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Abs ) ttering followed by post annealing is extensively used for fabrication of copper
indi gallium selenide (CIGS), copper zinc tin sulfide (CZTS) and copper zinc tin sulfur
selenide (CZTSSe) thin film solar cells. In this work, S as an emerging alternative absorber
was fabricated by an effective combination reaction of annealing sputtered Sb metallic
precursors under Se vapor. Self-assembled growth &eStiin films consist of large grains

that across the whole films have been successfully fulfilled via this combination reaction.
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ShSe thin films with desired orientation, stoichiometric composition and high-quality
Sh,Se/CdS heterojunction could be achieved once a proper selenization scenario was
employed. Further, by selecting Sb films as precursors, the thickness of interfacigl MoSe
located at the back-contact region can be well controlled, leading to a significant enhancement

in fill factor (FF) of the devices. This is in good accordance with our DFT simulation results

%dynamically
solar

Fesents the highest

which demonstrated Se vapor would be prone to react with the Sb latjg

and thus limiting the thickness of the Me3&yer. Finally, a champion $Be:

cell with power conversion efficiency of 6.15% was achieved, whié

efficiency of sputtered $Beg solar cells. @

1. Introduction

Thin film photovoltaics has been developed i(’du the last decade as the power
conversion efficiencies (PCE) of state-of&@ film solar cells have already caught up
a

with that of crystalline silicon sola @ pum telluride (CdTe) is one of the most well-

developed thin film technologies due Wits high device efficiency and low cost. However, the
toxicity of Cd might hinder& application since trends are moving to abundant and non-

toxic materials for thj tovoltaics. Antimony selenide %) is regarded as an

emerging non-t aynative absorber material to CdT&56ks also a binary compound

with only oge st&gle®hase. Further, it possesses excellent optoelectronic properties such as

ideal o@b dgap (1.2 eV), high absorption coefficient {>¢t0') and decent carrier
~10 C

mobi mV-1s1) 146 Moreover, the elemental compositions of Sh and Se, are both non-
toxic'and earth-abundant, suggesting a bright future g8ephotovoltaic for high-efficiency
performance and low-cost manufacturing.

Sh,Se crystals are composed of one-dimensional$&), ribbons stacking vertically on

the substrate via strong covalent Sb-Se bonds whilst in the [010] and [100] directions the

ribbons are bonded together by weak van der Waals férdesotogenerated carriers are



believed to be able to travel along the one-dimensional vertically oriented ribbons effectively.
On the other hand, carrier transport would be much more difficult in the horizontal directions
such as [010] and [100] since the carriers would have to hop across the barriers between ribbons.
Therefore, crystal orientation has become an essential issue in high-efficigBeytBin film

solar cell fabrication. Various thin film deposition techniques have been applied to fabricate

highly optimized SgSe; absorber layer, such as solution metldd,thermal gvaglratiai, 12
151 vapor transport deposition (VT8 close spaced sublimatio and
sputtering?! 22 To date, the highest PCE of .Sk thin film solar cell substrate and

superstrate configurations are 9/2@nd 7.6%416] respectivel& S and VTD methods

were utilized to tune the crystal orientation and cry [tf theS&labsorber layer
precisely. Interface engineering was also conducted 4 vices as attempts have been
made by introducing additional buffer layers jvate defects at the heteroj@nttid.

role in SBSe photovoltaics.

However, it is widely accepted thaQ&lig t absorber layer still plays the most important

Among the above-mentiNeposition techniques, magnetron sputtering is a well-
established approach tha@n extensively utilized in preparation of conventional efficient
thin film solar cell ch copper indium gallium selenide (CIGS), copper zinc tin sulfide
(CZTS)and ¢ inc tin sulfur selenide (CZTS%e¥f! Unlike other deposition techniques
that cou ibly lead to impurity introduction and material waste, magnetron sputtering has
th s of precise composition control, excellent uniformity and simple experimental
setup. o far, most of She; devices with top PCEs were fabricated by thermal evaporation,
VTD and CSS techniques. Only a few efforts have been put on the investigation of magnetron
sputtered SiSe; thin films, thus further research would enable a bench mark to be established
and provides a bright future to improve the overall performance &eSthin film solar cells.
Recently, we have reported a,Sk thin film solar cell with PCE of 6.06% fabricated via

magnetron sputtering followed by a post-selenization prdtég211]-oriented SiSe; thin
3



films with decent crystallinity were successfully prepared under an optimized selenization
scenario after sputtered from &Sk compound target. The final device presents a competitive
short circuit currentsd) of 25.91 mA/crand open circuit voltag&/§c) of 494 mV. However,
compared to other highly efficient $®& solar cells, the fill factor (FF) of this device is
relatively poor with a value of 47.7%.

Post-annealing treatment of metallic precursors is an effective appro %ate efficient
chalcogenide thin film solar cells such as CIGS, CZTSe and CZ#33el enjoys

the merit of accurate control of morphology and composition_s eously. Enhanced

crystallinity and larger grains of the absorbing thin film i achieved by careful

optimization of the annealing process. In this work, ation reaction was utilized by
annealing sputtered Sb metallic precursors under Se} ere to produce crystaBizzed Sb

In order to prepare $8e&; thin films with desireq @‘ ation and crystallinity, the selenization
process was thoroughly adjusted a %te. Self-assembled growiBeafti8h films

consist of large grains whose siz re equivalent to the thickness of the films has been
successfully fulfilled via thiswaﬁon reaction. The method has distinct advantages over
the one in our last report %morphouﬁﬁhhin films were sputtered and selenized to

produce the crystallifgd aMprber layers. Firstly, selenization of the Sb metallic precursor would

facilitate de% ntrol of the thin film key parameters such as orientation, chemical

composii rystallinity etc. Second, rather than using an expensi$e; Slioy

sp et, a more economical Sb metallic target was chosen for this work. Moreover,
the ghigkness of MoSeinterfacial layer at the back-contact region could be substantially
reduced, leading to a significant recombination inhibition at th8&MbMoSe interface thus a

great FF improvement. Finally, a champion&# thin film solar cell with PCE of 6.15% was

achieved, which represents the highest efficiency of sputtesSiSwlar cells.

2. Experimental Section



Deposition of SBSe; thin film

Sb metallic precursors were deposited using a radiofrequency (RF) magnetron sputtering
deposition system. High-purity Sb powder (>99.99%) purchased from HZAM (Belijing, China)
was ball milled for 8 hours at a speed of 300 rpm/min and then sintered to prepare a dense Sb

sputtering target (diameter of 60 mm and thickness of 2 mm) by Labox-325 SPS with a fixed

pressure of 30 KN and temperature of 350 °C. Prior to sputtering depogptio oated glass
substrates were subsequently cleaned in an ultrasonic bath usin , ethanol and
deionized water. The background pressure of the sputtering vacu ber was evacuated

was introduced into the sputtering chamber at a flow r cm. The working pressure and

below 7.0x16 Pa before the sputtering procedure commenc&C high purity (>99.999%)
sputtering power were kept at 0.5 Pa and 30 W duriw uttering process, respectively. The
sputtering duration was fixed at 60 min with gtianaditu heat treatment to obtain Sb
metallic precursor with thickness of %e y 600 nm. Post-selenization procedures were
subsequently carried out to prepar tallize®&lthin films (the details of the selenization
process will be discussed Iate\

Device fabrication %

Cadmium sulfide bUSgr layer was deposited onto the crystalliz&&3hin films using
chemical bath ition (CBD) once the selenization process was finished. Cadmium sulfate
(3Cds Qder, thiourea powder and ammonium hydroxide aqueous solution (28%)
we d from Aladdin (Shanghai, China). Cd®&@eous solution (0.015 M), thiourea
aqugou® solution (0.75 M) and ammonium hydroxide aqueous solution were subsequently
added to deionized water. The substrates were soaked into the mixed solution which was then
placed in an 80 °C water bath under continuous stirring for 9 min. The substrates were rinsed
with deionized water and dried in an oven. Indium tin oxide (ITO) thin film was then magnetron

sputtered as a window layer. The device surface was scribed into small squares with identical

area by knife and Ag electrodes were deposited onto the ITO surface via thermal evaporation
5



to form metallic contact (active area of each device = 0.1. &substrate configuration of
Mo/Sh,Se/CdS/ITO/Ag was assembled for our,Sk; solar cells. The schematic diagram of
the whole process of the S8®; thin film solar cell fabrication is illustrated in Figure 1.
Characterization of the ShSe; films and devices

Surface and cross-sectional microstructures of th&e&ilms were characterized using a

scanning electron microscope (SEM, SUPRA 55). Crystal orientations e%vere
n

studied by X-ray diffraction (XRD, Ultima-iNGuKgradiation under operatg s of 40

kV and 40 mA from 10° to 60°). Chemical compositions of the films @ analyzed using an

energy dispersive X-ray spectroscope (EDS, BRUKER Q @ ’00) equipped with the
SEM. The current density—voltag& V) curves of the SIS i were measured under 100

mW/cm? AM 1.5 G light illumination using a class AA? simulator at room temperature.

The external quantum efficiency (EQE) spec measured using a Zolix SCS101 system
and a Keithley 2400 source meter. jon electron microscope (TEM) images were taken
using a FEI Titan Cubed Themis 300 microscope. The sample for TEM imaging was

prepared by ablating the thMgfilm device using focused ion beam (FIB, FEI Scios).
Temperature-dependevisd ments were carried out using a Lakeshore 325 temperature
controller and the erafyres were swept from 350 K to 120 K in a step of 30 K. During the
measurement¥yth®ydevices were mounted inside a Janis VPF-100 cryostat and cooled with

liquid nigaeMyCoacitance-voltage-{) measurements were conducted at AC amplitude of

30V gequency of 10 kHz under a dark condition at room temperature. The DC bias
volt uring th€-V measurements was applied from -1 V to 0.3 V. Drive level capacitance
profiling (DLCP) measurements were performed with an AC amplitude from 20 mV to 140 mV
and a DC bias voltage from -0.2 V to 0.2 V. Temperature-dependent capacitance-freGuency (
f-T) measurements were carried out within the frequency range of 1 kHz to 10 MHz using the

same cryostat and cooling system as mentioned above.

Density functional theory (DFT) calculation methods
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DFT calculations were carried out using VASP5.332 with the all-electron projector
augmented wave (PAW) meth8&.34 The exchange-correlation effects were described by the
generalized gradient approximation in form of Perdew-Burke-Ern#ifhe wave functions

were expanded in a basis of plane waves with a kinetic energy cutoff of 520 eV and a density
cutoff of 900 eV. Three-dimensional 54-atom periodic supercells with (3x3x3) and (3x3x1)
unit cells were utilized for simulations of the bulk Mo and Sb systeggs, %ively. The
corresponding Brillouin zone was sampled by (3x3x3) and (2x a-centered
Monkhorst-Pack grid meshes for the bulk Mo and Sh, respect ilibrium cell

with the total energy tolerance of-4@V. The calculated stants for bulk Mo and Sb

volumes and all internal atomic positions of the supercells v&\ laxed until convergence
were 3.16 A and 4.37 A/11.59 A respectively, Wthh} ell with the experiments (3.15 A
and 4.31 A/11.27 Al8. 39 For the doped syste Mo (or Sb) atom was substituted by the

Se atom in the 54-atom supercells, parameters used are the same as for the pure bulk
system. The Se atom was modele (15 Ax15.1 Ax15.2 A) unit cell, using only the Gamma
point in k-space.

3. Results and Discussm

A schematic diagrgfg of Whole process of thgS&bthin film solar cell fabrication is

illustrated in Fiqurée{§. Herein, the important combination reaction involved with sputtered and

selenize ursors have been investigated thoroughly. Homogeneous Sb metallic
Prewalr re deposited onto Mo-coated glasses after careful optimization of the sputtering
pro Subsequently, the sputtered precursors and 0.25 g of selenium (Se) powder with high

purity (>99.99%) were separately placed into the two chambers of a vacuum tubular furnace
for selenization. The chambers were evacuated using a mechanical pump before introducing
high-purity Ar gas. During the annealing process, the working pressure and the Se powder side
temperature were kept at 5¥1Pa and 400 °C, respectively whilst the Sb precursor side

temperature and the selenization duration were carefully adjusted to obtaigSkg!8b films
7



with desired orientation and crystallinity. Both the Se powder side temperature and the Sb
precursor side temperature were ramped up to the set values at a heating rate of 20 °C/min. The
furanace was naturally cooled down to room temperature once the selenization was finished.
Substrate temperature has been proven as a crucial factor for perfecting morpholo®gof Sb

thin films in our previous repoR’] Therefore, the effect of substrate temperature on tygeSb

thin film morphology and device performance was firstly investigate b@vg the Sb

metallic side temperature from 325 °C to 425 °C. The surface morghoMNgli nd chemical

compositions of the $Be; thin films annealed at different temperature esented in Figure
S1 (Supporting Information). Apparently, the grain sizes of t Ims are increased,
indicating an evolution of crystallization and growth wi iing selenization temperature.
The films were poorly crystallized when annealed at t?I ures below 400 °C as gaall Sb
grains could be found all over the sample s fterwards, the higher temperature could
provide sufficient mobility for the &cu es to pack together and facilitate the
formation of larger Sfse; grains. As ult, $8e; grains as large as 2 um were formed when
selenization process was caNJt at 400 °C and 425 °C. The chemical composition of the
thin film annealed at 400 % close to its stoichiometric ratio (0.67). However, it can also
be found that Si% filMgnnealed at 425 °C is severely Se-poor with a Sb/Se ratio as high

as 0.73. We ltrmyte this to the excessive annealing temperature that accelerated the

Se. It is reported that weight loss would start to occur from about 423 °C

400.°CH? Annealing the substrate at 425 °C would increase the extraction rate of Se from
ShSe, leading to the formation of Se vacancy defects and thus deteriorating the device
performance. The performances of ,S& devices fabricated at different selenization

temperatures are summarized in Figure S2 (Supporting Information) and Table S1 (Supporting

Information), among them, the one selenized at 400 °C presents the highest PCE of 2.6%.



After analyzing the temperature effect, a range of selenization durations were selected to
further optimize the Si$e; thin film quality. The Sb precursor side temperature was fixed at
400 °C for each selenization scenario whilst the annealing duration was varied from 5 min to
30 min at an interval of 5 min. The SEM top-view images as well as the Sb/Se ratios of the
ShSe thin films annealed at various selenization temperatures are shown in Figure 2.

Prominent SkSe; grain size development can be observed for the range Nization duration

from 5 min to 15 min, indicating the rapid growth of,S& crystals at the stage of

selenization. Prolonged annealing treatment did not bring a notable\§ gon crystallization as

extended annealing time would deviate the thin films fr

the ShSe; grain sizes are almost constant. Moreover, it shoulg 13 @ d that insufficient or over
jometric composition, making

the samples become Se-poor or Se-rich, respectivel timal Sb/Se ratio of 0.67 could be

obtained under selenization duration of 15 mi@
XRD results of SSe; thin films f &/ various selenization scenarios are given in

Figure 3a and Figure 3b. All the s& s present a [221] preferred orientation which has been

proven to be beneficial for% transpoft.15> 16 Herein, texture coefficient (TC), an

indicator of preferred c@ientation, is applied on the (221) diffraction peak to

guantitatively inve te orientation preference along this particular direction. The TC

g

values were ¢ based on the following equ&flon

N
TCu I (i) /(i |(hikili)) o
locy "N 1 lokt)

whege B, and b are the diffraction peak intensities dik() planes in the measured and

standard XRD pattern of $Be; (JCPDS 15-0861), respectively. Large TC value of a diffraction
peak indicates preferred orientation along this particular dire@bott. shows that the
evolutions of (221) diffraction peaks (Figure 3c) and PCE (Figure 3d) of #§8=3hin film

solar cells follow the same trend where the optimized condition could be obtained once the

selenization was conducted at 400 °C for 15 min (15mps&)p Consistent with efficient
9



ShSe; thin film devices manufactured via other deposition technidfi§e's; 23lthe PCE of our
devices correlates strongly with the orientation and crystallinity of th8esShbsorber layer.

The current density-voltagd-{) curves and detailed performance parameaiéthe ShSe
devices with different selenization durations are summarized in Figure 4a and Table 1. A
competitive PCE of 6.15 % was achieved for the 15my&8&hdevice with the key device

parameters namely, short circuit current dengigy) ( open circuit voltage\ a%ctor
h

(FF) being 22.75 mA/cA 455 mV and 59.5 %, respectively. 100 device e 15min-

w bf the devices and

the main parameter boxplots of the two categories are il @ Supplementary Fig. S3.

ShSe and 20min-SiSe categories were tested to study the reprodud

From the data it is clear that insufficient and over ex nealing durations would both
bring a detrimental effect on the device performance, ternal quantum efficiency (EQE)
of the devices are provided in Figure 4b. The%sponses demonstrate a dramatic decrease
below approximately 520 nm which k&e to parasitic absorption of the CdS buffer layer.
The 15min-SkSe device presents aY#fstantially improved EQE at the visible region (400-750
nm) compared with the oNvices, implying less recombination losses both at the
Sh,Sey/CdS interface and i k fil?] We attribute this to the proper selenization process

At the longer gth'region (800-1100 nm), the photo response of the 1518& d&lvice

that not only passi&d b® defects but improved the adhesion at the heterojunction interface.
iS also fggest than that of the other devices, indicating less back interface recombination
th r @ d from the micro-voids and small grains at the M8B5&e; interface in this

part r devicét®! TheJ-V measurements were also carried out for the 15 miBeStevice

using different scanning directions (Figure 4c) and obviously there is no hysteresis between the
forward and backward scans as tiv¥ curves are overlapped perfectly. The champion device
was placed in the ambient air without any special treatment/encapsulation for over 60 days to

investigate the device stability. PCE of the device was measured every 5 days and the result is

given in Figure 4d. The 15min-ghe; sample presented an outstanding device stability since
10



only a slight performance degradation could be seen with PCE decreased from 6.15 % to 5.46
% after long-term exposure to ambient air without any intentional storage.

In order to investigate the mechanisms of the improved performance of the 15%&-Sb
device, darkl-V characteristics were carried out for both the 15migB&mand 20min-SiSe;

samples. Figure 5a shows theV curves of the two devices under dark condition. Shunt

conductance (G), series resistanRg (liode ideality factor4) and reverse gatyfatiga current
density (,) of the two devices were calculated according to the Site’s i uation
(2):

J Joexp %(\/ RI) GV J @ 2)

The shunt conductance G were obtained as 2.1 an icthe 15min-SiSe; and

20min-ShSe; device respectively by extractin@t regions of the plotg/dchgainsty
under reverse bias, as shown in E . series resis®ncan( be obtained by
extrapolating the plots ofJiHV aga Jso)! to theY-axis while the diode ideality factor
(A) can be calculated as theppe of RkT/q (Figurel*3cThe series resistance and diode
ideality factor were calculffte 8.03T* 2A=186anR=11.61T* 2 A=230
for the 15min-SkSeelin n-SiSe device respectively. The reverse saturation current
density (,) cag b®yacqred by plotting the JrfscGV) againstV-RJ (Figure 5d) and the
resulted], foNge in-SkSe; and 20min-SkBe; device are 4.3x 1®and 4.5x 168 mA/cn?,
re ct can be concluded from the above results that a suitable selenization duration
could dgeatly improve the $8e/CdS heterojunction quality of the device, as evidence by the
much smaller values df, andA for the 15min-SkSe; sample. Moreover, the proper annealing
time would also minimize the series resistance and thus enhancing the FF for the device.
The schematic diagram of the reaction and formation g8&lhin films via selenization of

Sb metallic precursors is illustrated in Figure 6. Sb metallic precursors were homogeneously

deposited onto the Mo substrate using magnetron sputtering. The surface morphology of the as-
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deposited precursor is nearly featureless with only ripple-like Sb grains can be spotted,
suggesting amorphous nature for the precursor. Once the selenization started a large amount of
Se atoms would diffuse and react with the Sb lattice to forgdesimolecules under high
temperature condition. The reaction would take place gradually towards the Mo substrate where
the Sb precursor thin film would be consumed and turned int®eStsom the surface to the

bottom of the absorber layer. As a result, it can be predicted that seleg a%aﬂon would

play a key role in the $8e; layer preparation. A short period of annealing li d not only

prevent further chemical combination of Se vapor and Sb lattice to e Mo substrate, but

leads to insufficient crystallization for the upper layer of film. Grain size
distributions of SgSe; thin films at an early stage (t = later stage (t = 15 min) of
selenization are given in Figure S4 (Supporting Infor? ¥ Obviously, the average grain size
of the SbSe thin film was significantly enh nce a proper annealing time had been
applied, which could effectively by &m Ination losses originated from the grain
boundaries.

On the other hand, excesN)rolonged annealing time would be harmful to the device

performance as well. Figgr ows the SEM cross-sectional morphology of Sb metallic
precursor selenize @ for various annealing durations. It is seen that when the precursors
were annealed§§prayelatively short period of time (t =5 min and t = 10 min), small grains and
Voids apged bottom of the absorber layer owing to shallow Se diffusion. The sample
an 5 min (Figure 7c) is composed of large grains whose sizes are equivalent to the

thic of the absorber layer. Combined with the previous XRD results (Figure 3), it is

suggested that self-assembled growth ofS8&b thin films with significantly improved
crystallinity and desired orientation have been achieved via sufficient combination reaction
between the Sb metallic precursor and Se vapor under high temperature. In addition, the sample
also shows good adhesion between the absorber layer and the back contact as no visible voids

are present at the Mo/&x®; interface. For the samples annealed over 15 min (t = 20 min, t =
12



25 min and t = 30 min), large voids can be clearly seen at the bottom of Be Blyer,
implying severe decomposition of the thin film materials due to over prolonged selenization
durations. Such poor adhesion between thgS&lhthin films and the Mo contact would
significantly downgrade the carrier extraction ability and the device performance. In sum,
highly crystalline stoichiometric $8e thin films with [221] preferred orientation was
fabricated through self-assembly via an effective combination reaction ggpr ee Sb

grains with excellent continuity across the whole absorber layer as we ved adhesion

between the SBe; thin films and the Mo contact were achieved afte | optimization of
the selenization process.

MoSe or MoS thin film layer is a common issue tha &\ extensively studied in many
chalcogenide thin film solar cells such as CIGS, C ZTSSe a3 S substrate
configurationl#0. 43451t has been reported tha@m interfacial layer between the absorber
layer and Mo substrate with appro &mss could decrease the back contact barrier to
improve the carrier transport an uce the recombination loss. However, an over-thick
interlayer will dramatically incré&gse the series resistance of the device, leading to deterioration
in PCE. Given that the o interlayer would be prone to form within those thin film
devices that are fafgicate®y via high temperature selenization or sulfurization, it is vital to
optimize the aqge Qg process to control the thickness of the interfacial layer within a desired
range. INyCrghs-sectional morphology of the champion device was characterized by TEM
(FI e investigate the formation of the MoiBeerfacial layer. A thin interfacial layer
withghigkness less than 50 nm can be clearly observed between the Mo substrate aiS#the Sb
layer. High-resolution transmission electron microscopy (HRTEM) imaging was performed at
the SBSe/CdS junction (Figure 8b) and it is obvious the heterojunction is of high quality as
smooth interface is present between theS8blayer and CdS buffer layer without abrupt
interfacial boundary. Further, lattice fringe distances of three arbitrary points a, b and c that

were randomly selected near the top, middle and bottom regions of e Bin film were
13



measured, as shown in Figure 8c-e. As can be seen from the results the distances between the
lattice lines, namely 0.284 nm and 0.315 nm, which correspond to the (221) and (211) planes
in SbSe;, are highly consistent for the three measuring points. Such a vertical preferred crystal
orientation across the whole S film would facilitate facile charge carrier transport within

the light absorber layer and thus improving the device perform@nEaergy dispersive
spectroscopy (EDS) elemental profiles were then conducted for the 15 min-

ShSe sample to compare the MoS&ickness of the two devices quany | igure 8f).

@ bund, implying the

oted that the crossover

For both devices, elemental profile crossover of Mo and Se cou

existence of MoSenterfacial layer in the two devices. It shoulg
region become broad as severe Mo and Se tails are for the 2G03aird8lices,
suggesting the thickness increase of the Md&ger d} olonged annealing time. The
over-thick MoSeg interfacial layer is believed tponsible for the poor FF of the 20 min-
ShSe device (49.8%). In additio &Ie annular dark-field scanning transmission
electron microscope (HAADF-ST quipped with EDS was performed for the champion
device and no overlap phen on could be observed between the elemental mapping results
of Mo and Se (Figure 89% that no or a very thin interfacial layer might exist between
the Mo substrate sorber layer. To further explore the effect of the iMeBacial

layer in magn uttered Sk thin film solar cells, it is important to be reminded that the

device Q lous work contained a relatively thick Mo&ger (=200 nm}?7], on the

ot Fmuch thinner MgSin film with thickness less than 50 nm is present in the
devige f this work. This prominent difference in MgShickness can be attributed to
fabrication variation of the two methods. In this project, crystallizegb&hihin film was
prepared by selenization of Sb metallic precursors under high temperature. During the
selenization process Se vapor would diffuse into the metallic precursor lattice and react with

the Sb atoms. The combination reaction took place from the sample surface towards the bottom

of the film, turning the Sb precursor into Sk compound gradually. At the early stage of
14



selenization, the upper layer of the Sb precursor would be fully consumed and begdge Sb
compound, while leaving the lower layer unaffected. DFT calculations were conducted using
VASP5.3,8L 32 with the all-electron projector augmented wave (PAW) met¥od! in this

work. When one Mo or Se atom was substituted by one Se atom in the periodic supercells, the

energy changelE was calculated as$E=EartEmo(or sb) -Ebu-Ese Which is the energy gain

with respect to the Se atom in the gas phase and the metal atoms in asel
Eoux are the total energy of the doped system and the pure meta the periodic
supercells, respectivelfyoor spyandEscare the calculated energy of (or Sb) atom in

the bulk phase and one Se atom in the gas phase, respecti{ a negative (positive) value

indicates that the substitution is exothermic (endothe r DFT calculations show that

when 1/54 Sb atoms were substituted by Se atomsi) ulk Sb, the energy change is -2.54

eV, which is 1.31 eV lower than the correspo ocess in the bulk Mo system (as shown in
Figure S5, Supporting Information) g the reaction between Se and Sb is energetically
favorable than that between Se an . As a result, Se vapor would preferentially react with

the Sb precursor during the aRgealing process, and meanwhile, hinder the reaction with Mo
substrate thus limiting the%kness. Therefore, it is logical to presume the thickness of
the MoSe interfaci er n be well controlled once a proper annealing duration is applied.
However, the n was quite different in our last work where amorpheg8s; &fin films

were us ursors for post-selenization. Excessive Se vapor would penetrate through the
S ® with ease, without being consumed and react with the Mo substrate. Moreover,
the RQoi®m part of the amorphous,S& thin film that adjacent to the Mo substrate would be
prone to evaporate under high temperature and produce even more Se vapor which could further
facilitate the formation of MoSenterlayer. As a consequence, an over-thick Ma&erfacial

layer is usually present in devices fabricated by post-selenization,8&Stmorphous thin

films, introducing severe recombination at the,&§MoSe interface and significant FF

deterioration of the device.
15



Efficiency records of planar heterojunction ,S& thin film solar cells in substrate
configuration fabricated by various techniques are summarized in Table 2. It can be seen that
our champion device with a highly interesting PCE of 6.15 % is comparable to the state-of-the-
art devices and represents the highest efficiency of sputteg&es Sblar cells. Additionally,
the competitive FF (59.5 %) of our champion device is really attributed to the ultrathin MoSe
interlayer, whose growth could be naturally hindered during the combj ati@ction of the

sputtered and selenized Sb metallic precursors.

Capacitance-voltage C{V) profiling and deep-level capacitan@filing)LCP)

s of the devices (Figure

carriers, bulk defects and

characterizations were carried out to investigate interfacia

9a). In general, th€-V measured doping densityd.) incl
interfacial defects, whilst tHeLCP measured doping d? p) only represents responses
from free carriers and bulk defe&d.Therefore, rfacial defect density of the device can
be calculated as the subtractionNg§ v The plots ofNc.y andNp_cp against the
profiling depthx can be expressed e following equations,

2 . N,

r,n
NC V,

)
)gA N, 2

Ornrr, D r,
V p p

Cs 3)

X 5. ,AIC,

r.p
wh Q:‘] are the relative permittivity of CdS and,Sh;, respectivelyNp is the doping
dengiiyof CdSA is the device ared&;o andC; are two quadratic fitting parameters derived
from theC-V curves. For the 20min-$Be; device, a gap can be clearly observed between the
Nc.v andNp, cp curves. However, the difference between the two curves is much smaller in the
15min-ShSe device, indicating lower defect density and less severe recombination at the
ShSe/CdS heterojunction for the device. This could be attributed to the properly optimized

selenization duration which could effectively passivate the interfacial defects originated from
16



dangling-bond-rich grain boundaries by producing more favorable orientation and crystallinity
for the SkSe thin film. In addition, it should be noted that from Figure 9, the 15my$&b
device possesses a wider depletion region, which might enhance light absorption and carrier
extraction ability of the device.

To further investigate the dominant recombination type of our devices, temperature-

dependent open circuit voltagésc-T) measurements were undertaken f m%to 100 K

and activation energ¥, of recombination processes of the devices e“Calculated by

extrapolating th&/oc to the Y-axis, as shown in Figure 9b. Both the déd DossE&gadnt

implying the device performance losses were d by the Schottky-Read-Hall

lower than the optical bandgap of theSdg absorber (1.2eV, E{ d from the EQE data),
recombination in the depletion regidf8.The lowerE, S} that there exists more serious
interfacial recombination for the 20 min-Sig; which might be originated from the
over-thick MoSe interfacial layer a oor adhesion between th®eshbsorber and

Mo substrate due to the large voli the Mgghinterface (Figure 7d). Electron beam-
induced current (EBIC) meaXjgements were conducted to explore the carrier collection
efficiency of the devices @i c). As expected, light areas that indicating high collection
efficiency regions Ig@gte afe Sey/CdS interfaces for the both devices. Apparently, the light
area of the 1548 device is wider than that of the 20 min,S& device, suggesting a

gion for the 15min-Si device, which is consistent with the-V

results. Furthermore, compared to the 15nf®Stevice, the 20min-SBe

devige @resents a light area with lower brightness, indicating significant carrier recombination
possibly due to excessive interfacial defects, which echoes the observation<e¥ thed

DLCP measurements. EBIC signals were scanned across the device for both the samples
(Figure 9d), the signals were normalized to the maximum value and the decay rate of the 15min-

Sh,Se; device is slower than that of the 20min,S& device over the whole device, implying

17



a substantial enhancement of the carrier collection efficiency at both the front electrode and
deep absorbets]

Admittance spectroscopy has been regarded as a useful tool to investigate defect properties
in conventional thin film solar cell characterizatidtis*’- 48lin order to get a deeper understand
of distribution and density of defects as well as defect-induced carrier recombination

mechanisms for our devices, temperature-dependent admittasf€g (me ur% were
r

conducted in the temperature range of 180 to 330 K an@A€ spectr ampion
device (6.15%, 15 min-$8eg) are demonstrated in Figure 10. Three ere distinguished
from the H* | * idlots (not shown here) that could be ascri e defect levels, denoted
as D1, D2 and D3 within our devices, which is cong gh defect characterizations of
ShSe; solar cells in literaturB8 Angular frequency p? e maximum of thed * [*H

plot was defined as the inflection point freque chC-f-T curve. The defect activation
energiesk,) were derived from the e Arrhenius plots that were linearly fitted based

on the equation:

\2 VT2 exp( k'ia) @)

where § is the attemplt- e frequeney,is the inflection point frequency aiif is the
defect activationgergWhat represents the average energetic depth of the defect relative to the

valence baf§gl majynum (VBM) or conduction band minimum (CBM)The distribution of

e ype was Gaussian fitted using the Kimerling model based on the following

equati
E() KTin 2% (5)
Vo C
N, (E( )) 4 d K (6)



whereVy is the built-in potential of the p-n junctioiis the angular frequency ahl; 2 ; His =

the defect density. The detailed defect parameters of the 15p8%&S3ind 20min-Skbe

devices are summarized in Table 3. Since oys&lthin films were subjected to overabundant

Se vapor during the selenization process due to the high vapor pressure of Se under elevated
temperature, the $8e films were slightly Se rich. DFT calculations have revealed that three

types of intrinsic defects, namely, Sb vacangy, \be, antisite and Se | er%&are

dominating within SgSe; devices that were fabricated under Se-rich grg Ry

@ ach defect level and

thus it is legal to claim that the defect types are identical forﬁ vices. Itis almost certain

A small gap of activation energy is observed between the two devicé
that D1 with lowest activation energy could be assig ects, which are shallow
acceptors that could be easily formed under Se? ironments. D2, D3 with higher
activation energies can be assigned toaBd S ts respectively, according to the DFT
simulation result§'? Although Seha ergy level, the defect ionization level is higher
than the CBM. Hence it is unlikel these defects act as recombination centers and their
impacts on the performance es of the devices are thus minimized. Siraze ¥hallow
acceptors with very low agti energy and given that the defect density is relatively low,

the contribution of dept state to the recombination losses will be limited as well. On the

other hand, e has been reported as one of the dominant defect statesSarsslar
cells[18] igh activation energy, the energy level gf &fects is quite close to the

mi ng the defects into effective trapping centers that greatly increase the
rec ation probability of charge carriers. From Table 3, it is seen that the defect densities

of D1 and D2, i.e. Wyand Sg are almost identical for both devices. However, the defect density
of D3, i.e. Sgy, of the 20 min-SkSe; device is one order of magnitude larger than that of the
15min-ShSe device. We attribute the massive antisite defects to over extended annealing
duration for the 20 min-SBe devices. Based on DFT calculations, when subjected to high

temperature, Se atoms are prone to substitute Sb atoms thermodynamically under Se rich
19



environment. Such a large amount of antisite defects with deep energy level will act as
recombination centers and significantly affect photovoltaic performance of the device.

4. Conclusion

In summary, Sfbe; thin film solar cells were fabricated by an effective combination reaction
of sputtered Sb metallic precursors. A champion device with a highly interesting PCE of 6.15 %

that represents the highest efficiency of sputteresb&lsolar cells has e%essfully
[

obtained. Self-assembled growth of,S& thin films consist of large grg xcellent

continuity across the whole films was achieved via this combiNg reaction. Highly-

well as an optimized $8&/CdS heterojunction were nder a proper selenization

crystallized SpSe; with the desired [221] preferred orientati& bmetric composition as
scenario. Moreover, by utilizing the Sb metallic preCl?o post-selenization heat treatment,
the thickness of the interfacial MoSayer betw Mo substrate andSghlight absorber

layer could be efficiently tailored. O ulatlon results further confirmed that Se vapor
would be prone to react with Sb lattice energetically, therefore an over-thick
disadvantageous Mogéayer t revalently existed in Mo substrate couplegb&lsolar

cells could be effectively ;@d As a result, the corresponding FF of our champion device
has dramatically i om a poor value of 47% (in our previous work) to 59.5 % (in this
work). In addidgn . systematic investigation of interfacial properties and defect properties

demons a suitable annealing duration is really beneficial for reducing deep defect

the device. Nevertheleds; was found to be the major obstacle for our device

buffer layers were used. Comprehensive understanding of interface engineering would be

urgently required to further improve the device efficiency in future work.
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Figure 2. Surface morphologies of the Sl& thin films with ciger lenization durations

&

15 min (c), 20 min (d), 25 min (e) and 30 min (f hled S

A\
Q}Q
N
00

SEM top-view images of Sb metallic precursor sele °C for 5 min (a), 10 min (b),
3le bar at the left bottom corner of

each figure reads 1 pm.
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Figure 3. Morphology evolutions S&hin films. XRD data of SfBe; thin films

annealed by using different s&aﬁio mperatajem@ durationdd). Texture coefficients
(TC) of (221) diffraction p%
various seIenization@ .

\
0\5

PCE() of the SkSe; thin film devices fabricated via
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Figure 4. Device performance. C &y-voltage\/x curves ), external quantum

efficiency (EQE) and integratedsc of ShSe devices fabricated by using different

of the champion device&) tability of the 15min-$8e device after 1000 h storage in

selenization durations. Curr:?t nsity-voltag®/) curves from different scanning directions

air ambient witho cialreatment/encapsulatin (

S
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Figure 5. Dark J-V characteristics -S8® and 20min-SfBe; devices. Dark-V
curves &), shunt conductan haractggationd], series resistand@ and ideality factoA

characterizationscf and re sMplration current dendjtgharacterizationsdj of the two

\Q
50
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Figure 6. Crystallization procedures of g1 thin films prepi b metallic precursor

selenization. The red scale bar at the left bottom corng
Qtlonal microstructures of,S& thin films with different selenization

Figure
cross-sectional images of Sb metallic precursor selenized at 400 °C for 5 min

SEM image reads 1 pum.

(@, in ), 15 min €), 20 min @), 25 min €) and 30 minf). The red scale bar at the left

bottom corner of each figure reads 1 pm.
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Figure 8. TEM characterization of the $he; champion oss-sectional TEM image

of the ShSe champion devicea). HRTEM image of’e &/CdS interfacelf). Lattice

fringes of three arbitrary spots a, b and sPh8esthin film in (@) performed by
HRTEM are shown ind), (d) and &ndingly. EDS elemental profiles across the

device f), HAADF-STEM image an S elemental mappigpdf the device.
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Figure 9. SbSe/CdS interfagial defeCQgharacterizations and EBIC analyses of de@es.
x

andDLCP profiling (a), te dependent open circuit voltage measurenbgnER|C

images €) and the EB ig tensity profiling) of the 15min-S§Se; and 20min- SiSe;
devices. The redﬁ ar at the left bottom corner of Figdreeads 1 pum.

S
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Figure 10. Temperature-dependent admittance analySQg e champion device. Capacitance-

frequency-temperatureC¢f-T) spectra §) and (#@ctivat

Sh,Se, device. Defect distributions of D]:)(
derived from the admittance speQ

AN

>
\Q
s

energids) (of the 15min-

d D3 ¢) of the 15min-SkSe device
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Table 1.Device performance parameters of theSghdevice with different selenization time
Samples  Voc(MV) J{mA/cm?) FF (%) Ex (%)

5 min 390 9.00 37.0 1.32
10 min 420 9.23 48.0 1.84
15 min 455 22.75 59.5 6.15
20 min 430 12.16 49.8 2.60
25 min 430 10.6 47.5 2.16
30 min 410 10.6 47.8 2.07

Table 2. Summary of planar heterojunction,Sk; solar cell Jfth ate configuration
publications by different fabricatj ds

Method Device configuration Eff (%) 3 (mAfer®) - FF (%) Ref.
Co-evad Mo/Sh,Se/CdS/ZnO/AZOIAg 4.25 7 7.11 58.15  Mai [45]
csy Mo/ ShSe/CdZn,,S/ZnO/AZO 6.71 403 25.69 64.78  Mai [23]
Spup) Mo/Sh,Se/CdS/ZnO/AZO/Ag 5 437 15.93 48 Liang [21]
Sput-Sé Mo/Sh,Se/CdS/ITO/Ag 6.0 494 25.91 47.7  Liang [27]
Sput-Sb-Se (RTP)  Mo/Sh,Se/CdS/ZnO/AZO!, 3.47 414 16.0 52 Zhu [5]
Sput-Sb-Se (NTH)  Mo/Sh,Se/CdS/I Ag 6.15 455 22.75 59.5  This work

a) Co-evaporatiorP) Closed space subljgati uttering SkBe,. 9 Sputtering SiBe; and post-selenizatioR.Sputtering Sb
and post-selenization with Rapid %c@ﬁ)uttering Sb and post-selenization with Normal Thermal Process.

Table 3.Defect pgiam®rs of the 15 min,Sk and 20 min-SiSe; devices characterized by
admittance spectroscopy

D1 D2 D3
Ea (MmeV) N, (cnT3) Ea (MmeV) N, (cnT3) Ea (meV) N (cnT3)
176 8.6x10° 528 4.3x10° 566 2.5x106
181 1.1x10% 496 3.6x10¢6 593 2.3x107
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Table of contents:An effective combination reaction involved with sputtered and selenized
Sb precursor was used for preparingSh thin film solar cells. Self-assembled growth of
ShSe with large crystal grains, benign orientation, stoichiometric composition and high-
quality heterojunction interface. A champion device with PCE of 6.15 % is comparable to the

state-of-the-art devices and represents the highest efficiency of sputtgbedsdlar cells.
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Supporting Information

An effective combination reaction involved with sputtered and

selenized Sb precursors for efficient Sise thin film solar cells

Yan-Di Lud# Rong Tant, Shuo Cheff, Ju-Guang HY Yi-Ke Lil?, Ying-Fen L3, J@g-Sheng
Liud, Zhuang-Hao Zherg Zheng-Hua Sy Xiu-Fang Ma&, Ping Far, Xi ngy
Hong-Li M&, Zhi-Gang Cheh Guang-Xing Liantf O

Figure Sl.¢Sur orphologies of the S thin films with different selenization
tegpe M top-view images of Sb metallic precuadoaind selenized at 325 °6)(

350 ), 375 °C (1), 400 °C €) and 425 °Cf(). The red scale bar at the left bottom corner of

eachTigure reads 1 pm.
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Figure S2. Current density-voltageJ{V) curves of Sk5 d&s abricated at different

&

selenization temperatures.

Figure S3.Main parameters of the 15-8®and 20-SkSe; devices
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Figure S4.Grain size distributions of $8e; thin films at the earlyGQd later stage (b)

of selenization. K
Q™
>

& %4 eV (b)-1.23 eV

Figure ematic structures of bulk Mo (a) and Sb (b) system, in which 1/54 bulk
ato ubstituted by Se atoms. The black line denotes the periodic supercell used in DFT
cal ons, and the corresponding energy change due to the substitution by Se was listed

below. The green, orange and purple balls represent Mo, Se and Sb atoms, respectively.
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Table S1.Device performance parameters of thgS&pdevices with different selenization
temperatures

Samples  Vyc.(mV) J{mAlcm?) FF (%) Ex (%)

325°C 80 7.18 27.0 0.15
350 °C 430 8.84 48.0 1.83
375 °C 420 9.74 48.2 1.97
400 °C 430 12.16 49.8 2.60

425 °C 450 11.08 48.0 2.39 6
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An over-thick MoSe; interfacial layer could be effectively suppressed

The highest PCE of 6.15 % in sputtered Si$e thin film solar cell with excellent
stability

38








