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Taking the all-green synthesis of copper indium selenium (CIS) material as the research
purpose, we took Vitamin C (\Vc) as a reducing agent and triethylene glycol (TEG) as a
solvent to synthesize copper indium selenium(CIS) materials by solvothermal method and
hot injection method, and discussed the advantages and disadvantages of the two synthetic
methods. The dosage of V¢ used in the two preparation methods was investigated, the
process and mechanism of the chemical reaction were explained, and the thin film of the
synthesized product was prepared and characterized. The experimental results showed that
both liquid phase methods can be used to synthesize the single-phase chalcopyrite CIS
nanosheets, and the performance of the product synthesized by the hot injection method
was superior to that by the solvothermal method. The copper-poor structure Cugglngg.Se;
nanosheets with a band gap of 1.06 eV were synthesized by hot injection method. The
carrier concentration and carrier mobility of the thin film prepared by the product
synthesized by the hot injection method reached 1.08x10%® cm™ and 120.62 cm? V* S?,
respectively. The results showed that using Vc as a reducing agent, both liquid phase
methods could be applied to produce single-phase chalcopyrite CIS nanosheets, which
could achieve the universal use of V¢ in liquid phase synthesis of CIS materials. Moreover,
the products synthesized by hot injection method were more conducive to the preparation
of high-performance thin films.
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1. Introduction
It is the main direction of current energy development to realize the sustainability of

energy utilization. Promoting the efficient utilization of solar energy resources has the great
significance for the realization of the sustainable development of energy and photoelectric
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utilization is the main way to utilize solar energy resources. Among all kinds of solar cells[1-3],
copper indium selenide-based thin film solar cells has become the first choice for the integrated
development of future photovoltaic buildings due to their flexibility and low cost[4]. The current
photoelectric conversion efficiency of such solar cells has exceeded 29%][5], which has potential
research value.

The optical absorption layer is the core of copper indium selenide-based thin film solar
cells[6], and its structural properties directly affects the efficiency of photoelectric conversion of
the device[7]. To prepare ClS-based optical absorption layer with large particles and high
compactness is of great significance for improving the performance of devices[8]. The structure
and properties of CIS-based materials has significant influence on the preparation of thin films[9].
The main methods for preparing CIS-based materials include vacuum evaporation method[10, 11],
sputtering method[12-15], liquid phase method[16-19], etc. CIS-based films with large particles
can be directly prepared through vacuum methods such as vacuum evaporation and sputtering, etc,
but their stoichiometry is uncontrollable and the cost is high. Liquid phase method has become the
main method to synthesize CIS materials[20-23] due to its controllable stoichiometric ratio and
simple doping process. However, when CIS-based materials are synthesized by liquid phase
method, the main currently used reducing agents such as hydrazine hydrate[20],
ethylenediamine[24], oleylamine[17, 25], etc[26]. are harmful, which are easy to cause
environmental pollution during the preparation of the materials. It is a great challenge currently
faced by liquid phase synthesis of CIS-based materials to avoid environmental pollution in the
preparation process.

Here, we mainly aimed at the problem that the existing reducing agents are easy to pollute
the environment in the preparation process of CIS materials. In order to realize the all-green
synthesis of CIS materials, using V¢ as reducing agent and TEG as solvent, the materials were
synthesized by solvothermal method and hot injection method to investigate whether V¢ could be
universally used in liquid phase method synthesis of CIS materials.

2. Experimental

2.1. Chemicals

Copper(I1) chloride (CuCl, 97%), indium(lll) chloride (InClz4H,0O, 99.9%), selenium
powder (Se, 99.9%), polyvinylpyrrolidone (PVP, M,, = 58,000), absolute ethanol (C,HsOH,
99.99%), and triethylene glycol (TEG, 98%) were purchased from Aladdin and used as received
without further processing.

2.2. Synthesis of CIS by solvothermal method

Firstly, 1mmol of CuCl,.2H,0 and 1 mmol of InCl;. 4H,0 were weighed and dissolved in 5
mL TEG, and they were stirred at a rate of 600 r/min at 60 °Cfor 30 min until completely dissolved to
obtain cationic precursor. Secondly, a certain amount of V¢, 0.10 g PVP and 25 mL TEG were added
into the beaker, and they were stirred at a rate of 600 r/min at 60 °C for 30 min to prepare anionic
precursor solution; after the anionic precursor solution was well prepared, the cationic precursor
solution was injected into the anionic precursor solution, and they were stirred at a rate of 600 r/min
below 80 °C for 30 min to fully mix the anionic and cationic precursor solution. Thirdly, the mixed
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solution was added into a 50 ml polytetrafluoroethylene reactor and they were put into a muffle
furnace. The temperature of the muffle furnace was increased to 300 °Cat a heating rate of 10 °Gmin
and kept for 24 h, and then the temperature was reduced to 25 °Cat a cooling rate of 10 °Gmin, and
then the reactor was taken out to obtain the target product. Finally, the obtained solution was washed
5 times in a centrifuge with absolute ethyl alcohol at the rotating speed of 9,000 r/min and the
centrifugal time of 10 min and dried for later use.

2.3. Synthesis of CIS by thermal injection method

Firstly, 1 mmol of CuCl,. 2H,0 and 1 mmol of InCl,. 4H,0 were weighed and dissolved in
5 mL TEG, and they were stirred at a rate of 600 r/min at 60 °Cfor 30 min until completely dissolved
to obtain cationic precursor. Secondly, a certain amount of V¢, 10 g PVP and 25 mL TEG were
added into the three flasks, and they were stirred at room temperature for 10 min to prepare anionic
precursor solution. Then three flasks were placed in a heating jacket, and connected to a thermal
reaction reflux device, into which nitrogen was continuously introduced at a rate of 0.15 L/min after
vacuuming and nitrogen introduction were operated alternately for 5 times, and the solution was
heated to 260 °C while stirred at a rate of 600 r/min so that selenium powder was fully dissolved.
Thirdly, the cationic precursor solution was rapidly injected into the anionic precursor solution at
260 °C, and the anionic precursor solution was refluxed at 250 °Cfor 1 h to obtain the target product.
Finally, the obtained solution was washed 5 times in a centrifuge with absolute ethyl alcohol at the
rotating speed of 9,000 r/min and the centrifugal time of 10 min and dried for later use.

2.4. Preparation of CIS thin films

First, the synthesized CIS was prepared into a spin-coating solution with a concentration
of 0.05 g/ml in anhydrous ethanol and ultrasonically dispersed for 40 min at a frequency of 40 kHz,
a temperature of 30 °C, and a power of 300 W. Then, the FTO conductive glass (5 x 5 cm?) was
ultrasonically cleaned with acetone and absolute ethanol and then dripped into the spin coating
solution. It was accelerated to 150 rpm by a spin coater (MSC-400B, Mycro Technologies) at an
acceleration rate of 10 r/min’ for 3 min. Finally, the conductive glass was transferred to a hot plate
(ZRX-27785, Beijing Zhongruixiang Technology Co., Ltd.) and baked at 30 ‘C for 5 min. The
above process was repeated 3 times. After the films were prepared, the film and 0.2 g of selenium
powder were added into a tubular furnace with a 6x100 cm?® quartz tube. The temperature was
raised to 550 C at a heating rate of 5 ‘C/min, and selenylation was carried out at this
temperature for 30 min under Ar gas protection at a flow rate of 0.15 L/min.

2.5. Materials characterization

XRD patterns were obtained using an X-ray powder diffractometer (XRD, Bruker D8
Advanced, Germany) with Cu Ka radiation at 40 kV and 40 mA. The microstructures and
elemental composition of the products were characterized using scanning electron microscopy
(SEM, JSM 7800F, Japan) and their respective energy-dispersive spectra. The UV-Vis-NIR
spectra of CulnSe, thin films from 400 nm to 1500 nm were collected with a UV-Vis-NIR
spectrophotometer (UV-3600, Shimadzu, Japan). Hall measurements were performed using a
physical property measurement system (PPMS, Quantum Design PPMS-9, America).
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3. Result and discussion

3.1. Effect of V¢ dosage on product synthesis

Fig. 1 shows the XRD patterns of the products synthesized by the two methods at different
Vc dosage. As can be seen from Fig. 1 (a), when the dosage of V¢ was 0.10 g, the diffraction
pattern contained strong diffraction peaks at 20 = 26. 57°, 44.23° and 52.39°, which are consistent
with the main characteristic diffraction peaks of chalcopyrite-phase CulnSe, (JCPDS:40-1487) on
(112), (220) and (312) crystal planes. There are four weak diffraction peaks at 26=28.11°, 31.10°,
46.05° and 50.01° were consistent with the main characteristic diffraction peaks of CuSe
(JCPDS:34-1071) on (102), (006), (110) and (108) crystal planes. Therefore, when the dosage of
Vc was 0.10 g, the main phase composition in the synthesized product was chalcopyrite-phase
CulnSe, (JCPDS:40-1487). There was also one impurity phases of CuSe (JCPDS: 34-1071). When
the dosage of Vc was increased to 0.20 g, the phase composition of the product was basically
CulnSe,, but there was a very weak characteristic diffraction peak of CuSe on (112) crystal planes
at 20=28.11°. When the dosage of V¢ was increased to 0.25 g, the characteristic diffraction peaks
of CuSe disappeared completely, and the weak diffraction peaks appeared at 26=27.68°, 30.87°,
41.91°, mainly on (103), (200), (105/213) crystal planes of CIS, indicating that a single-phase
chalcopyrite CulnSe, with good crystallinity was prepared. In Fig.1 (b), when the dosage of Vc
was 0.1 g, the main phase component of the products was chalcopyrite-phase CulnSe,, with a
small amount of CuSe impurity phase. When the dosage of V¢ as 0.15 g, the characteristic
diffraction peak of CuSe was weakened. When the dosage of V¢ was 0.20 g, the diffraction of the
characteristic diffraction peak of CuSe completely disappeared, and a single-phase CulnSe, was
synthesized. When the dosage of V¢ was increased to 0.25 g again, the diffraction peak intensity
and peak width of the product had no obvious difference compared with that of 0.20 g Ve,
indicating that when the dosage of V¢ exceeded 0.20 g, the dosage of V¢ had little effect on the
phase composition and crystallinity of the product.
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Fig. 1. XRD patterns of synthesized products by (a) solvothermal method and (b) hot injection
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mmol of CIS material, the demand for V¢ dosage by solvothermal method should be no less than
0.25 g, while that by hot injection method no less than 0.20 g. Then increasing V¢ dosage again on
this basis would not have great influence on the phase composition and crystallinity of the product.
The reason why the demand for V¢ dosage in solvothermal method was greater than that in hot
injection method, it may be that the solution in solvothermal method was static during the reaction
process, which cannot make the reducing agent effectively act on the whole reaction space, resulting
in insufficient local reaction, and thus increasing the demand for reducing agent dosage.

3.2. Characterization of CIS nanosheets

According to the discussion in 3.1, CIS was synthesized though two methods with the best
V¢ dosage respectively (the samples synthesized by solvothermal method and hot injection method
were called sample 1 and sample 2 respectively), and the phase structure and composition of the
synthesized products were characterized as shown in Figs. 2, 3 and 4.

Figs. 2 (a) and (b) are XRD original and partial enlarged patterns of sample 1 and sample 2,
respectively. As can be seen from Fig. 2 (a), the phase composition of the two samples was the
single-phase chalcopyrite CIS with good crystallinity without other impurity phase. To further
understand the crystallinity of the samples, the main characteristic diffraction peaks of the two
samples at 20=26. 57° were enlarged as shown in Fig. 2 (b). The half-peak width of characteristic
diffraction peak of sample 1 was narrower. This indicated that CIS synthesized by solvothermal
method had better crystallinity. But the crystallinity of the two samples was not significantly
different although sample 2 was slightly worse than sample 1 in half-peak width.
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Fig. 2. XRD patterns of sample 1 and sample 2: (a) Original pattern, (b) Partial enlarged pattern.

Figs. 3 (a) and (b) are SEM images of sample 1 and sample 2, respectively. It can be seen
that the particle morphology of sample 1 and sample 2 were both nanosheets. For sample 1, there
were larger particles with the particle size of up to more than 20 um, and it also has a large number of
fine particles with the particle size of basically about several microns, resulting in a smaller average
particle size of about 10 um, and poor uniformity of particle size distribution. For sample 2, there
were no extremely large or small particles in its particle size distribution with the average particle
size of up to about 13 um. So sample 2 was better than the uniformity of particle size distribution of
sample 1.
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Fig. 3. SEM images of (a) sample 1 and (b) sample 2.

The EDS elemental maps were used to measure the atomic content of the sample 1 and
sample 2, the results are shown in Fig. 4. The molar ratios of Cu, In and Se in sample 1 were 27.10%,
23.61% and 49.29%, respectively, which corresponded to a chemical formula of Culngg;Se; gy, it
basically consistent to the proportion of atomic ratio of 1:1:2 in CIS chemical formula but formed
CIS with copper-rich structure. The molar ratios of Cu, In and Se in sample 2 were 23.31%, 24.55%
and 52.14% respectively, which corresponded to a chemical formula of Cugglngg4Se,, it closer to the
theoretical ratio of the three atoms in CIS chemical formula and formed CIS with copper-poor
structure. Although the copper-poor property was not as good as the copper-rich property in
promoting grain growth and film compactness, it was beneficial to inhibit the generation of Cu,.Se
in the phase[7]. The presence of Cu,.,Se in the absorption layer of photoelectric devices would
reduce the separation of photoelectric carriers, which would lead to the degradation of the interface
performance of the absorption layer[4]. Therefore, the copper-poor structure can effectively
promote the separation of photo-generated carriers and has a positive effect on improving the
voltage of the devices.
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Fig. 4. Energy-dispersive X-ray spectra of (a) sample 1 and (b) sample 2.

Discuss the advantages and disadvantages of the two synthetic methods by comparing the
properties of the two samples. According to the above analysis, although the crystallinity of CIS
nanosheets, synthesized by hot injection method was not as good as that of solvothermal method,
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but their particle size distribution was more uniform, the average particle size was larger, and CIS
with copper-poor structure was formed. The reasons for this difference may be that in the process of
solvothermal synthesis of products, longer reaction time and higher reaction temperature were more
conducive to Oswald ripening[27]and could promote crystallinity, but the chemical reaction
occurred gradually with the increase of temperature and the advancement of time, so the crystal
gradually nucleated and grew up in the early stage of the reaction to produce larger particles, and
smaller particles would be produced in the late stage of the reaction due to the lack of growth power,
resulting in not uniform particle size distribution of nanosheets. The synthesis of CIS by hot
injection method involved cation injection at a specific temperature, instantaneous and intense
chemical reactions would be formed with a large number of explosive nucleation, which was
conducive to improving the uniformity of particles but not conducive to the growth of crystals.
However, due to the low reaction temperature and short reflux time, the crystals did not have enough
temperature and time to carry out Oswald ripening[27], so that the crystallinity of the crystals was
poor.

3.3. Process and mechanism of chemical reaction

Vitamin C has 4 -OH groups in its molecular formula, which showed strong reducing in
TEG at high temperatures, so that selenium powder was reduced and participated in the chemical
reaction. The specific chemical reactions are as follows:

2Se+2e —2Se +e —>Se” +Se” (1)
Cu* +e" »>Cu’ (2)
Cu® +Se*” — CuSe @)
CuSe+In* +Se™ +2e~ — CulnSe, (4)
Cu' +In* +2Se*” — CulnSe, (5)

Vc and TEG showed strong chemical reducibility under the action of high temperature,
causing Se powder to undergo chemical reaction (1), producing Se*and Se". Similarly, due to the
strong chemical reduction power promote Cu?* to be reduced to Cu”, resulting in the occurrence of
chemical reaction (2). Because the chemical bond of In-Se is stronger than that of Cu-Se[28], under
the condition of the coexistence of In**, Cu** and Se”, CuSe was formed firstly[7] and chemical
reaction (3) occurs. Then CuSe reacted with In* and Se as shown in reaction (4), generating CIS
and undergoing phase transition from CuSe to CulnSe,. At the same time, there were also chemical
reactions (1), (2) and (5), which directly generated CIS without phase transition from CuSe to
CulnSe,. However, when the V¢ content is too low, the overall chemical reduction ability will be
weak, which is insufficient to provide enough reduction power for Cu*, so that there is a large
amount of Cu?" in the reaction solution. As a result, the chemical reactions of (4) was insufficient,
and there was impurity phase CuSe in the target products, which also explained the phenomenon in
3.1 that CuSe would exist in the product when the dosage of V¢ was too low.
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3.4. Surface structure and photoelectric properties of thin films

Sample 1 and Sample 2 were prepared as thin films (the thin films prepared by Sample 1 and
Sample 2 were called thin film 1 and thin film 2 respectively) and characterized. Fig. 5(a) and (b)
show the surface SEM images of thin film 1 and thin film 2 respectively. It could be seen that there
were more raised film boundaries in film 1, resulting in a large number of film defects, and the
formed film surface was rougher. Compared with film 1, film 2 had fewer raised film boundaries on
the surface, and the continuity of the film was better, forming a relatively dense CIS film. From the
enlarged view of the part of the film, the size of the particles forming the film increased compared
with that before the film was prepared, and the thickness of the nanosheet also increased. This might
be caused by selenylation, which was conducive to promoting ion diffusion and crystal growth[8].

(@) (b)
Fig. 5. Surface SEM images of (a) thin film 1 and (b) thin film 2.

The light absorption characteristics of the thin film were tested by a UV-vis—NIR
spectrophotometer, and the band gap of the material was deduced according to Tauc’s formula as
shown in Fig. 6. It could be seen that the absorption value of both films increased slowly from 1,200
- 900 nm, and increased sharply from 900 - 400 nm, which shows good absorption in both visible
and near-infrared regions. They conformed to the optical absorption characteristics of CIS films, but
the absorption of film 2 in visible region was slightly better than that of film 1. As can be seen from
Fig. 6 (b), the band gap of thin film 1 material and thin film 2 material were 1.08 eV and 1.06 eV
respectively. In comparison, the band gap of thin film 2 material was closer to the theoretical value
of 1.04 eV[29], but the values of both thin film materials were greater than the theoretical value,
which might be caused by internal defects of the materials. This also showed that the internal defects
of the film 2 material were less than those of the film 1.
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Fig. 6. (a) UV~vis—NIR absorbance spectra and (b) Tauc polt of two thin films.

Table 1 shows the electrical performance parameters of the thin films. It can be seen that
both the thin film 1 and the thin film 2 display characteristics of the P-type semiconductors. The
electrical resistivity, carrier concentration and carrier mobility of film 1 were 52.4 cm, 8.47 x 10"
cm™ and 90.43 cm? V' S, respectively and those of film 2 were 34.79 cm, 1.08 x 10* cm™ and
120.62 cm®V'S™, respectively. Comparatively, the electrical resistivity of the thin film 2 was lower,
its carrier concentration and carrier mobility were higher. More importantly, the carrier
concentration of the thin film 2 reached 10, which met the requirements for preparing the
photosensitive layer of high-performance photoelectric devices[25].

Table 1. Electrical performance parameters of two thin films.

. . Electrical resistivity/ | Carrier concentration/ | Carrier mobility/
Film name Conductivity 3 21 e
Q-cm cm cm V=S
Thin film 1 52.24 8.47x10% 90.43
Thin film 2 34.79 1.08x10% 120.62
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According to the above analysis, compared with film 1, film 2 had higher surface
compactness, fewer defects, the band gap of the material was closer to the theoretical value, and its
three main electrical performance parameters were also better than those of film 1. This showed that
the CIS material synthesized by hot injection method was more suitable for the preparation of thin
films. The reasons for the above differences may be as follows: Firstly, the CIS material synthesized
by hot injection method had a larger average particle size and a more uniform particle size
distribution, which was more conducive to the formation of a film with uniform interior and smooth
surface during the film preparation process, and can effectively avoid the generation of internal
defects of the film[8]. Secondly, the band gap of CIS material synthesized by hot injection method
was closer to the theoretical value, which proved that the material had fewer internal defects. More
importantly, the material formed a copper-poor structure. For chalcopyrite CIS, fewer internal
defects of the material and the properties of copper-poor structure were more conducive to
promoting the separation and migration of photo-generated carriers[30, 31]. The 2 reasons might
lead to the photoelectric properties of the thin film 2 being better than those of the thin film 1.

4. Conclusions

1) Using Vc as a reducing agent, single-phase chalcopyrite CIS nanosheets can both be
synthesized by solvothermal method and hot injection method. However, In the process of
synthesizing 1 mmol of CIS material, the demand for V¢ dosage by solvothermal method should be
no less than 0.25 g, while that by hot injection method no less than 0.20 g.

2) Compared with solvothermal method, the CIS nanosheets synthesized by hot injection
method had fewer defects and more uniform particle size distribution. CIS nanosheets with
copper-poor structure with a band gap of 1.06 eV and chemical formula of CugglngesSe, were
synthesized, whose average particle size and thickness were about 15 um and 0.9 um respectively.
CIS nanosheets synthesized by hot injection method were more conducive to the preparation of CIS
thin films with high performance. The carrier concentration and carrier mobility of the thin films
reached 1.08 x 10 cm™ and 120.62 cm® V™' S™, respectively.

3) The phase transition from CuSe to CulnSe, was observed in the chemical reaction of
synthesizing CIS materials in this experiment. When the dosage of reducing agent could not meet
the minimum requirement of chemical reaction, the product would have impurity phase due to
insufficient phase transition.

Based on the above conclusions, using V¢ as the reducing agent and triethylene glycol as the
solvent, the solvothermal method and the hot injection method can not only be utilized to prepare
single-phase chalcopyrite CIS materials, but effectively avoid the environmental pollution caused
by the existing reducing agents during preparation, reaching the purpose that \Vc can be commonly
used in the liquid phase synthesis of CIS materials.
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