (see Supporting information Fig. S7). The CdS films
deposited at RT, 150 °C, 200 °C and 250 °C were measured
to have the same band gap of approximately 2.35 eV.
However, all the films exhibit strong absorption in the
wavelength range lower than 520 nm, thereby reducing the
light absorption of the absorber layer. Therefore, a postpro-
cessing method to reduce parasitic absorption is proposed,
which will be discussed in Section 3.2.

Subsequently, Sby(S,Se); films prepared by a hydrotherm-
al method were deposited on the sputtered CdS and annealed
at 350 °C for 10 min"". The XRD results (Fig. 3a) indicate
that all the light absorber layers have orthorhombic Sb,S;
structures (PDF#42-1393). Specifically, the diffraction peaks
shift toward lower angles due to the substitution of S atoms
by Se atoms with larger atomic radii. In addition, the
Sb,(S,Se); films grown on CdS prepared at different heating
temperatures all exhibit flat and dense morphologies (Fig. 3c,
d). Notably, heating the substrate increased the average grain
size from 473 nm (RT) to 597 nm (200 °C), as shown in
Fig. 3b. This result confirms the high quality of Sby(S,Se);

(d)
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Sb,(S,Se); thin film. SEM image of a Sby(S,Se); thin film (c) grown on RT-sputtered CdS and (d) grown on 200 °C-sputtered CdS.

films grown on magnetron-sputtered CdS, especially those on
CdS prepared at a substrate heating temperature of 200 °C
(see Supporting information Fig. S8).

To understand the energy level arrangement between the
CdS and Sby(S,Se); layers, ultraviolet photoelectron spectro-
scopy (UPS) measurements were conducted to determine
their valance band maximum (VBM), Fermi level (E;), and
conduction band minimum (CBM). As shown in Fig. 4a and
b, the E; values for CdS prepared under RT (RT-CdS) and
heated (HT-CdS) conditions are measured to be —4.18 eV and
—4.17 eV, respectively, and the differences between E; and
the VBM are 2.12 eV and 1.89 eV, respectively. Thus, the
VBMs for RT-CdS and HT-CdS are calculated to be —6.32
eV and —6.06 eV, respectively, and the CBMs are —3.98 eV
and —3.71 eV, respectively. Moreover, the energy levels of
the Sb,(S,Se); absorber layer are extracted from the UPS res-
ults, with corresponding CBM, VBM, and E; values of —3.84
eV, —5.34 eV and —4.15 eV, respectively (Fig. 4c). The en-
ergy level alignment of the Sb,(S,Se); solar cell devices was
obtained (Fig.4d, e). Notably, the RT-sputtered
CdS/Sb,(S,Se); shows a “cliff’-like interface, while the heat-
prepared CdS substrate forms a “spike”-like interface with
Sby(S,Se);, with a AE of approximately 0.13 eV. Generally,
a “spike” peak with a AE. of 0.2 eV is beneficial for redu-
cing the chance of carrier recombination, which is helpful for
improving device efficiency”". Therefore, the improved band
alignment between the substrate-heated CdS and Sb,(S,Se),
can facilitate efficient carrier transport in a solar cell.
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To investigate the effect of magnetron-sputtered CdS on
the photovoltaic characteristics of Sby(S,Se); solar cells, su-
perstrate devices with a glass/FTO/sputtered CdS/Sb,(S,Se)s/
Spiro-OMeTAD/Au configuration were assembled. For the
convenience of discussion, the devices based on CdS pre-
pared at RT, 150 °C, 200 °C and 250 °C are labeled the RT
device, 150 °C device, 200 °C device, and 250 °C device, re-
spectively. As shown in the current density—voltage (J-V)
curves recorded under AM 1.5 G simulated sunlight (Fig. 5a),
substrate heating significantly improved all the photovoltaic
parameters of the device compared to those of the RT device.
In particular, when CdS was prepared at a substrate temperat-
ure of 200 °C, the PCE increased from 4.76% (RT device) to
7.53%, the short-circuit current density (Jsc) increased from
18.61 mA-cm™ to 19.41 mA-cm?, the open-circuit voltage
(Voc) increased from 608 mV to 632 mV, and the fill factor
(FF) increased from 43.60% to 61.39% (Table 1). The cross-
sectional SEM image of the 200 °C device is shown in Fig.
S11 (see the Supporting information), corresponding to thick-
nesses of ~60, 300, 100, and 70 nm for the CdS, Sb,(S,Se);,
Spiro-OMeTAD and Au back contact layers, respectively.
The improved device performance is mainly caused by the in-
creased crystallinity of CdS. A lower heating temperature is
not sufficient for better crystallization of CdS, so the im-
provement in device efficiency is lower for CdS deposited at
150 °C (PCE, 6.96%) than for CdS deposited at 200 °C.
When the heating temperature increases to 250 °C, the corres-
ponding device also shows a decrease in the PCE compared
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Sb,(S,Se); solar cell devices.

Table 1. Champion device parameters of Sb,(S,Se); solar cells grown on sputtered CdS under different heating conditions.

Condition Voc (mV) Jsc (mA-cm™?) FF (%) 7 (%) Jo (mA-cm?) n Gy, (S:cm™) R, (Q-cm?)
RT 586 18.61 43.60 4.76 9.06E—03 8.42 0.070 1.158
150 °C 608 19.17 59.71 6.96 1.29E-04 2.07 0.044 0.584
200 °C 632 19.41 61.39 7.53 8.95E-06 1.73 0.011 0.491
250 °C 624 18.49 61.51 7.10 2.66E-05 1.80 0.019 0.625

to that of the 200 °C device, with a PCE of approximately
7.1%, which is mainly caused by the decrease in the Jgc
(18.49 mA-cm™). Combined with the structural influence of
CdS (Fig. 2), we found that posttreatment with CdCl, and
high-temperature annealing at 400 °C did not cause signific-
ant changes in the morphology of the 250 °C-CdS film. This
phenomenon indicates that the CdS film prepared at 250 °C is
too stable, which is not conducive to subsequent defect pas-
sivation operations by CdCl, spin coating treatment, resulting
in enhanced light absorption of CdS and a corresponding in-
crease in parasitic absorption of the device, as shown in the
external quantum efficiency (EQE) spectra in Fig. 5d. The
statistical results of the PCE, Vy¢, Jsc, and FF further con-
firm the effect of substrate heating of CdS on improving the
photovoltaic performance of the devices (Fig. 5b, ¢, e, ).

The charge transport and recombination mechanism of the
devices were studied through a series of electrochemical char-
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acterizations. By recording the dark J-V response of the
device (Fig. 6a), it was observed that the device based on the
HT-CdS film consists of three parts from low voltage to high
voltage, namely, the Shunt resistance (Ry,) effected or leak
current region, the exponential diode behavior region and the
series resistance (R) effected region®'. The heating devices
all exhibit three distinct zones, while the RT device shows
blurred zones, indicating that the RT device has not formed a
benign diode structure due to the mismatched energy align-
ment between the CdS and Sby(S,Se); layers. In addition, the
reverse saturation current density (J;) is derived by extrapol-
ating the linear part of the log/-V curve, and the results are
listed in Table 1. The J, of the 200 °C device is found to be
lower (8.95x10° mA-cm™) than that of the 250 °C device
(2.66x10° mA-cm?) and the 150 °C device (1.29x10*
mA-cm™); in particular, it is several orders of magnitude
lower than that of the RT device (9.06x10° mA-cm?). A de-
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corresponding devices.

crease in J; indicates a decrease in the leakage current of the
device. The ideality factor (n) of the devices was also calcu-
lated according to the reported equation™ %, and the 200 °C
device showed a significantly lower value (1.73) than the oth-
er three devices, indicating that the trap-assisted recombina-
tion of the device was effectively suppressed. In fact, an n
value closer to 1 indicates a greater degree of inhibition for
trap-assisted recombination. However, for the RT device, the
n value is calculated to be 8.42. This value much larger than 2
is probably attributed to other physical effects, such as inter-
face recombination and the Poole-Henkel high field
effect’” ", which also occurs in other antimony chalcogenide
solar cell devices™". The extremely high n value indicates
the poor current rectification characteristics of the RT device,
resulting in an S-shaped J-V curve and poor device perform-
ance.

By plotting the dJ/dV vs V plot (Fig. 6b)**1, the Shunt
conductance (Gg,) of the device is derived, which corres-
ponds to the dJ/dV value at the lowest point of the curve.
Compared with the other three devices, the 200 °C device
shows the lowest shunt conductance (0.011 S-cm™) because
the substrate heating temperature of 200 °C improves the uni-
formity and coverage of the deposited CdS film. Moreover,
the series resistance (R) is obtained from the linear part of
dV/dJ against the (J+Jgc)" curve. The CdS films deposited
with substrate heating reduced the R, from 1.158 Q-cm? for
the RT device to 0.584, 0.491 and 0.625 Q-cm? for the 150
°C, 200 °C and 250 °C devices, respectively (Fig. 6¢), which
is consistent with the results obtained from the J-V curves re-
corded under illumination (see Supporting information Fig.
S12)H1. Obviously, the 200 °C device has the lowest series
resistance, combined with the lowest Gy, indicating that the
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200 °C device has an improved heterojunction quality.

J-V curves measured under different light intensity irradi-
ation conditions were used to investigate the carrier recom-
bination state in the devices. The variations in V¢ and Jgc de-
pending on light intensity are shown in Fig. 6d, e. ¢ and a are
obtained from the slopes of the lines according to the follow-

ing equations!:

kT In(1
Voc = skTind) + constant, 2)
e
Jse =17, (3)

where e, k, T, ¢ and a are the elementary charge, Boltzmann
constant, temperature, ideal factor and exponential factor, re-
spectively. The 200 °C device is calculated to have a lower ¢
value (1.30) than the RT, 150 °C and 250 °C devices, with ¢
values of 1.82, 1.49 and 1.45, respectively. An ¢ close to 1 in-
dicates the suppression of monomolecular Shockley-Read-
Hall (SRH) recombination. The smaller ¢ for devices based
on substrate heat-deposited CdS indicates that trap-assisted
recombination is effectively suppressed, especially in the 200
°C device. For o, a higher value indicates the suppression of
bimolecular recombination™’. Therefore, the higher a for the
200 °C device (0.879) than for the other three devices demon-
strates its suppressed bimolecular recombination. The above
results indicate the importance of substrate heating in improv-
ing the electron extraction ability of CdS, which is beneficial
for reducing the carrier recombination of the device.
Electrochemical impedance spectroscopy (EIS) of the
devices was conducted to characterize the carrier transport
process. Fig. 6f presents the Nyquist plots and fitting equival-
ent electronic circuit of the devices, where the R, and Rygc

DOI: 10.52396/JUSTC-2024-0048
JUSTC, 2024, 54(6): 0604


https://doi.org/10.52396/JUSTC-2024-0048
https://doi.org/10.52396/JUSTC-2024-0048
https://doi.org/10.52396/JUSTC-2024-0048
https://doi.org/10.52396/JUSTC-2024-0048
https://doi.org/10.52396/JUSTC-2024-0048

4@ : Effect of substrate temperature and oxygen plasma treatment on the properties of magnetron-sputtered CdS in solar cell Zang et al.

10° ——RT ’ 7 " RT | Rer=1.158Q.cm?
102 ——150°C ’ J / —— 150 °C| Rys -c=0.584Q-cm? .
o 08 ggg ‘(3: ’ / 44200 °C| Rygq -c=0.4910Q-cm? /
o~ T g , 1/ / ~ |—250C|R,5y .c=062500m* . //
= 10 £ =1=0.070mS-cm” | h “'E e
g 10" $ 06 G50 -c=0.044mS-cm™® / /'/ Q4 a4
i £ = cm? o/ G oA
£, £ G00-c=0.011mS-cm // A 3 = i
=10 > 045, =0.019mScm? I 7 ks Ve
.02 2 - =, - .
=10 - RT |3 g ° S
10° —— 200 °C :l“:;'v;““{_“\ u::'_":;-“ﬁ'-:"_,{ / 1 My
10 ——250°C| 00 e
-1 0 1 2 -06 -04 -02 00 02 04 0.6 0.8 0.000 0.002 0.004 0.006 0.008 0.01
Voltage (V) Voltage (V) U+ (mA™ cm?)
(d)oss (e)
0.60- 104
—
)
. 130k, T/ c
> o .
&) S RT
= RT . )
>O Linear Fit of RT é 1 // . l{gloe f(r:F't of RT
e 150°C O 11 7 a=0.857 : ) o
Linear Fit of 150 °C %D 4=0.866 | Iéggrj(r:Flt of 150 °C
A 200°C =0. ( ]
—— Linear Fit of 200 °C a=0.879 ;gg?a(r:f:ll of 200 °C
250 °C v ¢
0.30 ! Linear Fit of 250 °C a=0.876 Linear Fit of 250 °C
1 10 ) 100 1 10 100
; Light intensity (mW-cm™) Light intensity (mW-cm™)
( ) 70 (9)1 0
—a—RT —_ ° RT
601 AT —e—150°C| "5 — RT Fitted
A Sa a—2000c| 2
; N 0.8 - 200°C
A |—v—250°C . o .
501 7 \o ~ . 200 °C Fitted
A <
—_ /
S0l f N <06
= « \ )
= 304 4 \ ﬂlJ
™N R \ No4
I L 77T A ©
-
v M =
h ‘ il=z T c=1782 pS
0 ; ; . ; — 0.0

0 20 40 60 80 100 120 140

Z' (kQ)

0 2000 4000 6000
Decay Time (ps)

Fig. 6. Characterization of Sb,(S,Se); solar cell devices grown on sputtered CdS under different substrate heating conditions. Dark current results are

shown in the first row with (a) J-V curve, (b) dJ/dV versus voltage plot, and

(c) dV/dJ versus (J+Jsc) ' plot. Here, the dark J—J data were measured start-

ing at +3 V, so that (J+Jsc) ' increased to approximately 0.002 mA™-cm’. Under very high voltage conditions, the derivative increases, forming a tail at

the end of the curve. However, this does not influence the analysis by using

the well-defined linear part of the curve. The light intensity, electrochemical

characterization and carrier transport kinetics of the devices are shown next. (d) Relation between ¥V and the logarithm of the incident light intensity. (e)
Relation between Jg- and the incident light intensity. (f) Nyquist plots (under dark conditions at —0.60 V) of the devices. (g) Original data and fitted
curves of transient decay kinetics monitored at 665 nm for Sb,(S,Se); films grown on sputtered CdS at RT and at 200 °C.

corresponding to the series and recombination resistance are
extracted (see Supporting information Table S1)**.. Com-
pared with RT-CdS, CdS deposited in the substrate temperat-
ure range of 150-250 °C improves the electrical properties of
the device to varying degrees, especially CdS deposited at
200 °C, which decreases the R, from 34.0 Q to 8.3 Q and in-

creases the Rppe from 2.736 kQ to 128.58 kQ. This result in-
dicates that the improved CdS layer promotes effective carri-
er transport within the device and reduces electron-hole re-
combination.

To further explore the effect of substrate heating condi-
tions on carrier transport dynamics, we performed transient
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absorption spectroscopy (TAS) characterization*". Here,
time-resolved transient spectra in the range of 0-8000 ps were
recorded. A 410 nm pulse laser was used to illuminate the
FTO/CdS/Sby(S,Se); samples containing RT-CdS, 150 °C-
CdS, 200 °C-CdS and 250 °C-CdS. According to the TAS
maps in Fig. S13 (see the Supporting information), two ab-
sorption peaks near 450 and 650 nm are detected, which are
characteristic of CdS and Sb,(S,Se);"". Positive signal and de-
cay behavior are detected at wavelengths larger than 550 nm,
providing information on carrier transport dynamics. The de-
cay kinetics of the four films at a wavelength of 665 nm were
extracted (Fig. 6g, Fig. S13b, c), and the kinetics curve was
fitted by a biexponential decay model*!. The fitting results
indicate that the carrier decay of the 200 °C-device is faster,
with an average decay time of approximately 1782 ps, while
increasing to 3482, 1994 and 2773 ps for the RT-, 150 °C-,
and 250 °C-devices, respectively. A faster decay means effi-
cient electron transfer processes in the device, which reduces
the probability of hole-electron recombination.

3.2 Effect of oxygen plasma treatment

Furthermore, prior to the deposition of Sb,(S,Se);, the CdS
films underwent oxygen plasma treatment (OPT). This treat-
ment has been reported for CdS in Sb,Se; solar cells, and its
effect on the surface roughness of CdS and the growth of
Sb,Se; grains has been studied*. However, in this work, we
achieved a reduction in parasitic absorption by treating CdS
with oxygen plasma and increasing the Jyc of the device. For
solar cells with CdS as the electron transport layer, parasitic
absorption has always been an important factor affecting
device performance improvement. In particular, when the ab-
sorber layer contains Se, the annealing process causes Se to
diffuse into the CdS layer to form a CdSe interfacial layer
with a narrow bandgap (1.7 eV), further intensifying parasitic
absorption . We validated this viewpoint by depositing
Sb,(S,Se); films with different Se/S atomic ratios on CdS sub-
strates (see Supporting information Fig. S14a).

Furthermore, to explore the impact of OPT on device per-
formance, we focused on the effect of treatment time, which
is an important regulatory parameter. Combined with the in-
fluence on device performance (see Supporting information
Fig. S15), we find that an increase in the OPT time leads to an
increase in the device PCE until 15 min, while the PCE
gradually decreases thereafter. The changes in the PCE are
mainly attributed to the changes in the Jg- because the im-
pacts of OPT on the V. and FF are not significant. By re-
cording the EQE response spectrum of the devices (Fig. S14b,
¢), it was revealed that OPT reduced the parasitic absorption
of the device in the wavelength range of 300-550 nm, and the
effect became more pronounced with increasing treatment
time. When the OPT time reaches 30 min, the EQE slightly
decreases, which is probably caused by the damage of plasma
on CdS (the SEM image is shown in Supporting information
Fig. S19). This kind of damage, to some extent, leads to a de-
crease in the ability to extract electrons, resulting in a de-
crease in Jgo. The integrated current density shows a trend
similar to that of the statistics of the J-V results. The EQE
spectra of the device under optimal OPT conditions (15 min)
and the device without OPT are shown in Fig. 7b. The EQE
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results of devices based on CdS with and without OPT sput-
tering under different substrate heating conditions are also
shown in Fig. S16 (see the Supporting information). For these
devices, the EQE response in the parasitic absorption region
significantly increased, verifying the universality of OPT.

To further elucidate the changes in the surface chemical
state caused by oxygen plasma treatment, we conducted XPS
analysis. We detected SO, and SO;* on the surface of the
CdS thin film after oxygen plasma treatment (see Supporting
information Fig. S20). Since cadmium ions are the only
cations that exist on the surface, we can conclude that CdSO,
and CdSO; are formed. Previous work using O, as the work-
ing gas in magnetron-sputtered CdS in Sb,Se; solar cells re-
vealed the presence of SO,> and SO;*™. The bandgaps of
CdSO, and CdSO; are larger than that of CdS. However,
since oxygen plasma treatment is effective only for the sur-
face of CdS, only the transmittance rate is slightly increased,
but the bandgap derived from the UV—Visresults is un-
changed.

At first glance, the increased transmittance rate might be
the cause of the increase in the EQE response. However, by
comparing the effects of OPT treatment on the parasitic ab-
sorption region of the EQE and the transmittance of CdS, it is
found that the improvement in the EQE (approximately 8%)
by this treatment is much greater than that in the transmit-
tance of CdS (1%; see Supporting information Fig. S26b).
Additionally, the increase in the EQE response only occurs in
the parasitic absorption region instead of in the whole spec-
trum. Therefore, other factors should be considered in addi-
tion to the increase in transmittance. It can be inferred that the
formation of CdSO, and CdSO; reduces Se diffusion during
the absorber annealing process. Previous work has shown that
the introduction of O, into the CdS sputtering process can ef-
fectively hinder Cd diffusion due to the formation of a CdS:O
layer™. In fact, the diffusion of elements at the interface is
mutual, and the presence of oxygen at the interface can re-
duce the overall diffusion of elements during the annealing
process. As a result, the optimization of the substrate heating
temperature and posttreatment process (see Supporting in-
formation Supplementary Note 3 and Figs. S22—S26) contrib-
uted to a superior device efficiency of 8.09% (the photovolta-
ic parameters extracted from the EQE and J-V curves are
shown in Figs. S27, S28, and Table 2).

4 Conclusions

In conclusion, we demonstrate the effect of substrate heating
on sputtered CdS in Sb,(S,Se); solar cells and propose two
posttreatment methods for CdS layers. This proves that heat-
ing the substrate during sputtering results in higher crystallin-
ity and lower surface roughness of CdS. The band alignment
between CdS and the Sb,(S,Se); absorber layer is thus im-
proved, forming a “spike”-like heterojunction, which facilit-
ates carrier transport and reduces carrier recombination. In
addition, two effective methods for treating CdS are pro-
posed, and the effects of OPT are discussed in detail. The
OPT operation forms a wide bandgap of CdOCI on the sur-
face of CdS, which improves the transmittance of CdS.
Moreover, the CdOCI layer reduces the diffusion of Se from
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Table 2. Champion device parameters of Sb,(S,Se); solar cells grown on
200 °C sputtered CdS with and without oxygen plasma treatment.

Devices Voc mV)  Jsc (mA-em™)  FF (%) PCE (%)
Control-device 632 19.41 61.39 7.53
OPT-device 643 20.67 60.89 8.09

the Sby(S,Se); layer into the CdS layer, thereby reducing the
parasitic absorption of CdS. Ultimately, the Jgc and the power
conversion efficiency of the device are improved. This study
proposes effective strategies to improve the quality of CdS
electron transport materials as well as interfacial contact with
Sb,(S,Se); light absorber layers on the basis of magnetron-
sputtered CdS films, providing effective methods for improv-
ing the efficiency of Sb,(S,Se); solar cells.
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