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Copper antimony selenium (CuSbSe,) has advantages of adjustable band gaps from 1.09 eV to 1.2 eV, high light ab-
sorption coefficient (>10° cm™), and low grain generation temperature (300—400 °C), which is suitable for the prepa-
ration of solar cells. However, the stable range of CuSbSe, (CASe) phase is narrow, which is inevitable to form Sb,Se;
and CusSbSe, second phase during the preparation process. In this work, selenization annealing of Sb/Cu metal layer
to prepare CASe thin films with pulse electrodeposition process was studied, and the growth mechanism of CASe film
was analyzed. Cu and Sb reacted with Se to form Cu,Se and Sb,Ses, respectively. Then Cu,Se and Sb,Se; further re-
acted to generate CASe. Since the formation temperature of Cu;SbSe, was lower than that of CASe, the preferential
formation of Cu;SbSe, led to layer separation. When the annealing temperature was too high, CASe decomposed to
form Cu;SbSe; and Sb,Se;. Additionally, by increasing the heating rate, the separation of CASe thin films was effec-
tively improved, and the CASe thin films with relatively high crystallinity were obtained at 360 °C with heating rate of
30 °C/min and selenization time of 20 min.

Document code: A Article ID: 1673-1905(2023)09-0532-9

DOI  https://doi.org/10.1007/s11801-023-3024-y

Cu(In,Ga)Se, (CIGS) thin film solar cells have high pho-
toelectric conversion efficiency with the champion labo-
ratory efficiency of 23.35%!"*. However, In and Ga ele-
ments are relatively scarce in the earth, which increases
the cost and limits its commercial development”. CuS-
bSe, (CASe) has the advantages of earth abundant compo-
sition elements, low cost, non-toxic, and environmentally
friendly. The structure of CASe crystal is two-dimensional
with orthorhombic system, covalent bond connected
within the layer and van der Waals force between layers,
which is similar to graphene and MoS,"*"\. It is reported
that Shockley-Quaythur limit efficiency of CASe is ex-
ceeded by 30%"!. Theoretical calculation showed that the
557 lone pair effect on Sb®" made it a high light absorption
coefficient, which was about 10° cm™®. Besides, the
melting point of CASe is only 480 °C, which is much
lower than that of CdTe, CIGS, and Cu,ZnSnS, (CZTS)
(1093 °C, 986 °C, and 820 °C, respectively). Micron sized
grains can be obtained at 300—400 °C"*!, whose property
can reduce the energy consumption during annealing.

At present, many studies of CASe absorber layer have
been done to improve the efficiency of CASe thin film
solar cells”*!"). WELCH et al'"*! prepared a series of CASe
films at 380 °C to 410 °C by sputtering Sb,Se;/Cu,Se. The

film grown at 380 °C has the best device efficiency of
(3.12+£0.41)%. By controlling the flux ratio of
Sb,Ses/Cu,Se sputtered to control the synthesis gradient, a
thin film solar cell with an energy conversion efficiency of
4.7% was obtained. This is the highest efficiency CASe
thin film solar cell known at present!*, which is far below
the Shockley-Quaythur limited efficiency and the cham-
pion efficiency of CIGS. The increased defect concentra-
tion caused by stoichiometric shift is one of the important
reasons for the failure to prepare high-performance CASe
thin film solar cells. It was predicted by theoretical calcu-
lation that the Cu-Sb-Se ternary system had relatively
complex compositions with seven stable ternary phases?/,
namely Cu3SbSe3, Cu12$b4Sel3, Cu3SbSe4, CASQ,
CuySbSes, CusSb,Ses and CugSbSe;. However, the latter
three CuySbSes, CusSbsSeg and CugSbSe; are not found in
nature. The phases of Cu;SbSe;, Cu,SbsSejs, Cu;SbSey,
CASe have been listed in the inorganic crystal structure
database. Due to the narrow stable range of CASe phase,
Sb,Se; and Cu;SbSe, and other second phase formed in
CASe during the annealing process, causing the defect
concentration increase. Besides, the temperature of pro-
ducing Cu;SbSe, was lower than that of CASe, the pref-
erential formation of Cu;SbSe, leads to layer separation,
which was not conducive to carrier transport.
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There are many methods to prepare CASe, such as
magnetron sputtering***), continuous evaporation!'***!,
hydrazine solution'*, pulsed laser deposition!"*****, and
electrodeposition''?"!. In the above methods, the elec-
trodeposition has the advantages of fast deposition rate
and high material utilization rate®, which can be used to
prepare CASe thin films. TANG et al'''! prepared CASe
thin films on SnO,-coated glass substrate by one-step
electrodeposition and rapid thermal annealing. The suit-
able deposition potential is determined to be about
—0.40 V. Absorption coefficient, band gap and carrier
concentration of the annealed film were tested.
ABOUABASSI et al*!! studied the influence of the an-
nealing temperature on the structural, morphological,
compositional and optical properties of CASe thin films
electrodeposited in a single step. The formation of pure
CASe phase occurs in the range 250—350 °C. From
400 °C to 500 °C, due to the partial decomposition of
CASe and the antimony losses, the formation of cop-
per-rich phases such as Cu;SbSe; and Cu;SbSe, in-
creased. However, the mechanism of phase formation of
CASe thin film and the layer separation mechanism
based on electrodeposition followed by selenization
process were not yet systematically explored.

In this work, CASe thin films were prepared by pulse
electrodeposition followed by selenization. The growth
mechanism and layer separation of CASe thin films were
studied and analyzed in detail. A series of CASe thin
films were prepared with different annealing tempera-
tures (280—420 °C), selenization time (2—50 min) and
heating rates (10—30 °C/min). The dependence of phase
composition, structure and morphology of the films on
annealing temperature and selenization time were stud-
ied. Finally, the CASe thin films with relatively simple
composition and good crystallization degree were ob-
tained.

Mo layer was deposited on soda lime glass by di-
rect-current (DC) sputtering as back contact electrode.
Then the Mo substrates were put into alcohol to ultrasonic
clean for 30 min, and then ultrasonic clean in deionized
water for 20 min. The electrolytes of Cu layer and Sb layer
used in this paper were CuSQO, solution and SbCl; solu-
tion, respectively. Wash the Mo substrate with a large
amount of deionized water, then immediately put it into
the SbCl; solution to deposit Sb layer. The deposited Sb
layer was washed with deionized water and then put into
CuSO; solution to deposit Cu layer. The pulse frequency
of Sb and Cu was set at 10 000 Hz, the pulse duty ratio
was 25%, and the pulse current density was 62.5 mA/cm’.
SbCl; solution was composed of 0.3 M SbCl; and 2.2 M
HCL CuSO,; solution was composed of 0.8M
CuSO4-5H,0 and 0.76 M H,SO,. The electric quantities of
Cu and Sb are 8C and 18C, respectively. Pulse current was
provided by GKPT-FB4-24 V/10 A pulse/DC power sup-
ply produced by Shicheng Company in Shenzhen, China.
The process diagram of electrodepositing metal Cu and
the square wave pulse current waveform used in this work
are shown in Fig.1.
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Fig.1 Schematic diagrams of (a) Cu electrodeposition
process and (b) square wave pulse current waveform

Mo/Sb/Cu substrates and selenium powder were
placed in different temperature zones of dou-
ble-temperature zone tube furnace to prepare CASethin
films. Ar gas was filled into tube furnace for 10 min to
empty the air in the pipe. The metal precursors were an-
nealed by two-step selenization process. The temperature
of Mo/Sb/Cu substrate was raised to 250 °C with heating
rate of 10 °C/min and kept at 300 °C for 10 min, then
raised to 360 °C and kept at 360 °C for 30 min. The sele-
nium was heated to 300°C with heating rate of
10 °C/min and kept at 300 °C for 50 min. After naturally
cooling to room temperature, CASe film was taken out
of the tube furnace.

The phase structure of the thin films was analyzed by
Ultima IV X-ray diffractometer (XRD) made by Rigaku
Corporation Company in Japan and Renishaw inVia Re-
flex Raman spectrometer of Renishaw Company in UK.
XRD uses Cu target as anode target, and the test angle
range is 3°—120°. The excitation wavelength of the Ra-
man spectrometer is 532 nm. The surface, cross section
and element distribution of CASe thin films were tested
by QuantaFEG250 field emission scanning electron mi-
croscope (FE-SEM) and energy dispersive spectroscopy
(EDS) of FEI company.

Fig.2 shows the XRD patterns of CASe thin films
prepared with different annealing temperatures. It can be
observed that the film annealed at 280 °C contains
monomeric Sb and Cu,Se. The diffraction peaks at
28.85°, 42.13° and 51.86° correspond to the metal Sb
(JCPDS: 85-1323), which did not react due to the insuf-
ficient temperature. The diffraction peaks at 27.21°,
45.09° and 53.32° correspond to the Cu,Se phase
(JCPDS: 88-2043), the reaction equation for the forma-
tion of Cu,Se is as follows!'")

2Cu(s)+Se(g)—Cu,Se(s). (1)

The phases of the film annealed at 300 °C includes
Cu;SbSe, (JCPDS: 85-0003), Sb,Se; (JCPDS: 89-0821),
Cu,Se, and monomeric Sb. Although the annealing
temperature was only increased by 20 °C, the intensity of
Cu;SbSe, peaks at 27.35°, 45.43°, 53.87°, and 54.04°
was strong. A few Sb,Se; peaks were also observed at
31.52° and 32.47°. The band gap of Cu-rich Cu;SbSe,
was about 0.4 eV*” with a high carrier concentration of
about 10" cm™, which would severely deteriorate the
device performance!”®. The decrease of Sb and Cu,Se
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peak intensities proved that more Sb and Cu,Se were
involved in the reaction, leading to form Sb,Se; and
Cu;SbSe,. At 300 °C, Cus3SbSe, and Sb,Se; began to
form according to the following reactions!'”!

4Sb(s)+3Sey(g)—2Sb,Ses(s), 2
3Cu,Se(s)+Sb,Se;(s)+2Se(g)—2Cu;SbSey(s). 3)

By increasing the annealing temperature to 320 °C, it
was found that CASe (200) and (013) (JCPDS: 75-0992)
was formed with diffraction peaks at 27.95° and 28.63°.
The preferred orientation of CASe was changed, and the
CASe (200) peak was stronger than the CASe (013)
peak. The main peak intensity of Cu;SbSe, at 27.35°
gradually increased, and the peaks of monomeric Sb and
Cu,Se disappear, indicating that Sb and Cu,Se reacted at
this temperature. It was also observed that the main peak
of Sb,Se; at 31.52° was enhanced, and some less intense
Sb,Se; peaks appeared at 16.95°, 33.95°, 34.21° and
46.14°. The reaction to form CASe above 320 °C is
listed as follows!'®

Cu,Se(s)+Sb,Ses(s)—2CuSbSex(s). @)

Further increasing the annealing temperature to
340 °C and 360 °C, Cu;SbSe, still dominates and the
CASe peaks at 27.95° and 28.63° are enhanced, indicat-
ing the improved crystallinity of CASe. A shift of the
preferred orientation of CASe prepared at 380 °C is evi-
dent with the appearance of CASe (002) at 11.63° and
CASe (304) at 48.94°. Moreover, part of CASe decom-
posed with the increase of annealing temperature, Sb,Se;
generated, resulting in the enhancement of Sb,Se; peak
intensity. The main peak intensity of Cu;SbSe, at 27.35°
was decreased.

The decomposition of CASe was intensified with the
increase of annealing temperature, and the selective ori-
entation changed to CASe (002) and (304), CASe (200)
and (013) diffraction peaks disappeared. The reaction of
CASe decomposition is shown below!'*!

3CuSbSe;(s)—Cu;SbSe;(s)+Sb,Ses(g)1. (5)

The saturated vapor pressure of Sb,Se; products was
large with the film annealed at and above 400 °C'*”),
which was volatilized sufficiently from the film,
inducing to form holes in the film. The holes further
exacerbated the above decomposition reaction. The
Sb,Se; was not detected in the subsequent XRD. The
diffraction peak of Cu;SbSe; (JCPDS: 86-1751) at
23.88° became very sharp, which further demonstrated
the decomposition reaction of CASe. Cu;SbSe;, with
carrier concentration of up to 10” cm™! like CusSbSe,,
would seriously deteriorate the performance of CASe
thin film solar cells.

Raman scattering spectroscopy was employed to fur-
ther analyze the physical structure of the films, as shown
in Fig.3. It can be seen that the characteristic vibrational
peaks of Sb were observed at 117 cm™ and 148 cm™, and
Cu,Se was at 260 cm for the film annealed at
280 °CP%*! With the increase of annealing temperature,
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the intensity of the vibrational peaks of Sb and Cu,Se
decreases. Sb and Cu,Se completely disappeared when
the annealing temperature increased to 320 °C.
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Fig.2 XRD patterns of thin films prepared with
different annealing temperatures (280—420 °C)

The vibrational peak of CASe was present at 206 cm™
with the temperature changed from 320 °C to 420 °CP%.
The intensity of CASe gradually increased with the in-
crease of annealing temperature, and the strongest inten-
sity of CASe was found at 360 °C. This indicated that
CASe started to be generated at 320 °C and the crystal-
linity was best at 360 °C. The vibrational peak of
Cu;SbSe, was located at 187 cm™'*2*% and started to
increase gradually with the increase of the annealing
temperature. However, when the annealing temperature
exceeds 360 °C, the intensity of Cu;SbSe, started to
weaken, and disappeared completely at 420 °C. The
temperature rises to the CASe reaction temperature, re-
sulting in the reduction of Cu;SbSe,. Besides, the vibra-
tional peak of Sb,Se; located at 251 cm™ appeared si-
multaneously at 300 °C. A fainter vibrational peak of
Sb,Se; appeared at 372 cm™ because of part of CASe
decomposed when the annealing temperature increased
to 380 °CB3!, However, The Sb,Se; peak complete dis-
appearance above 400 °C, which was attributed to its
large saturation vapor pressure. Cu;SbSe; originated
from the decomposition of CASe, and its vibrational
peak at 174 cm™ appeared at 380 °C, after which the
intensity of the vibrational peak increased rapidly with
the increase of the annealing temperature. The peaks
detected in Raman spectra were consistent with the XRD
pattern.

Fig.4 shows SEM images of CASe films prepared at
different annealing temperatures of 280 °C, 360 °C,
380 °C, and 420 °C, respectively. When the annealing
temperature was 280 °C, Cu and selenium vapor reacted
to form Cu,Se, and Sb did not participate in the reaction.
It can be observed in Fig.4(a) that the surface of the film
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is rough. The generated hexagonal Cu,Se grains embed-
ded in the film, with a diameter of about 3 um. There
was unreacted Sb under Cu,Se as shown in Fig.4(e),
owing to the metal precursor was to electrodeposit Sb
layer on Mo surface first, and Cu layer on Sb layer, Sb
was unreacted with Se at 280 °C.
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Fig.3 Raman scattering spectra of thin films prepared
with different annealing temperatures (280—420 °C)

When the annealing temperature further increased to
360 °C, the film surface became compact and the film
crystallization increased. It was worth noting that the ob-
vious double-layer structure of the film was seen from the
cross-sectional view of SEM (in Fig.4(f)). Combined with
XRD and Raman scattering spectra, the top layer of the
film was CusSbSe, and the bottom layer was Sb,Se;. As
the annealing temperature increased to 380 °C, the surface
quality of the film became worse, cracks and pores ap-
peared (Fig.4(c) and (g)). This may be due to the high
vapor pressure of Se at 380 °C. Moreover, the separation
phenomenon of the film was improved, and small amounts
of rod-like grains began to appear, indicating CASe de-
composed into Cu;SbSe;. When the annealing temperature
increased to 420 °C, a very large rod-like structure formed
on the surface of the film. Mo substrate was exposed
(Fig.4(d)), owing to CASe decomposed. Additionally, the
sublimation of Sb,Se; led to volume shrinkage and pore
formation during annealing treatment, which made the
quality of the film worse.
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Cu,SbSe,
CASe/Sb,Se,

Fig.4 SEM surface and cross sections of CASe films
prepared at different annealing temperatures: (a) (e)
280 °C; (b) (f) 360 °C; (c) (g) 380 °C; (d) (h) 420 °C

In order to study the effect of annealing temperature
on the element composition of thin films, EDS of the
samples were analyzed shown in Fig.4(e) and (f). Due to
the obvious separation of thin films, the compositions
located at blue and green boxes and all cross sections are
recorded as e-1, e-2, e, f-1, f-2 and f, respectively. The
sample compositions of Fig.4(g) and (h) were recorded
as g and h. The tested compositions of each sample were
listed in Tab.1.

Tab.1 Compositions of CASe films annealed at dif-
ferent temperatures

. Compositional ra-
Element ratio (at.%)

Sam- tio (%)
ple Se/
Cu Sb Se Cu/Sb
(Cu+Sb)
e-1 56.87 14.78 28.35 3.85 0.40
e-2 7.37 76.49 16.14 0.10 0.19
e 31.24 46.09 22.67 0.68 0.29
-1 37.42 12.96 49.62 2.39 0.98
-2 12.26 39.23 48.51 0.31 0.94
f 24.93 26.05 49.02 0.96 0.96
g 27.35 23.82 48.83 1.15 0.95
h 34.06 19.23 46.71 1.77 0.88

As listed in Tab.1, when the annealing temperature
was 280 °C (sample e), the atomic percent of Se at the
bottom of the film was only 16.14%, due to the insuffi-
cient selenization reaction at low annealing temperature.
The atomic percent of Cu/Se on the surface of the film
was close to 2: 1, and the atomic percent of Sb at the
bottom was about 76.49%, indicating the formation of
Cu,Se and unreacted Sb were existed. With the annealing
temperature increased to 360 °C (samples f-1 and f-2),
the atomic percent of Cu, Sb, and Se on the surface and
bottom was close to the chemical ratio of Cu;SbSe, and
Sb,Se;. The overall ratio of sample f was close to the
chemical ratio of CASe. With the further increase of an-
nealing temperature, the ratio of Cu/Sb gradually in-
creased to 1.77, indicated that Sb lost due to the sublima-
tion of Sb,Se; at high temperature. The above results are
consistent with the results of XRD and Raman analysis.



* 0536 *

360 °C was chosen as the annealing temperature to pre-
pare CASe.

The conclusions of phase evolution in this section
were summarized in Tab.2. From what has been dis-
cussed above, CASe compounds will be formed only
when the annealing temperature is higher than 320 °C.
The crystallinity of CASe is the highest with the anneal-
ing temperature between 360 °C and 380 °C. The tem-
perature stability range of CASe in this work was about
between 360 °C and 380 °C. In Se-rich environment, a
competitive relationship between Cu;SbSe; generation
and CASe was existed. Cu;SbSe; began to form at
300 °C. CASe would be decomposed into Cu;SbSe; and
Sb,Se; at high temperature (400 °C or above), Sb,Se;
volatilized from the film, resulting in poor surface qual-
ity of cracks and holes. The phase and crystal orientation
were changed when the annealing temperature changed.

Tab.2 Phase evolution of thin films at different an-
nealing temperatures

Annealing .
. Preferred ori-
temperature Phase composition .
. entation of CASe
49
280 Cu,Se+Sb
300 Cu;SbSe4+Sb2$eg+ —_—
Cu,Se+Sb
320
CuSbSe,+Cu;SbSes+
340 (200)
SbZSe3
360
380 CuSbSe,+Cu;SbSe;+ (200)
400 Cu;SbSes+Sb,Ses (002)(304)
420 CuSbSe,+Cu;SbSe; (002)(304)

In the previous section, there was obvious layer sepa-
ration in the CASe films. The top layer was Cu;SbSe,,
the bottom layer was Sb,Se;, and no pure CASe phase
film was formed. The stratification phenomenon was
similar to the experimental results of Ref.[19].
PENEZKO et al'"™ showed a double-layer structure film.
The results believed that the decomposition of CASe into
Cus;SbSe; and Sb,Se; led to the formation of dou-
ble-layer structure. The grains at the top of the film grew
gradually with the increase of annealing temperature and
annealing time. On the above analysis, 360 °C was se-
lected as the annealing temperature to study the effect of
selenization time on the compositions of the films.

XRD was carried out on CASe thin films prepared
with different selenization time. Fig.5 shows the XRD
patterns of thin films with selenization time of 2 min,
Smin, 10 min, 20 min, 30 min, 40 min, and 50 min.
When the selenization time was 2 min, the phases of the
film were consisted of Cu,Se, Sb and Sb,Se;. Owing to
Se permeated downward from the film surface, Se re-
acted preferentially with the top Cu layer of the metal
precursor to form Cu,Se, and then reacted with Sb under
the Cu layer to form Sb,Se;. Since the selenization time
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was short, Se vapor reacted with Sb incompletely. The
intensity of Sb and Cu,Se diffraction peaks weakened
with the selenization time prolonged to 5 min, indicating
more Sb and Cu,Se were involved in the reaction. The
main peak of Cu;SbSey at 27.43° and the peaks at 45.44°
and 53.87° began to appear, the peaks at 31.66° and
32.64° were corresponded to Sb,Se;. The diffraction
peak of CASe at 28.08° was weak. Sb,Se; formed by the
reaction of Sb with Se vapor. Cu,Se reacted with Sb,Se;
to form Cu;SbSe, in an Se-rich atmosphere. When the
selenization time was 10 min, the CASe peak increased
obviously, and the peak of Sb and Cu,Se disappeared, Sb
reacted with Se to form Sb,Se;, and Sb,Se; reacted with
Cu,Se to form Cu;SbSe, and CASe. The intensity of
CASe peak was the strongest, indicating the crystallinity
was high, when the selenization time was prolonged to
20 min. At the same time, the Sb,Se; peak at 16.98°,
33.89° and 34.31° began to appear. When the seleniza-
tion time was 30 min to 50 min, the CASe peak intensity
decreased with the increase of selenization time, indicat-
ing too long selenization time reduced the crystallinity of
CASe. In this experiment, the optimal selenization time
was set at 20 min.
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Fig.5 XRD patterns of thin films prepared with
different selenization time (2—50 min)

The samples prepared with different selenization time
were further analyzed by Raman scattering spectra, as
shown in Fig.6. The vibration peak, sample with seleni-
zation time of 2 min, at 116 cm” and 150 cm™ corre-
sponds to the vibration peak of Sb. The peak at 260 cm™
corresponds to Cu,Se. The tiny vibration peak at
250 cm™ corresponds to Sb,Ses. It is proved that the se-
lenization reaction began from the surface of the film and
gradually went to the bottom of the film. When the se-
lenization time was 5 min, the vibration peak at 188 cm’
corresponding to Cu;SbSe4 began to appear, the Sb and
Cu,Se peak became weak, and the Sb,Se; peak became
strong. However, the characteristic vibration peak at
208 cm™ corresponding to CASe was not found, due to
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the poor crystallinity of CASe and its deep position in
the film. With the extension of selenization time, Sb and
Cu,Se disappeared, Cu;SbSe4 and Sb,Se; did not change.
The CASe peak reached the strongest when the seleniza-
tion time was 20 min, and the crystallinity of CASe was
the highest, which was the same as that of XRD.

+ CuSbSe, » Cu,9bSe, #5b,5¢, *Cu,9bSe, + Sb_ YUSe

40min:,

AN 5min
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Raman shift (cm™)
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Fig.6 Raman scattering spectra of thin films prepared
with different selenization time (2—50 min)

Fig.7 shows the SEM cross sections of CASe thin
films prepared with different selenization time (2 min,
10 min, 20 min, 30 min and 50 min, respectively). In
Fig.7, the separation phenomenon of the films was more
obvious with the selenization time increase. The reac-
tions selenized 2 min and 10 min were not sufficient. The
bottom grains of the films selenized 30 min and 50 min
were fine with a lot of pores. This is because too long
selenization time led to the decomposition of antimony
selenide and the loss of selenium. The separation of the
thin films may be caused by the preferential formation of
Cu3SbSe4.

Fig.7 SEM cross sections of CASe thin films prepared
with different selenization time: (a) 2 min; (b) 10 min;
(c) 20 min; (d) 30 min; (e) 50 min

Additionally, the adhesion between the top layer and
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the bottom layer of CASe was worse than that between
the bottom layer and the Mo substrate. The tape experi-
ment based on 20 min selenide thin film was carried out.
The surface of the film was characterized by SEM and
EDS line scanning as shown in Fig.8. The yellow line
shows the edge of the tape, that is, the area on the left
side of the yellow line has been treated with tape, and the
EDS line scanning was in the direction of the red line
arrow. It can be found that the Cu content of the film on
the left side of the yellow line is low. On the right side of
the yellow line, Cu and Se contents increases, while the
Sb content decreases, indicating the film has a dou-
ble-layer structure. The top layer is copper-rich, and the
bottom layer is copper-poor, selenization reaction first
occurred on the top surface of the film.

~Cu
~—Sb
——Se

Normalized intensity (a.u.)

1 1 1 1 1 1 1 1
0 10 20 30 40
Position (um)

(b)

Fig.8 (a) SEM and (b) EDS line scan characteristic
diagrams of CASe thin film for tape experiment

From the above analysis, it can be seen that obvious
layer separation was formed during the selenization
process of CASe thin films, with the top layer of
Cu;SbSe, and the bottom layer of Sb,Se;. This not only
affects the formation of CASe, but leads to the increase
of grain boundaries and recombination centers.

In order to study the film separation, the state of metal
precursor was investigated. The precursor after electro-
deposition was heated to 200 °C with 20 min in a tube
furnace and kept for 5 min. XRD analysis was carried
out, as shown in Fig.9. In the as-deposited metal precur-
sor, there were three kinds of phases Cu,Sb, Cu, and Sb.
Among them, the diffraction peak of Cu (JCPDS:
89-2838) was the strongest, with corresponding peak
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position at 43.41° and 50.49°. There was a weak diffrac-
tion peak of Sb at 23.81° and a diffraction peak of Cu,Sb
(JCPDS: 87-1176) at 26.89°, 31.81°, 35.14°, and 45.35°.
The formation of Cu,Sb alloy may be due to the high
deposition energy during the electrodeposition process.
After the metal precursor was annealed at 200 °C, the
diffraction peak of Cu disappeared, the main peak of Sb
was sharp at 28.82°, and the half peak width decreased.
The peaks at 42.06° and 51.66° corresponded to the dif-
fraction peak of Sb. The intensity of Cu,Sb peak was
enhanced, indicating the alloy degree between Cu and Se
was increased.

Se permeates downward from the film surface,
Cu;SbSe, begins to form when the annealing temperature
is 300 °C, lower than the formation temperature of
CASe. The initial heating rate was only 10 °C/min. It
took a long time to stay in the temperature range of
Cu;SbSe, formation, which led to the separation of the
films. To improve the separation of CASe films, anneal-
ing rates were changed to 20 °C/min and 30 °C/min to
limit the formation of Cu;SbSe,.

Intensity (a.u.)

PDF#89-2838 Cu
PDF#85-1323 Sb

PDF#87-1176 Cu,Sb
015 20 25 30 35 40 45 50 55 60
20(°)

Fig.9 Comparison of XRD patterns of metal preform
after electrodeposition and heating

Fig.10 shows the XRD patterns of the films prepared
with different annealing rates. With the increase of the
heating rate, the intensity of the CASe diffraction peak at
27.95° increased gradually, and the intensity of Cu;SbSey
at 27.40° decreased obviously. The intensity of the sec-
ondary peak at 45.41° becomes very weak, and the dif-
fraction peak at 53.79° disappears at the heating rate of
30 °C/min. This is because the duration time to reach the
CASe formation temperature is shortened, the reaction
time for the formation of Cu,Sb and Cu;SbSe, is re-
duced, which is beneficial to form CASe and effectively
improve the layer separation of CASe films.

Fig.11 shows the SEM images of CASe films prepared
with different heating rates of 10 °C/min, 20 °C/min and
30 °C/min, respectively. The layer separation of the
CASe prepared with 10 °C/min was obvious. Dense and
large-grained layer was formed on the film surface, and
fine grains were formed at the bottom. The separation
phenomenon of the film prepared with 20 °C/min was
improved obviously, and the grains were more compact.

Optoelectron. Lett. Vol.19 No.9

With the increase of heating rate of 30 °C/min, the sepa-
ration phenomenon of the film was further improved and
the pores at the bottom contact were reduced, owing to
the uniform distribution of elements. Increasing the
heating rate reduced the aggregation of Cu on the surface
and obviously improved the phase separation of the thin
films. The sample quality with a heating rate of
30 °C/min was the best, and the grains were more com-
pact and uniform.

Intensity (au.)

PDF#75-0992 CuShSe,
PDF#85-0003 Cu,SbSe,

015 20 25 30 35 40 45 350 53 6
20(%)

Fig.10 XRD spectra of thin films prepared with
different heating rates (10—30 °C/min)

— ——— 4m

Fig.11 SEM cross sections of CASe thin films
prepared with different heating rates: (a) 10 °C/min;
(b) 20 °C/min; (c) 30 °C/min

In this work, selenization annealing of Sb/Cu metal
layer to prepare CASe thin films with pulse electrode-
position process was studied, and the growth mechanism
of CASe film was analyzed. Cu and Sb reacted with Se
to form Cu,Se and Sb,Ses, respectively. Then Cu,Se and
Sb,Se; reacted further to generate CASe. The preferred
orientation was CASe (200) crystal plane. When the an-
nealing temperature was too high, CASe decomposed to
form Cu;SbSe; and Sb,Ses. Since the temperature of
producing Cu;SbSes (300 °C) was lower than that of
CASe (320 °C), the preferential formation of Cu;SbSe,
leads to layer separation. By increasing the heating rate
to 30 °C/min, the separation of CASe thin films was im-
proved. Finally, the CASe thin films with relatively high
crystallinity were obtained at 360 °C with heating rate of
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30 °C/min and selenization time of 20 min.
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