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Abstract Cu2ZnSnS4 (CZTS) is considered to be one of

the most promising light absorbing materials for low-cost

and high-efficiency thin-film solar cells. It is composed of

earth abundant, non-toxic elements. In the present study,

wurtzite CZTS nanocone has been synthesized by a green

chemistry route. The nanocones have been characterized for

its optical, structural and microstructural properties using

UV–Vis spectrophotometer, X-ray diffraction, Raman

spectroscopy and high-resolution transmission electron

microscopy. Optical absorption result shows a band gap of

1.42 eV. XRD and Raman results show wurtzite structure

and TEM studies reveal the nanocone structure of the grown

material. Growing vertically aligned nanocone structure

having smaller diameter shall help in enhancing the light

absorption in broader range which shall enhance the effi-

ciency of solar cell. This study is a step in this direction.

Keywords Cu2ZnSnS4 � Wurtzite � Nanocone � Green

synthesis

Introduction

CZTS has a direct band gap of about 1.5 eV which is close to

the optimal value for being used as an absorber layer in solar

cell. The absorption coefficient of CZTS is greater than 104/

cm and therefore only a thin layer (1–2 lm) can absorb most

of the incident photons (Zhao and Qiao et al. 2014; Mainz

et al. 2014; Fan 2014; Tanaka et al. 2007; Chen et al. 2009;

Yu et al. 2012). It is known that nanocone structure is an

optimal shape for enhancing the light absorption (Wang and

Leu 2012). In the study of Wang et al. it has been reported

that nanocone arrays significantly improve the solar

absorption and efficiencies over nanowire arrays (Hsu et al.

2008). Through simulations they have shown that nanocones

have superior absorption due to reduced reflection from their

smaller tip and reduced transmission from their larger base.

Breaking the vertical mirror symmetry of nanowires results

in a broader absorption spectrum such that overall efficien-

cies are enhanced (Hsu et al. 2008; Mehta and Kruis 2005). It

has also been reported by Mehta et al. that nanocone structure

is capable of harvesting photons from the sufficient amount

of solar spectrum (Li et al. 2012). The field created at the

nanojunction (consisting of nanocone and thin film) will

effectively (1) separate electrons and holes when they are

generated under illumination, (2) extract electrons from the

whole absorber to the small tip-film contact area, (3) increase

the velocity of minority carriers when they cross the tip-film

junction, minimizing recombination loss at the interface and

(4) decrease the number of recombination centers by utilizing

smaller contact area. Thus, synthesizing nanocone structure

shall be highly useful for enhancing the solar cell efficiency.

Considering the above factors, wurtzite-type CZTS nano-

cone structure has been synthesized in this study by a green

technique. These nanocrystals are dispersible in non-polar

solvents and film can be fabricated simply by the direct liquid

coating method. If these nanocones with smaller dimension

be can be deposited vertically on substrate then this shall help

in enhancing the efficiency of solar cell. To illustrate the

concept; a schematic diagram of CZTS thin-film solar cell

having nanocone structure is presented in Fig. 1.

There are several reports on the synthesis of CZTS

nanocrystals by hot-injection method (Guo et al. 2010,

2009; Riha et al. 2009). In general, CZTS nanocrystals are
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mostly in the kesterite or stannite phase (Shavel et al. 2010). It

has been reported by Regulacio et al. that in colloidal nano-

crystal synthesis, the presence of organic surfactants or capping

ligands is known to strongly influence the crystallographic

phase, morphology and growth of the nanocrystals (Regulacio

et al. 2012). Thus, the formation of metastable phases can be

induced by proper selection of surfactants. CZTS nanocrystals

having wurtzite (WZ) phase has also been synthesized by

various methods such as noninjection (Regulacio et al. 2012),

hot-injection (Singh et al. 2012) and hydrothermal method

(Jiang et al. 2012). These processes require inert gas protection

(nitrogen or argon), stepwise heating and relatively high

temperature. Herein, we provide a facile noninjection synthetic

route for preparing monodisperse anisotropic CZTS nanocones

that adopt a WZ-type crystal structure. The noninjection or

‘‘heating up’’ approach for the formation of colloidal nano-

crystals is better in terms of synthetic reproducibility, conve-

nience in manipulating, and suitable for large-scale production

compared to the hot-injection method. Optical properties of the

grown nanocones were studied using UV–VIS spectropho-

tometer (Model: Shimadzu UV–VIS 1800). Structural prop-

erties were studied using powder XRD (Philips X’pert pro

X-ray diffractometer) and Transmission electron microscopy

(TEM, F30 S-twin 300 kV) was used to analyze the size and

shape of the nanocrystals.

Experimental

For the synthesis of wurtzite CZTS nanocones, copper

dithiocarbamates [Cu(dedtc)2] (36.0 mg, 0.1 mmol), zinc

dithiocarbamates [Zn(dedtc)2] (18.1 mg, 0.05 mmol), tin

n-type CdS thin film

Nanocone CZTS

Mo

Soda lime glass substrate

Metal grid
Al:ZnO

i-ZnO

Fig. 1 A schematic diagram of the CZTS solar cell structure with

p-type CZTS nanocone structure and n-type CdS thin films. i-ZnO is

intrinsic ZnO

Fig. 4 a SAED pattern, b–c TEM images and d HRTEM images of

wurtzite type Cu2ZnSnS4 colloidal nanocones
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Fig. 2 a Transmittance spectrum, b optical absorbance and c Tauc’s plot of wurtzite-type Cu2ZnSnS4 colloidal nanocones
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dithiocarbamates [Sn(dedtc)4] (35.6 mg, 0.05 mmol),

dodecanethiol (5 ml) and trioctylamine (5 ml) were taken

in a 50-ml three-neck flask and the reaction mixture was

degassed at 100 �C for 20–30 min. The clear yellow

solution formed was heated to 250 �C under Ar atmosphere

while stirring it vigorously. A change in color from yellow

to topaz to dark brown was observed at around

220–240 �C. The stirring of resulting mixture was contin-

ued for 30 min while maintaining the 250 �C temperature.

Then, it was placed in a H2O bath to allow the mixture to

cool to 40 �C. Methanol was added to precipitate the

nanocrystals. The nanocrystals are centrifuged. The solid

obtained was washed thoroughly with methanol, and finally

dissolved in chloroform.

Results and discussion

The transmittance spectra of the CZTS colloidal nanocones

measured by the UV–VIS spectrometer in the wavelength

range 300–1,400 nm are shown in Fig. 2a. Optical

absorption spectra and Tauc’s plot of wurtzite-type

Cu2ZnSnS4 colloidal nanocones are shown in Fig. 2b, c,

respectively. The relation between absorption coefficient

and optical absorbance can be given by.

a ¼ 2:303 � A � 107

t
cm�1; ð1Þ

where a is the absorption coefficient; ‘A’ is the optical

absorbance, A ¼ � lnð I
I0
Þ; and ‘t’ is the thickness (the

distance that light crosses in the medium). For direct band

gap material (CZTS is a direct band gap material), the band

gap is calculated using the equation.

ahm ¼ Cðhm � EgÞ
1
2; ð2Þ

where C is a constant, hm is the photon energy. The band gap

(Eg) of CZTS nanocones can be estimated by plotting (ahm)2

versus hm, and extrapolating the linear portion of the X axis

(hm). The estimated band gap value is 1.42 eV. The observed

value is very close to the band gap reported in the literature for

CZTS nanocrystals (Weber et al. 2009; Katagiri et al. 2009;

Babu et al. 2010; Mitzi et al. 2011; Muhunthan et al. 2013).

This value falls within the optimum band gap range for solar

energy conversion in a single-junction device.

The powder X-ray diffraction (XRD) pattern of the as-

obtained CZTS nanocones is shown in Fig. 3a. The diffrac-

tion pattern did not match with those reported in the literature

for kesterite CZTS (JCPDS 26-0575). The diffraction peaks

are attributed to (100), (002), (101), (102), (110), (103), (200),

(112), (201) and (202) planes of wurtzite CZTS (Lu et al.

2011). The Raman spectra of the CZTS nanocones have a

large peak at 331 cm-1, with additional small peaks at 286

and 363 cm-1. All these peaks are close to the value reported

for bulk CZTS (Fig. 3b) (Fernandes et al. 2009). The

broadening of the Raman peak for nanocrystals is due to the

phonon confinement within the nanocrystals (Liu et al. 2013).

No additional peaks of other phases such as ZnS, SnS and

Cu2S, were observed which confirms the single-phase

structure of CZTS nanocones.

Electron diffraction pattern, TEM and HRTEM images of

CZTS nanocones are shown in Fig. 4a–d. The selected area

electron diffraction pattern (SAED) shown in Fig. 4a con-

firms the crystalline nature of CZTS nanocones. Only WZ-

type CZTS nanocones that are elongated in shape are

observed in TEM images (Fig. 4b–c. The length of the cones

is about 40 nm. The elongated nanocones with one end much

wider (*13–15 nm) than the other (*5–8 nm) was

observed. The nanocones are nearly monodispersed. The

high-resolution TEM images (Fig. 4d) show a lattice spacing

of 0.32 nm which corresponds to the (002) plane of wurtzite

CZTS. The nanocone structure synthesized in the present

study shall be useful for solar cell applications.

Conclusion

CZTS nanocones have been synthesized through a facile

greener and inexpensive route, which involves the surfactant-

assisted thermolysis of metal dithiocarbamates. Character-

ization using XRD, Raman shift and TEM confirm the phase

purity of the CZTS nanocones. XRD and Raman shift mea-

surements show that the CZTS nanocones have wurtzite

structure. From optical absorption data, the band gap of the

WZ-type CZTS nanocones is estimated to be 1.42 eV, which

is optimal for solar cell applications. TEM studies show

elongated nanocone structure with one end being wider

(*13–15 nm) than the other (*5–8 nm). This nanocone

structure should help in enhancing the efficiency of solar cell.
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