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Abstract In this work, a simple and facile one-pot oley-

lamine solvothermal synthetic method was developed to

synthesize Cu2ZnSnS4 (CZTS) nanocrystals. And the

Cu2ZnSn(S,Se)4 (CZTSSe) thin films were prepared by

selenizing CZTS nanocrystals. The obtained CZTS

nanocrystals and CZTSSe films were studied using X-ray

diffraction (XRD), transmission electron microscopy

(TEM), scanning electron microscopy (SEM), energy-dis-

persive X-ray spectroscopy (EDX), and ultraviolet–visible

spectrophotometer (UV–Vis). TEM results show that the

sphere–like CZTS nanoparticles with diameter between 12

and 35 nm are polydispersed. XRD studies indicate that the

prepared CZTS nanocrystals form kesterite crystal struc-

ture, and the CZTSSe films with kesterite crystal structure

are also obtained at the annealing temperatures of 500 and

550 �C. In particular after annealing at 500 �C for 20 min,

the CZTSSe film exhibits a smooth, uniform, crack-free,

and large-grained topography and possesses Cu-poor and

Sn-rich composition. Moreover, it shows strong optical

absorption from visible to near-infrared (IR) region, and its

optical band gap (Eg) is found to be about 1.44 eV.

Keywords Thin films; Oleylamine solvothermal; Crystal

structure; CZTS nanocrystals

1 Introduction

Earth-abundant copper–zinc–tin–chalcogenide semicon-

ductors, CZTS and CZTSSe, have received increasing

attention in recent years for photovoltaic applications due

to their excellent material properties such as earth-

abundance very low toxicity, a near-optimal direct band

gap of about 1.5 eV, and a large absorption coefficient

([1 9 104 cm-1) [1, 2]. CZTSSe solar cells were first

reported in 1996, with 0.66 % power conversion effi-

ciency for the initial vacuum-deposited devices. In 2008,

devices efficiency of 6.70 % was enabled by the vacuum-

based approaches followed by subsequent optimizations

[3]. Recently, the CZTSSe solar cells fabricated by CZTS

nanocrystals have also achieved total-area conversion

efficiency of 7.20 % [4], and the conversion efficiency of

solar cell based on CZTS has reached 9.15 % by subse-

quent optimizations [5]. At present, the highest conver-

sion efficiency of 12.60 % is found in kesterite materials

from a vacuum-free CZTS nanocrystals ‘‘ink’’ precursor

using hydrazine [6]. Up to now, most work on CZTS

based solar cells is focused on bulk thin films which are

usually deposited on a desired substrate by sputtering

[7, 8], thermal evaporation of elements [9], electrodepo-

sition [10], spray pyrolysis [11], and hot injection

[1, 4, 12], etc. However, these methods have some

drawbacks such as expensive precursors, complicated

apparatus, toxic byproducts evolved during their synthe-

sis, and relatively complex experimental conditions such

as high annealing temperature and high-vacuum systems.

Here it was present a facile one-pot oleylamine

solvothermal synthetic route for the production of CZTS

nanocrystals. The structure and morphology of the as-ob-

tained CZTS nanocrystals were characterized. The phase
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structure, morphology, composition, and optical properties

of the CZTSSe thin films fabricated by using CZTS

nanocrystals were also presented.

2 Experimental

The CZTS nanocrystals were synthesized by one-pot

oleylamine solvothermal synthetic route, and the CZTSSe

thin films were prepared by selenization of CZTS

nanocrystals. The typical synthesis of the CZTS

nanocrystals proceeded as follows: Cu(acac)2, namely

cupric(II) acetylacetonate (1.50 mmol), Zn(acac)2, namely

zinc(II) acetylacetonate (0.75 mmol), SnCl2�H2O

(0.75 mmol), and S powder (3.00 mmol) were mixed with

15.50 ml oleylamine under an inert atmosphere in a

autoclave. The mixture was subsequently stirred in a

suitable pressure and heated to 110 �C, reacted for 30 min

at this temperature. The temperature was then increased to

280 �C and kept constant for 60 min for the mixture to

fully react, allowing the nanoparticles to grow. After the

reaction, the solution was rapidly cooled down to room

temperature. At 60 �C, 10–15 ml solvent (hexane/ethanol

volume ratio = 1:1) was added to the reaction mixture to

prevent its solidification. The dispersed solution was

washed repeatedly using hexane/isopropanol (volume

ratio of 1:2) by a centrifuge. The collected CZTS

nanocrystal precipitates were dried under an argon flow

and dispersed in hexanethiol before being sonicated using

ultrasound processor to form a stable CZTS nanoink with

a concentration of approximate 80 mg�ml-1. The CZTS

nanoink was drop-casted directly onto soda lime glass

substrates and dried at moderate temperature in air for

12 h in order to form the CZTS precursor film. In drop-

casting process, several CZTS nanoink drops covered the

soda lime glass substrates, where the nanoparticles nor-

mally accumulated by self-assembling during the hex-

anethiol solvent evaporation. Subsequently, the CZTS

precursor films were fabricated into CZTSSe films by

annealing under Se vapor at mild conditions (350–550 �C
for 20 min).

The phase structures of the products were analyzed

using X-ray diffractometer (XRD, Empyrean, Cu Ka
radiation). The particle size and morphology of the

products were investigated by transmission electron

microscopy (TEM, FEI Tecnai F20) and scanning electron

microscopy (SEM, Hitachi S-4800). The compositions of

the CZTSSe thin films were determined by energy-dis-

persive X-ray spectroscopy (EDX, 11,280-47,470). The

optical properties of the films were evaluated by ultravi-

olet–visible spectroscopy (UV–Vis, Lambda 750,

PerkinElmer).

3 Results and discussion

3.1 Characterization of TEM for CZTS nanocrystals

Figure 1 shows TEM images of CZTS nanocrystals

obtained after 60 min of reaction at 280 �C. As shown, the
CZTS nanocrystals are polydispersed with particle sizes in

the range of 12–35 nm (Fig. 1a–c). Despite the non-uni-

formity in their shape and size, the morphology of CZTS

nanocrystals is mostly spherical (Fig. 1c). The individual

nanocrystals are highly crystalline as shown in the high-

resolution TEM (HRTEM) image (Fig. 1d). The measured

interplane d-spacing of*0.31 nm corresponds to the (112)

lattice plane of tetragonal (kesterite) CZTS.

3.2 XRD result

Figure 2 shows XRD patterns of CZTS nanocrystals and

CZTSSe thin films. The stick pattern of kesterite (tetrag-

onal) CZTS (JCPDS No. 26-0575) is provided for refer-

ence. XRD pattern in Fig. 2a confirms that the CZTS

nanocrystals form kesterite crystal structure and that there

are no characteristic peaks of other binary sulfide impuri-

ties (ZnS, CuxS). The average grain size calculated from

the full width at half maximum of (112) diffraction peak by

Debye–Scherrer’s formula is about 15 nm, which agrees

well with the grain size obtained from TEM images. Fig-

ure 2b shows XRD patterns of the CZTSSe films fabricated

by CZTS nanocrystals annealed at 350–550 �C. Despite
containing CuxS impure phase in the films sintered at

350–450 �C, the major XRD peaks from (112), (220), and

(312) planes of the films are visible, suggesting that the

films have largely formed the kesterite structure. With the

further increase in annealing temperature up to 500 �C, the
CuxS phase disappears and the CZTSSe film has poly-

crystalline nature with single-phase kesterite crystal struc-

tures that are tetragonal systems, which can be confirmed

by JCPDF No. 26-0575. And with increase in annealing

temperatures, the diffraction peaks slightly shift to lower

2h position, which can be attributed to the partial substi-

tution of Se ion with larger size (0.198 nm) for S ion with

smaller size (0.184 nm) [13].

3.3 Surface morphology

The surface morphologies of the selenized CZTSSe films at

350–500 �C are shown in Fig. 3. Films annealed at 350 and

400 �C (Fig. 3a, b) show a surface with voids and cracks

probably due to low annealing temperature. The sample

annealed at 450 �C (Fig. 3c) exhibits relatively regular

morphology and some visible small grains, which may

indicate incomplete recrystallization of the film. The

CZTSSe film treated at 500 �C (Fig. 3d) exhibits a smooth,
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uniform, and crack-free topography with relatively larger

grains. And it can be seen that the CZTSSe film annealed at

500 �C exhibits strong adhesion to the glass substrate from

the cross-sectional image of CZTSSe film in Fig. 4.

However, the film annealed at 550 �C (Fig. 3e) has a few

grains and pinholes, which is disadvantageous as absorber

of solar cells.

3.4 Composition analysis

Figure 5 shows the relationship between elemental com-

position of CZTSSe films measured by EDX and post-an-

nealing temperature. The composition of Se increases at

the beginning and then decreases slightly. On the other

hand, the composition of S decreases first and then

increases with annealing temperature increasing. This

suggests that high selenization temperature is beneficial to

the replacement of S by Se. It is also consistent with the

result of previous reports [13, 14]. The atomic ratios of

elemental compositions of CZTSSe films annealed at

350–550 �C are summarized in Table 1. The atomic ratios

of Cu/(Zn ? Sn) for films annealed at 350, 400, 450, 500

and 550 �C are 0.82, 0.88, 0.86, 0.96 and 0.72, respec-

tively, and those of (Zn/Sn) are 0.70, 0.71, 0.38, 0.51 and

0.66 for the corresponding temperatures. XRD results

indicate that the layers have a single-phase kesterite

structure for CZTSSe annealed at 500 and 550 �C, as

shown in Fig. 2. However, for those annealed at 550 �C,

Fig. 1 Microstructures of CZTS nanocrystals: a, b TEM images and c, d HRTEM images

Fig. 2 XRD patterns of a prepared CZTS nanoparticles and b CZTSSe films annealed at 350–550 �C
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the surface SEM image of the CZTSSe films exhibits a few

adverse cracks and pinholes to the solar cell performances.

The CZTSSe film annealed at 500 �C shows good structure

and large grain size (Fig. 4), suggesting that annealing

temperature of 500 �C is a more appropriate sintering

temperature in this experiment. Moreover, the Cu/

(Zn ? S), Zn/Sn and (S ? Se)/(Cu ? Zn ? Sn) atomic

ratios for the film annealed at 500 �C are 0.96, 0.51 and

1.01, respectively. According to the data in Table 1, the

film has poor Cu and rich Sn compositions. The elemental

compositions are close to the ideal stoichiometry. These

characteristics are helpful for improving the efficiency of

solar cells.

3.5 Optical properties

Figure 6 shows the room-temperature UV–Vis absorption

spectra of CZTSSe film annealed at 500 and 550 �C. The
films show strong optical absorption from visible to near IR

region, and its optical absorption coefficient is as high as

1 9 104 cm-1, which is in good agreement with other

reports [15, 16]. The optical band gap (Eg) determined

from the (ahv)2 versus hv plots (where a is optical

absorption coefficient, hv is the photon energy) is 1.37 and

1.44 eV at 500 and 550 �C, respectively, which are close to
reported values [17, 18]. This indicates that CZTSSe films

obtained using one-pot oleylamine solvothermal synthetic

route also have good optical properties.

4 Conclusion

A simple and convenient one-pot oleylamine solvothermal

synthetic method for the preparation of CZTS nanoparti-

cles is presented. The prepared CZTS nanocrystals have

tetragonal crystallographic structure, as shown by TEM

and XRD analysis. The CZTSSe films, prepared by CZTS

nanocrystals annealed at 500 �C for 20 min, have kesterite

crystal structure with a smooth, uniform and crack-free

Fig. 3 SEM images of CZTSSe films annealed at a 350 �C, b 400 �C, c 450 �C, d 500 �C and e 550 �C

Fig. 4 Cross-sectional SEM image of CZTSSe films annealed at

500 �C

Fig. 5 Relationship between elemental composition and post-anneal-

ing temperature of CZTSSe films
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topography, strong optical absorption characteristics

([1 9 104 cm-1), and an ideal optical band gap (1.44 eV).

The results indicate that one-pot oleylamine solvothermal

synthesis is a facile, cost effective and promising way to

synthesize absorber layer for the solar cell applications.
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