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In this paper, we report a facile, low cost synthesis and characterization of kesterite

Cu2ZnSn(Sx,Se1�x)4 (CZTSSe) nanocrystals (NCs) by a two-step process involving a solution-based

precursor and a post-annealing route. The effects of different Se vaporization temperatures, ranging

from 350 �C to 550 �C, on the structural, chemical, compositional, and optical properties of CZTSSe

NCs were investigated. X-ray diffraction patterns, Raman spectroscopy, and transmission electron

microscopy results indicated that the precursor powder showed several broad peaks that could not be

assigned to Cu2ZnSnS4 (CZTS), ZnS, Cu2�xS, Sn2S3 and Cu2SnS3. However, the post-annealed NCs

with and without Se vaporization were a single kesterite CZTS phase without a secondary phase. UV-

vis spectroscopy results showed that the absorption coefficients of all the post-annealed NCs were over

104 cm�1 in the visible region, and the optical band gap energy decreased systematically from 1.46 eV to

1.14 eV with increasing Se vaporization temperatures.
Recently, kesterites Cu2ZnSn(Sx,Se1�x)4 (CZTSSe) have attrac-

ted interest as promising In- and Ga-free absorber materials for

photovoltaic applications due to their direct band gap energy of

1.5 eV, high absorption coefficient of >104 cm�1 in the visible

wavelength region, and high availability in nature, which are

superior when considering drawbacks encountered in CdTe- and

Cu(In, Ga)Se2 (CIGS)-based thin film solar cells (TFSCs).1–3 In

addition, W. Ki and H. W. Hillhouse have shown the maximum

efficiency for single junction Cu2ZnSnS4 TFSC devices (CZTS,

h ¼ 32.4%, Voc ¼ 1.21 V, Jsc ¼ 29.6 mA cm�2 and FF ¼ 89.9%)

and Cu2ZnSnSe4 (CZTSe, h ¼ 31.0%, Voc ¼ 0.71 V, Jsc ¼
51.4 mA cm�2 and FF ¼ 84.8%) using photon balance
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calculations (Shockley–Queisser style detailed balances).4

Although the CZTSSe-based TFSCs showed higher theoretical

efficiency than that of CdTe and CIGS, the practical power

conversion efficiency (PCE), approximately 10%, was achieved

using the CZTSSe absorber layer.1 Many research groups have

studied the synthesis of CZTSSe thin films, and the fabrication of

CZTSSe-based TFSCs, using a variety of physical and chemical

techniques.1 The literature survey for CZTSSe-based TFSCs

indicates that a record efficiency of 10.1% has been achieved,

using a solution-based hybrid slurry process, while vacuum-

based processes obtained a lower efficiency of 8.4% using the thin

CZTS absorber layer (�600 nm) by sulfurization of the thermally

evaporated precursors.2,3 In addition, the high vacuum physical

techniques have several drawbacks, including high cost, vacuum

requirement, temperature dependence, complicated apparatus,

and most importantly the formation of unwanted phases during

deposition processes.5–8 The industrial throughput of TFSC

devices is limited in meeting the energy demand of mankind

throughout the globe.9 Therefore, many researchers have studied

a solution-based approach, owing to a low-cost and simple

process, which includes spin coating, drop casting, doctor blade

deposition, spray pyrolysis, sol–gel and electro- and photo-

chemical deposition, in order to solve these drawbacks and

improve the power conversion efficiency of the present

TFSCs.1,10 J. J. Scragg et al. reported 3.2% of CZTS-based

TFSCs using the sulfurization of electrodeposited Cu/Sn/Cu/Zn

stacked elemental precursor thin films.11 In this research, the

uniformity and morphology of metallic stacked precursor thin
J. Mater. Chem., 2012, 22, 21727–21732 | 21727
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films were improved by introducing a rotating disc electrode

system. Recently, D. A. R. Barkhouse et al. have reported the

best conversion efficiency of 10.1% for CZTSSe-based TFSCs

using the hybrid solution–particle approach.2 Although the

CZTS-based TFSCs, using the non-vacuum approach, have

several merits and the highest efficiency record, they are limited

by various problems, such as the incorporation of undesired

impurities (carbon, oxygen, binder reminder, and solvent) and

chemical toxicity (e.g. hydrazine hydrate) for scaling up massive

TFSCs production, which needs to be addressed.1,4,12,13 Recently,

nanocrystal (NC)-based absorber thin films from solution

synthesis routes such as solvothermal, low temperature colloidal,

and the hot injection method have been found to be particularly

attractive for large-scale manufacturing due to low

manufacturing costs and the possibility of large scale and high

throughput using roll to roll TFSC fabrication processes.1 C.

Steinhagen et al. reported that the CZTS NCs can be synthesized

by a solvothermal method, at a temperature of 280 �C, for

1 hour, using oleylamine and hexadecylamine as stabilizers.14

The characteristics of CZTS-based TFSCs showed a very low

efficiency of 0.23%. Guo et al. reported the synthesis of CZTSSe

and CZTSe NCs by a hot injection solution method at a

temperature over 225 �C.15 Oleylamine or hexadecylamine has

been used to stabilize the NCs in organic solvents. The CZTS-

based TFSCs have been achieved at an efficiency of 0.8%

(0.12 cm2), using an Al/ITO/i-ZnO/CdS/CZTS/Mo/glass multi-

stacked structure. Further research on optimizing compositional

ratios using the spin coating method has resulted in the PCE of

7.2%.16 Although the shape and size of these CZTS NCs have

been found to be uniform, hazardous chemicals, such as oleyl-

amine and hexadecylamine, were required for the synthesis

process. This issue has stimulated the research community to

investigate the hazardous chemical-free solution-based process

for the synthesis of CZTSSe NCs with adequate photovoltaic

characteristics. To solve these problems, we have recently

reported a facile and low-cost synthesis of CZTS NCs by sulfu-

rization of microwave-assisted precursor powder without

hazardous chemicals. The sulfurized precursor powders were

successfully synthesized as a single kesterite CZTS structure,

without a secondary phase, yielding a grain size of �42 nm and a

direct band gap energy of 1.46 eV.12 The optical band gap energy

of CZTSSe absorber thin films is strongly related to the PCE of

CZTSSe-based TFSCs.1,17 The previous literature surveys indi-

cated the higher PCE of CZTSSe-based TFSCs with a relatively

narrow band gap energy of 1.1–1.2 eV compared to that with a

band gap energy of 1.5 eV.2 Therefore, band gap engineering of

CZTSSe absorber materials was required in order to improve the

PCE. Few reports on the band gap engineering of CZTSSe

absorber materials, using Se or Ge in the CZTS, are included; M.

Danilson and J. He et al. reported the band gap engineering of

CZTSSe absorber powder by introducing Se binary compounds

into the sintering process, and the band gap energy of CZTSSe

decreased from 1.5 eV to 0.95 eV with the decreasing content of

Se binary compounds.18,19 G. M. Ford et al. reported the

synthesis of Cu2Zn(Sn1�xGex)S4 (CZTGS) NCs from a batch

reaction in an oleylamine bath by the hot injection method.20 The

band gap energy of CZTGS NCs increased from 1.5 eV to 2 eV,

and 6.8% PCE of CZTGS-based TFSCs has been achieved at a

compositional ratio of Ge/(Ge + Sn)¼ 0.7 and a band gap energy
21728 | J. Mater. Chem., 2012, 22, 21727–21732
of 1.94 eV. Although the above-mentioned research has

confirmed the good engineering of CZTSSe-based absorber

materials, more detailed research on band gap engineering,

through the addition of Se in the CZTSSe absorber materials, is

needed in order to improve the PCE of CZTSS-based TFSCs and

to develop the low-cost synthesis process. In this paper, we report

the synthesis and band gap engineering of CZTSSe NCs

prepared using microwave-assisted precursor powders without

hazardous chemicals; the effects of different Se vaporization

temperatures on the structural, morphological, and optical

properties of CZTS NCs were investigated.

Copper(II) acetate (Cu(OAc), 99.99%), zinc acetate (Zn(OAc),

99.99%), tin(IV) chloride (SnCl2, 99.99%), thioacetamide (TAA,

99.99%) and Se pellets (99.99%) were purchased from Aldrich

and were used as received. The precursor solution was prepared

using 40 mL of 0.2 M Cu(OAc), 40 mL of 0.1 M Zn(OAc) and

40 mL of 0.1 M SnCl2. Subsequently, 40 mL of a 0.2 M TAA

solution was added, and the pH was adjusted to 7 by adding

ammonia (NH4OH) solution with constant magnetic stirring for

10minutes at room temperature. During this step, the color of the

precursor solution changed from transparent to brown-green.

After stirring for 10 minutes, the precursor solution was irradi-

ated with microwave energy, using a commercial microwave oven

(KR-B200B, Daewoo, Korea), at 700 W for 10 minutes. In the

first 6 minutes, the color of the precursor solution was not

changed. After 6 minutes, the precursor solution started boiling

and the color changed from brown-green to dark-blue. When the

microwave assisted process was completed, the precursor solu-

tion was cooled to room temperature in air, and the resultant

solution was a mixture of water and precursor nanocrystals

(NCs). In order to separate the water from precursor NCs, the

precursor solution was centrifuged at 3000 rpm for 10 minutes.

This process was repeated three times. Finally, the precursor

powder was dried in a vacuum oven at 60 �C for 8 hours. In order

to improve crystallinity and selenization of CZTSSe NCs, the Se

pellets and precursor powders were placed in the left and right

zones, respectively, in a commercialized furnace system. After

inserting Se powder and precursor powder into the furnace

system, a vacuum of up to 10�3 mTorr was created using a

pumping system and Ar gas was flowed at 50 sccm. The Se

vaporization temperatures were varied from 350 �C to 550 �C at

an interval of 50 �C for 1 hour, while the precursor powder

temperature was fixed at 550 �C for 1 hour using a commercial

furnace system. The heating and cooling rates were 10 �C min�1

and 5 �C min�1, respectively. After the annealing process, they

were cooled naturally for 4 hours. The annealedNCs were further

used for their structural, compositional, chemical and optical

characterizations. The crystallographic information of the NCs

was obtained from powder X-ray diffraction (PXRD, PAN-

alytical, X’Pert-PRO, the Netherlands) operated at 45 kV and 40

mA. The bright-field (BF) transmission electron microscopy

(TEM) images, their corresponding selected area electron

diffraction (SAED) patterns, and high-resolution (HR) TEM

images of the NCs were obtained using a JEOL-3010 at an

operating voltage of 300 kV. Elemental mapping images and

energy-dispersive X-ray spectra were acquired by energy-disper-

sive X-ray spectroscopy (EDS), using a Tecnai G2 F30 installed

in the scanning transmission electron microscope (STEM)

equipped with a high-angle annular dark-field (HAADF) unit.
This journal is ª The Royal Society of Chemistry 2012
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The simulated images of atomic arrangement were also obtained

using the National Center for Electron Microscopy Simulation

Software (NCEMSS) from the Lawrence Berkeley National

Laboratory Institute. The compositional ratios of the NCs were

analyzed by an EDS attached to the field emission scanning

electron microscope (FE-SEM, JMS-7500F, JEOL, Japan). The

chemical binding energy of the annealedNCs was examined using

a high-resolution X-ray photoelectron spectroscope (HR-XPS,

VG Multilab 2000, Thermo VG Scientific, UK) at room

temperature. The binding energies were calibrated using the

carbon 1s line at 285.0 eV. The optical absorption of the NCs was

measured using a UV-visible spectroscope (Cary 100, Varian,

Mulgrave, Australia) at room temperature.

The structure of CZTS is a tetragonal kesterite in which each

cation is bonded to four sulfur anions and the cation layer

alternates with the sulfur anion layer along the crystallographic

c-direction, as CuZn/SS/CuSn/SS.15 This structure is similar to

the chalcopyrite structure of CuInS2, in which the cation and

anion layers alternate similarly to those in CuIn/SS/CuIn/SS.15
Fig. 1 PXRD patterns (a) and (112) peak position (b) of the microwave

assisted precursor and post-annealed CZTSSe NCs at different Se

vaporization temperatures. The peaks are indexed to the different planes

according to the tetragonal CZTS (JCPDS no.: 26-0575) and tetragonal

CZTSe (JCPDS no.: 89-4714), indicating that the three compounds have

similar diffraction patterns.

This journal is ª The Royal Society of Chemistry 2012
Fig. 1 shows the powder X-ray diffraction (PXRD) patterns of

the microwave-assisted precursor and post-annealed powder

samples with and without different Se vaporization temperatures.

The PXRD patterns of the microwave-assisted precursor

powders showed weak peaks that could not be assigned to CZTS,

ZnS, Cu2�xS, SnS and Cu2SnS3 (CTS) phases (JCPDS no.: 26-

0575 (CZTS/Tet.), 80-0020 (ZnS/Cub.), 89-2028 (SnS2/Hex.) and

89-4714 (CTS/Tet.)). The post-annealed powders, with and

without Se vaporization, showed strong diffraction peaks corre-

sponding to the (112), (200), (220), (312), (224), (008) and (332)

planes of a single kesterite-type CZTSSe structure. A shoulder

observed to the left of the (112) plane for CZTS NCs without Se

vaporization might have originated from stacking faults related

to cation disordering, which are similar to faults observed in

CuInSe2 and CIGS.15The intensity of the (112) plane for CZTSSe

NCs decreased with increasing Se vaporization temperature. The

position of the CZTSSe (112) plane (Fig. 1(b)) of CZTS NCs

systemically shifted towards a lower diffraction angle with

increasing Se vaporization temperature. While increasing the Se

vaporization temperature in the annealing process, the replace-

ment of the S atoms by the large Se atoms increased, indicating an

increase in the crystal lattice parameters of CZTSSe NCs because

the ionic radius of Se2� (0.198 nm) is larger than that of S2�

(0.184 nm).2 The separated diffraction peaks were observed near

28.4� for CZTSSe NCs at Se vaporization temperatures of 450 �C
and 500 �C. From the position of (112) peaks of CZTS and

CZTSe, according to JCPDS data, these separated diffraction

peaks confirmed the CZTS and CZTSe phase compounds in the

CZTSS NCs. This characteristic suggested that the small portion

of CZTS or CZTSe compounds can be synthesized on the

CZTSSe NCs using the Se vaporization process.

Fig. 2 shows the BF-TEM images of post-annealed CZTSNCs

without Se vaporization (a); (HR)-TEM image obtained from

Fig. 2(a) (b), the magnified HR-TEM image of a CZTSNC in the

small red square region in Fig. 2(b) (c); its simulated lattice image

(d) under conditions of 30�A thickness and 50�A defocus; the fast-

Fourier transform image of the square region in Fig. 2(b) (e) and

the simulated lattice image of the diffraction pattern (f). There

are many stacking faults in a CZTS NC (Fig. 2(a)), and these

defects in CZTS NCs were found in the literature survey. Our

previous work on TEM studies indicated that the average

diameter of CZTS NCs is 42.1 � 12.7 nm, with a wide grain size

distribution of 30%. The magnified HR-TEM image of CZTS

NCs showed that the atomic arrangement of the CZTS NCs,

with d-spacing values of 0.31689 nm and 0.31714 nm, resulted

from the (112) plane. The observed atomic d-spacing (Fig. 2(b)),

atomic lattice image (Fig. 2(c)) and its diffraction patterns

(Fig. 2(e)) were in agreement with the simulated lattice image

(Fig. 2(d)) and diffraction patterns (Fig. 2(f)) obtained from the

National Center for Electron microscopy Simulation Software.

The TEM and simulation results confirmed that the post-

annealed NCs have a kesterite phase without secondary phases.

Fig. 3 shows the BF-TEM images of post-annealed CZTSSe

NCs prepared at a typical Se vaporization temperature of 550 �C
(a); HR-TEM image obtained from Fig. 3(a) (b); the magnified

HR-TEM image of a CZTSSe NC in the small red square region

in Fig. 3(b) (c); its simulated lattice image (d) under conditions of

30 �A thickness and 50 �A defocus; fast-Fourier transform image

of the square region in Fig. 3(b) (e); and the simulated lattice
J. Mater. Chem., 2012, 22, 21727–21732 | 21729
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Fig. 2 BF-TEM images of post-annealed CZTS NCs without Se

vaporization (a); (HR)-TEM image obtained from (a) (b); the magnified

HR-TEM image of CZTSNCs in the small red square region in (b) (c); its

simulated lattice image (d) under conditions of 30 �A thickness and 50 �A

defocus; fast-Fourier transform image of the square region in (b) (e); and

the simulated lattice image of the diffraction pattern (f).

Fig. 3 BF-TEM images of post-annealed CZTSSe NCs at a Se

vaporization temperature of 550 �C (a); HR-TEM image obtained from

(a) (b); the magnified HR-TEM image of CZTSSe NC in the small red

square region in (b) (c); its simulated lattice image (d) under conditions

of 30 �A thickness and 50 �A defocus, fast-Fourier transform image of the

square region in (b) (e); and the simulated lattice image of the diffraction

pattern (f).
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image of the diffraction pattern (f). The BF-TEM images of post-

annealed CZTSSe NCs, formed at a Se vaporization temperature

of 550 �C, indicated that the stacked faults of CZTSSe NCs were

reduced compared with those of CZTSSe NCs formed without Se

vaporization. These characteristics might be attributed to the

better Se vapor-transport agent compared with S, which would

have a more dramatic effect on grain growth.17,21 The magnified

HR-TEM image of CZTSSe NCs formed at a Se vaporization

temperature of 550 �C showed atomic arrangement of the

CZTSSe NC phase with d-spacing values of 0.3299 nm and

0.3258 nm, which were larger than those of CZTS NCs, formed

without Se, and is matched with the (112) plane in the CZTSSe

compounds. The phase/fast Fourier transform diffraction

pattern (Fig. 3(c)) is also consistent with the peaks indexed to the

zone axis of the [02�1] direction. The d-space value and diffraction

patterns were in agreement with the simulated lattice image

(Fig. 2(e)) and diffraction patterns (Fig. 2(f)). Thus, TEM

observation and simulation results confirm that the NCs were of

kesterite structure without secondary phases.

Fig. 4 shows the scanning transmission electron microscopy

(STEM), energy-dispersive X-ray spectroscopy (EDS), and

elemental mapping images of CZTSSe NCs using a Tecnia G2
21730 | J. Mater. Chem., 2012, 22, 21727–21732
F30 equipped with a high angle annular dark field (HAADP)

(Fig. 3). The analysis showed that Cu, Zn, Sn, S, and Se were

well-distributed in the NCs, without apparent element separation

or aggregation. In addition, the EDS spectrum of the CZTSSe

NCs (results are not shown here) showed five elements, including

Cu, Zn, Sn, S and Se.

Fig. 5 shows the Raman spectra at room temperature (a) and

the position of A1 mode peaks (b) for post-annealed CZTSSe

NCs formed at different Se vaporization temperatures. The A1

modes were pure anion modes which correspond to vibrations of

S and Se atoms surrounded by motionless neighboring atoms.

The literature indicated that the A1 mode of Raman peaks for

CZTSe and CZTS were at approximately 196 cm�1 and

338 cm�1, respectively.22,23 Our Raman spectroscopy results also

supported the shift at 338 cm�1 in A1 mode for CZTSSe NCs.

Only a very strong peak was observed, corresponding to a kes-

terite CZTS phase, whereas there were no Cu2SnS3 phase peaks

located at 336 cm�1 or 351 cm�1 and the ZnS phase peaks were
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 HAADF-STEM image and elemental mapping images of

CZTSSe NCs at a Se vaporization temperature of 550 �C. The images

were obtained on carbon film-assisted Ni grids (200 mesh, Electron

Microscopy Sciences) using a Tecnia G2 F30 equipped with a high-angle

annular dark-field (HAADF) unit at an accelerating voltage of 300 kV.

Fig. 5 Raman spectra (a) and position of A1 mode peaks (b) for the

CZTSSe NCs at different Se vaporization temperatures.

Fig. 6 Compositional ratio of CZTSSe NCs at different Se vaporization

temperatures by EDS analysis.
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located at 348 cm�1 (cubic phase) and 356 cm�1 (hexagonal

phase), respectively.23 In addition, several weak peaks located at

167 cm�1, 252 cm�1, 288 cm�1 and 374 cm�1 were observed;

these are known to result from a kesterite CZTS phase. The post-

annealed NCs, formed at Se vaporization temperatures of 350 �C
and 400 �C, revealed weak Raman peaks from the CZTSe

compound. This characteristic can be attributed to the low

concentration of Se vapor and high concentration of S in the

annealing atmosphere, which was created with the small portion

of CZTSe and high portion of CZTS compounds.17,21 Further-

more the post-annealed NCs, formed above the Se vaporization

temperature of 450 �C, showed very strong peaks located from

219 cm�1 to 203 cm�1 which corresponded to a kesterite CZTSe

phase.22 It was also observed that some weak peaks were located

from 315 cm�1 to 330 cm�1, originating from the CZTS struc-

ture. The position of A1 mode peaks of post-annealed NCs

decreased towards the low Raman shift with increasing Se

vaporization temperature (Fig. 5(b)). These Raman characteris-

tics with intermediate values exhibited bimodal behavior similar

to that observed in CuIn(S1�x,Sex), with a linear combination of

332 cm�1 and 196 cm�1 peaks as well as some noticeable peak

broadening and a slightly shifted peak position.21

Fig. 6 shows the compositional ratios for ((Cu/(Zn + Sn))/(S +

Se)) and S/(S + Se) of CZTSSe NCs formed at different Se

vaporization temperatures. The compositional ratio of CZTS

NCs, without Se vaporization, indicated the slight Cu- and Zn-

rich but slight S poor. The compositional ratio for ((Cu/(Zn +

Sn))/(S + Se)) and S/(S + Se) of CZTSSe NCs decreased with

increasing Se vaporization temperature. This behavior was
This journal is ª The Royal Society of Chemistry 2012
attributed to the low concentration of Se vapor and high

concentration of S in the annealing atmosphere.

Fig. 7 shows the optical absorption coefficient (a) and the plot

of (ahn)2 vs. photon energy (hn) (b) of the post-annealed CZTSSe

NCs formed at different Se vaporization temperatures. The
J. Mater. Chem., 2012, 22, 21727–21732 | 21731
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Fig. 7 Optical absorption coefficient (a) and plot of (ahv) vs. photon

energy (hv) of the CZTSSe NCs at different Se vaporization

temperatures.
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optical absorption coefficient of the post-annealed CZTSSe NCs

was >104 cm�1 in the visible region, indicating a good absorption

characteristic. The optical band gap energy (Eg) of the post-

annealed CZTSSe NCs formed at different Se vaporization

temperatures was measured by a linear extrapolation to the x-axis

of the (ahn)2 vs. photon energy plot. The optical band gap energy

of the post-annealed CZTS NCs formed without Se vaporization

was 1.45 eV, indicating that this value was consistent with values

reported in the literature: 1.45–1.6 eV. However, the optical band

gap energy of the post-annealed CZTSSe formed with Se

vaporization systemically decreased from 1.46 eV to 1.14 eV with

increasing Se vaporization temperature. The narrow band gap

energies of CZTSSe NCs with Se vaporization were attributed to

the replacement of S atoms with Se ones. This tunable band gap

characteristic was consistent with the literature on mono-grain

CZTSSe powder and Cu(In,Ga)(S1�x,Sex)2 thin films. The above-

mentioned results from XRD, TEM, Raman spectroscopy and

UV-vis characterization techniques for CZTSSe NCs with

tunable band gap energy indicated that these NCs have good

absorption characteristics for photovoltaic applications.

Conclusions

CZTSSe NCs with tuneable band gap characteristic from 1.14 eV

to 1.46 eV can be synthesized using a facile and simple route of
21732 | J. Mater. Chem., 2012, 22, 21727–21732
microwave-assisted precursors, without involving hazardous

chemicals for post-annealing, at different Se vaporization

temperatures. XRD, TEM, Raman spectroscopy, and UV-vis

spectroscopy results confirmed the kesterite type structure of the

CZTSSe NCs. The STEM-EDS elemental mapping image

revealed the presence of five elements in each individual NC.

Studies on optimizing the synthesis processes and other param-

eters through precise control of the composition ratio of the

CZTSSe NCs, along with the fabrication of CZTSSe-based

TFSCs, are currently underway.
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