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SYNTHESIS AND OPTICAL PROPERTIES OF Cuy(Zn;.xMny,)SnS,4
THIN FILMS WITH TUNABLE BAND GAP
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Cu,(Zny,Mn,)SnS, thin films were one-step synthesized by a solvothermal method. The
analytical results from XRD, Raman and SEM indicated that pure CZTS phase was
obtained. By adjusting x values, the band gap of the Cuy(Zn;,Mn,)SnS, could be
accordingly tailored from 1.18eV to 1.48eV.
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1. Introduction

In recent years, the energy crisis makes people give great concern over thin film solar cells.
As a promising absorber layer material, chalcopyrite semiconductor Cu,ZnSnS,(CZTS) are of
great interest due to a suitable band-gap of around 1.5eV and high optical absorption coefficient
beyond 10* cm™[1]. Compared with other chalcopyrite semiconductors such as Cu(ln, Ga)Se,,
CuShSe,, CdTe etc, CZTS has good application potential owing to the composition of earth
abundant and non-toxic elements. The power conversion efficiency of solar cells based on pure
Cu,ZnSnS, as high as 8.4% has been reported [2]. But the power conversion efficiency can be
improved further because it is far behind the physical Shockley-Queisser limit of conversion
efficiency (~31%)[3].

Various methods have been employed to synthesize CZTS thin films, such as sputtering,
thermal evaporation, spray-pyrolysis, electrodeposition, sol-gel, chemical bath deposition,
successive ionic layer absorption and reaction, solvothermal synthesis[4-19]. Among them, the
solvothermal method has a number of advantages. Firstly, the chemical compositions can be
readily controlled in a closed environment. Secondly, the size-uniformity and structural
homogeneity can be improved. To date, the solvothermal method has been mainly employed to
prepare CZTS nanocrystals. There is some literature on synthesizing CZTS thin films directly via a
solvothermal method. As far as we know, no reports have been found to synthesize doped-type
CZTS thin films directly by solvothermal method.

The optical and electrical properties can be optimized by varying stoichiometry and
structure of CZTS. Chen revealed that the band gap of Cu,ZnSn(S, Se), is tuned from 1.0eV to
1.5eV by partly substituting S with Se[20]. Barkhouse fabricated Cu,ZnSn(S, Se), solar cells,
exhibiting a power efficiencies as high as 10.1%[21]. The power efficiencies as high as 8.4% has
been obtained by partly Ge replacing Sn[22]. Unfortunately, the Se and Ge are still unfriendly and
rare. Therefore, other elements such as Fe, Mn, Co, Ni attract more and more attention because of
their similar structures of Cu,ZnSnS,, Cu,FeSnS,, Cu,MnSnS,, Cu,CoSnS,and Cu,NiSnS,. A few
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studies have been reported [23-24]. However, there exists a discrepancy about the band gap
depending on the composition due to synthetic methods.

In this paper, Cu,(Zny4Mn,)SnS, thin films were one-step synthesized by solvothermal
method. The composition dependence of the structure and optical properties were studied.

2. Experimental details

Before depositing the Cu,(Zn,,Mn,)SnS, thin films, the glass substrates were firstly
ultrasonically cleaned by cleaning powder, acetone, alcohol and de-ionized water for 10min,
respectively. Cu(NOs),-3H,O (Analytical Reagent, Nanshi-Reagent), Zn(CHs;COO),-2H,0
(Analytical Reagent,  Nanshi-Reagent), Mn(CH3;COQ),-2H,0O  (Analytical = Reagent,
Nanshi-Reagent), SnCl,-2H,0 (Analytical Reagent, Nanshi-Reagent) and H,NCSNH, (Analytical
Reagent, Nanshi-Reagent) were used without any further purification. In a typical synthesis
process, Cu(NOs),-3H,0, Zn(CH;COO0),-2H,0, Mn(CH;COO0),-2H,0, SnCl,-2H,0, H,NCSNH,
as raw materials in the proportion of 2:1-x:x:4(x=0, 0.3, 0.5, 0.7,1) were added in 40ml ethylene
glycol under stirring for 40min at 45°C as the precursor solution. Then the precursor solution was
placed in a 50ml Teflon liner, and the well-cleaned glass substrates were immersed in it. The
autocave was sealed and maintained at 200°C for 24h. Thereafter, the autocave was cooled down
to room temperature. The glass substrates were then rinsed with de-ionized water and subsequently
dried.

The structure studies were carried out using a PANalytical X’Pert PRO diffractometer with
Cu Ka radiation (A=0.15406nm) and JY-T64000 Raman spectrometers. The microstructure was
characterized by LEO-1530VP scanning electron microscope. The optical characteristics were
measured using Varian Cary 5000 spectrophotometer to calculate band gap energy.

3. Results and discussion

In order to ensure pure CZTS thin film can be obtained under process conditions above,
CZTS thin film was studied firstly. The XRD pattern of the CZTS thin film is shown in Fig.1(a). It
can be seen that the diffraction peaks at 26=28.34°, 33.42°, 47.52° and 56.23° can be attributed to
(112), (200), (220), (312), respectively. The plane shows the broad full-width at half-maxima
(FWHM), indicating the formation of nanocrystallinity. The average grain size calculated using
Debye-Scherrer is 4.37nm. The micro-strain (¢) and dislocation density (p) from 20 and FWHM ()
of the related peaks are about 0.45 and 5.6 X 10" m?, respectively. The structure of the CZTS thin
film was further investigated by Raman spectrum due to their similar structure of kesterite CZTS,
Cu,SnS; and ZnS. Figl(b) shows the Raman spectrum of the CZTS thin film. A strong peak at
337cm™ corresponding to a kesterite CZTS is observed. There are no additional peaks for other
phases, such as ZnS and Cu,SnS;, are observed, exhibiting the single phase of the CZTS thin film.
It is concluded that the process parameters are proper. Fig.1(c) shows that the SEM images of the
CZTS thin film. It can be seen that the CZTS thin film is composed of a large number of
sphere-like particles, and the average size is about 500nm.
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Fig.1 XRD pattern, Raman srectrum and SEM image of CZTS thin film
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Fig.2 XRD patterns of Cu,(Zn,,Mn,)SnS, (x=0, 0.3, 0.5, 0.7,1) thin films
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Cuy(Zn,,Mn,)SnS, thin films were synthesized under the same conditions, and the XRD
patterns of the ones with different Mn compositions are shown in Fig.2. It is observed that the
kesterite structure of CZTS(x=0) was obtained while the stannite structure of CMTS(x=1), which
correspond to JCPDS 26-0575(CZTS) and JCPDS 51-0757 (CMTS), respectively. No impurity
phase peaks are observed from all samples, indicating the high purity phase of Cu,(Zn;.,Mn,)SnS,
(x=0, 0.3, 0.5, 0.7,1) thin films. Moreover, we can investigate that the major peaks of
Cuy(ZnxMn,)SnS, thin films shift toward the smaller angle with Mn gradually substituting for Zn,
which results from the lattice extension due to the small radius of Zn cations (rz+=0.074nm)
being replaced by the large radius of Zn cations (ryn2+=0.080nm)[23].

Fig.3 shows the SEM images of the Cu,(Zn;4Mn,)SnS, (x=0, 0.3, 0.5, 0.7,1) thin films. It
can be seen that CZTS, Cu,Zny3Mny;SnS, and CMTS are composed of sphere-like particles with
different sizes whereas Cu,Zng;Mng3SnS, and Cu,ZngsMngsSnS, show irregular particles. In
particular, Cu,Zny7Mny3SnS,thin film appears to be quite dense, which is benifical to improving
the photovoltaic conversion efficiency.
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Fig. 4 The band gap as a function of x values
Inset: Plot of absorbsnce squared versus hv of CZTS and CMTS thin films

Fig.4 shows the results of optical band gap as a function of different x values. The optical
band gap(E,) of CZTS and CMTS thin films were obtained by extrapolating the linear absorption
edge part of curve to the intersection with energy axis as shown in the insert. The estimated E,q
values of Cuy(Zn;,Mn,)SnS, thin films are 1.48eV, 1.39%V, 1.31eV, 1.27eV and 1.18eV at x=0, 0.3,
0.5, 0.7 and 1, respectively, exhibiting suitable band gaps of the absorber materials for the thin
solar cells. Furthermore, quasi-linear relationship between the band gap and x value obeys Vegard's
law[24]. Therefore, the band gap of CZTS thin films can be tuned by Mn replacing Zn.

4. Conclusions

In this paper, we have successfully one-step synthesized Cu,(Zn;4Mn,)SnS, thin films by
a solvothermal method. The analytical results from XRD, Raman and SEM indicate that pure
CZTS phase was obtained at 200°C for 24h. By adjusting x values, the band gap of the
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Cuy(ZnyMn,)SnS, can be tuned from 1.18eV to 1.48eV. It is believed that Cu,(Zn;.,Mn,)SnS,thin
films with tunable band gap were obtained, and it is an application opportunity for the effective
band engineering.
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