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We report on bandgap engineering of an emerging photovoltaic material of Cu2CdxZn1�xSnS4

(CCZTS) alloy. CCZTS alloy thin films with different Cd contents and single kesterite phase

were fabricated using the sol-gel method. The optical absorption measurements indicate that the

bandgap of the kesterite CCZTS alloy can be continuously tuned in a range of 1.55–1.09 eV as

Cd content varied from x¼ 0 to 1. Hall effect measurements suggest that the hole concentration

of CCZTS films decreases with increasing Cd content. The CCZTS-based solar cell with x¼ 0.47

demonstrates a power conversion efficiency of 1.2%. Our first-principles calculations based on

the hybrid functional method demonstrate that the bandgap of the kesterite CCZTS alloy

decreases monotonically with increasing Cd content, supporting the experimental results.

Furthermore, Cu2ZnSnS4/Cu2CdSnS4 interface has a type-I band-alignment with a small

valence-band offset, explaining the narrowing of the bandgap of CCZTS as the Cd content

increases. Our results suggest that CCZTS alloy is a potentially suitable material to fabricate

high-efficiency multi-junction tandem solar cells with different bandgap-tailored absorption

layers. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4829457]

I. INTRODUCTION

At present, facing the increasingly serious global energy

crisis, it is of pressing importance for material research to

explore environment-friendly, low cost, and high-efficiency so-

lar cells.1–3 Among various kinds of solar cells, the

CuIn1�xGaxSe2 (CIGS) thin-film solar cell has been paid much

attentions due to its high power conversion efficiency and sta-

bility.4,5 However, the high costs of gallium and indium

obstruct the further development in the field of thin-film solar

cell.6 In recent years, some efforts have been made to find low

cost materials with earth-abundant elements. Cu2ZnSnS4

(CZTS), as a potential material to substitute CIGS, has

attracted great interest due to its direct bandgap (Eg� 1.5 eV)

with high absorption coefficient and earth-abundant

elements.7–16 Very recently, it has been reported that a CZTS

thin-film solar cell with a conversion efficiency of 9.2%, which

is a new efficiency record for such solar cells.17

To further improve the efficiency of CZTS-based solar

cells, a good choice is to fabricate multi-junction solar cells

because different bandgaps of various junctions can hope-

fully span the whole wavelength range in the solar spec-

trum. For example, alloys of CuIn1�xGaxSe2, InxGa1�xP,

and InxGa1�xAs have been used to fabricate multi-junction

solar cells due to the tunable bandgap by controlling the

In content.18–21 Therefore, it is important to find a

bandgap-tunable material based on CZTS for realizing the

future low-cost tandem solar cells with earth-abundant ele-

ments. Furthermore, the band offset at interface is one of

the most fundamentally physical parameters, which is often

used to assess some important interface effects, i.e., quan-

tum confinement and carrier transport, in particular, for the

design of solar cells and other optoelectronic devices.

Therefore, it is necessary to obtain a clear understanding of

valence-band (VB) electronic structures and valence-band

maximum (VBM) shift of CZTS-based alloys.

In this work, we synthesized Cu2CdxZn1-xSnS4 (CCZTS,

0� x� 1) alloy thin films to realize the goal of bandgap

engineering in CZTS-based solar cells. Experimentally, the

bandgap of the CCZTS alloy can be tuned in a range of

1.55–1.09 eV by changing the Cd content, suggesting

that CCZTS alloy is a potentially suitable material to fabricate

high-efficient multi-junction solar cells with different

bandgap-tailored absorption layers. In addition, since the

CCZTS alloy shows p-type conduction with hole carriers, the

VBM position affects the acceptor level and the hole carrier

transport. Complementarily, we carried out first-principles

calculations based on the hybrid functional method to obtaina)Electronic addresses: liyongfeng@jlu.edu.cn and binyao@jlu.edu.cn
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the valence-band offset of CZTS/Cu2CdSnS4 (CCTS), which

is well explained by the p-d repulsion effect.

II. EXPERIMENTAL METHODS AND
FIRST-PRINCIPLES CALCULATIONS DETAIL

A. Experimental methods

The CCZTS alloy thin films were synthesized on the soda

lime glass (SLG) substrates using the sol-gel methods.

First, the solutions of the CCZTS precursors were prepared

from copper (II) acetate monohydrate, zinc (II) acetate dihy-

drate, tin (II) chloride dihydrate, cadmium (II) chloride, thiou-

rea, 2-methoxyethanol (2-metho), and monoethanolamine

(MEA). The 2-metho and MEA were used as the solvent and

the stabilizer, respectively. The mole ratios of Cu, (CdþZn),

Sn, and S in the solution are 2:1:1:4. For obtaining the solution

with the different Cd contents, the mole ratios of Cd to

(CdþZn) in the solution are varied as 0, 0.1, 0.3, 0.5, 0.8, and

1. The solution was stirred at 45 �C to completely dissolve the

metal compounds. Then, the solution was dropped onto the

SLG substrate that was rotating at 3000 rpm for 30 s. After

deposition by spin coating, the films ware dried in air at

300 �C. The coating and drying processes were repeated for

five times to obtain 2-lm-thick films. Figure 1 shows a typical

cross-section SEM image of the CCZTS alloy thin film. To

study the performance of solar cells based on CCZTS films,

we prepared two prototype devices of CCZTS solar cells with

the Cd content of 0 and 0.47, respectively, denoted as devices

A and B, respectively. The CCZTS layers were first synthe-

sized on SLG substrates with precoated Mo layers using the

sol-gel method. The CdS, ZnO, and ZnO:Al layers were

successively deposited on CCZTS layers using magnetron

sputtering to obtain prototype devices with a structure of

ZnO:Al/ZnO/CdS/CCZTS/Mo. The Al content in ZnO:Al tar-

get is 3%. The detailed growth conditions of CdS, ZnO and

ZnO:Al films can be found elsewhere.22,23

The crystal structures of the CCZTS alloy films were

characterized by an X-ray diffractometer (XRD) with Cu Ka

radiation (k¼ 1.5406 Å). The room temperature optical

absorption measurements were performed using an UV-visi-

ble-near infrared spectrophotometer. The x-ray photoelectron

spectroscopy (XPS) measurements were carried out using an

ESCALAB 250 XPS instrument with Al Ka¼ 1486.6 eV

x-ray radiation source and all XPS spectra were calibrated by

the C1s peak (284.6 eV). Electrical properties and carrier con-

centrations were characterized with the van der Pauw configu-

ration in a Hall effect measurement system. For the power

conversion efficiency measurements of CCZTS-based solar

cells, the current density-voltage curves were measured under

simulated AM1.5 solar illumination with an intensity of

100 mW/cm2 using an AAA class solar simulator.

B. First-principles calculations detail

To better understand the narrow of the bandgap with

increasing Cd content, we calculated electronic structure of

CCZTS alloy and valence-band offset of CZTS/CCTS based on

the first-principles method. The first-principles calculations were

performed using the plane-wave projector augmented-wave

(PAW) method24,25 applying the semilocal Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional26 and the

Heyd-Scuseria-Ernzerhof (HSE) hybrid functional27 as imple-

mented in the VASP code.28,29 We constructed a 64-atom

CZTS supercell with the kesterite structure. To study the possi-

ble Cd substitution, we first checked the formation energies of

Cd substituting for Cu (CdCu), Zn (CdZn) and Sn (CdSn) in

CZTS, respectively. It was found the CdZn has the lowest forma-

tion energy, in agreement with the calculation by Maeda et al.30

To simulate the CCZTS alloy, different numbers of Zn atoms in

the CZTS lattice were substituted by Cd atoms, corresponding

to x¼ 0, 0.125, 0.25, 0.5, 0.75, and 1, respectively.

For the calculation of valence-band offset (VBO) in

Cu2ZnSnS4/Cu2CdSnS4 (CZTS/CCTS), we adopted the fol-

lowing formula:31–35

DEV ¼ DECL þ ðECZTS
CL � ECZTS

VBM Þ � ðECCTS
CL � ECCTS

VBM Þ; (1)

where DECL is the difference of core levels between CZTS and

CCTS in the CZTS/CCTS superlattice, the second and third

terms are the energy difference between core level and VBM

for the bulk CZTS and CCTS, respectively. Here, we adopted

the average electrostatic potential as the core level to align the

valence-band because the average electrostatic potential in

the core region can be used to determine the core level shift.

We constructed three structures, bulk CZTS, CCTS,

and CZTS/CCTS superlattice for calculating the VBO of

CZTS/CCTS. The bulk CZTS and CCZT were first calculated

separately to determine the valence-band maximum (EVBM)

with respect to the corresponding EAEP in the bulk, and then, a

1� 1� 4 CZTS/CCTS [001] superlattice was constructed and

the EAEP on both sides were extracted. In the calculation, the

cutoff energy for the plane-wave basis set is 500 eV. The

atoms are allowed to relax until the Hellmann–Feynman forces

acting on them become smaller than 0.01 eV/Å.

III. RESULTS AND DISCUSSION

A. Composition, structure, and Cd chemical state of
CCZTS films

The element ratios of the CCZTS alloy films were deter-

mined by XPS measurements and are listed in Table I. It is

FIG. 1. A typical cross-section SEM image of the Cu2CdxZn1-xSnS4 alloy

thin film with a thickness of �2 lm.

183506-2 Xiao et al. J. Appl. Phys. 114, 183506 (2013)
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found that the Cd/(CdþZn) ratio in the films increases on

increasing Cd content in the solutions. All films show the

Cu-poor compositions. It was reported that Cu-poor condi-

tions can improve the efficiency of the CZTS-based solar

cells because of the formation of Cu vacancies, which gives

rise to shallow acceptors.36

Figure 2(a) shows the XRD patterns of the CCZTS alloy

thin films. For all films, there are three diffraction peaks,

which are attributed to the diffraction of the (112), (220),

and (312) planes of the kesterite structure. The enlarged

(112) diffraction peaks are shown in Fig. 2(b). With the

increase of Cd content, the diffraction peak monotonously

shifts towards small angles, indicating that the lattice con-

stant increases. The expansion of lattice constant is attributed

to the larger Cd ion radius than Zn. The a- and c-axis lattice

constants were calculated from the XRD data, as shown in

Fig. 2(c). The a-axis lattice constant increases from 0.539

to 0.553 nm as the Cd content increases from 0 to 1.

Concurrently, the c-axis lattice constant also increases from

1.078 to 1.113 nm. Empirically, the relation between the lat-

tice constants and the Cd content follows linear behavior:

a(x)¼ 0.539þ 0.015x and c(x)¼ 1.076þ 0.033x. As an ini-

tial test, the geometry-optimized a- and c-axis lattice con-

stants based on first-principles calculation are 0.547 and

1.093 nm for CZTS, respectively, which are slightly higher

than our experimental values by �1.4% and consistent with

the calculated result by Paier et al.37 To compare with the

experimental results, the calculated lattice constants of the

CCZTS are also shown in Fig. 2(c). As increasing Cd con-

tent, the calculated a- and c-axis lattice constants increase, in

agreement with the XRD results, indicating that Cd mostly

substitutes for Zn.

Fig. 3(a) shows the Raman spectra of the CCZTS alloys

thin films. All the spectra exhibit the peaks of the A1 mode

expected for the kesterite structure.13 The enlarged A1 mode

peaks are shown in Fig. 3(b), which clearly demonstrate that the

peaks of the A1 mode systematically shift to lower wave number

with the increase of Cd content. The progressive Raman shift of

the A1 modes as a function of Cd content is shown in Fig. 3(c).

This systematic shift in the Raman peaks can be attributed to the

lattice expansion as Cd is alloyed into CZTS.

To determine the chemical state of Cd in CCZTS, we

performed the XPS measurements. Figure 4 shows the Cd 3d
high-resolution XPS spectrum of the CCZTS film with the

Cd content of 0.47. The Cd 3d3/2 and Cd 3d5/2 peaks locate

at 405.22 and 411.98 eV, respectively, and the peak splitting

of 6.8 eV suggests that the chemical valence of Cd is

þ2.38–40 The simplest substitution is that the Cd substitutes

metal sites in CCZTS, including CdZn, CdCu, and CdSn,

respectively. According to the chemical valence of Cd, CdZn

is an isoelectronic substitution and CdCu is donor-type,

whereas CdSn is acceptor-type. However, as discussed in

Sec. II B, our calculations of the formation energies of the

substitution doping suggest that the CdZn has the lowest for-

mation energy in the three substitutions. Therefore, most

likely consequence of the Cd doping is the isoelectronic sub-

stitution of the Zn sites.

B. Optical bandgap of CCZTS films

To obtain the dependence of the bandgap on the Cd con-

tent, we performed the optical absorption measurements for

TABLE I. Composition ratios of the Cu2CdxZn1-xSnS4 alloy thin films.

Composition ratios in films

Cd/(CdþZn)

in solution Cd/(CdþZn) Cu/(ZnþCdþSn) (CdþZn)/Sn S/metal

0 0 0.92 1.00 0.70

0.1 0.14 0.75 0.84 0.68

0.3 0.35 0.86 0.95 0.69

0.5 0.47 0.62 1.18 0.70

0.8 0.50 0.73 1.66 0.56

FIG. 2. (a) XRD patterns and (b)

enlarged view of the corresponding

(112) diffraction peaks of the

Cu2CdxZn1-xSnS4 alloy thin films with

different Cd contents. (c) Lattice con-

stant as a function of the Cd content as

derived from the first-principles calcu-

lations and the XRD data.

183506-3 Xiao et al. J. Appl. Phys. 114, 183506 (2013)
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the CCZTS alloy films. Figure 5(a) shows the square of the

optical absorption coefficient (a2) versus photon energy (hv)

for all the samples. Using the relation: a(hv)/(hv-Eg)1/2,41,42

the optical bandgaps (Eg) are estimated to be 1.55, 1.45,

1.36, 1.27, 1.22, and 1.09 eV for the CCZTS alloy thin films

with the Cd contents of 0, 0.14, 0.35, 0.47, 0.5, and 1, respec-

tively. The obtained optical bandgaps for the CZTS and

CCTS are consistent with the previous reports.11,43,44 The

yielded optical bandgaps as a function of Cd content are

shown in Fig. 5(b). The linear dependence can be written as

EgðxÞ ¼ 1:531� 0:462x: (2)

Based on this result, we can predict that CCZTS films with

tunable bandgaps may be used in future multi-junction solar

cells covering a wavelength range of 810–1160 nm. Such

tandem solar cells with different bandgap-tailored absorption

layers are promising to improve the conversion efficient.

C. Electrical properties of CCZTS alloy thin films

The electrical transport properties of the CCZTS alloy

thin films are summarized in Table II. All samples show

p-type conduction behaviors. The resistivity (hole carrier con-

centration) of the samples monotonously increases (decreases)

with the higher Cd content, which can be ascribed to the com-

pensation of acceptor defects. It has been reported that Cu sub-

stituting Zn site (CuZn) are the main type of acceptor defects in

stoichiometric CZTS and responsible for the p-type conduction

of CZTS due to their low formation energies and shallow

level.9 However, in our present work, all films show the

Cu-poor compositions instead of stoichiometric condition.

Therefore, besides CuZn, there is also a large amount of Cu

vacancies (VCu) as acceptors in these films. As Cd alloyed into

CZTS, Cd substituting Cu site (CdCu) as donor-type doping

can compensate VCu and CuZn through forming CdCuþVCu

and CdCuþCuZn complexes.30,36 As a result, hole concentra-

tion decreases with the Cd concentration, and the conduction

concurrently becomes weaker.

D. Power conversion efficiency of CCZTS-based film
solar cells

In order to comparatively study the performance of solar

cells based on CCZTS without and with Cd, we prepared

two prototype devices with a typical structures of

ZnO:Al/ZnO/CdS/CCZTS/Mo. The Cd contents in the

absorbed layers of solar cells are 0 and 0.47, respectively,

denoted as devices A and B. Figure 6 shows the I-V curves

of both devices under 100 mW/cm2 simulated AM1.5 solar

illumination. The performance parameters of both devices

are also shown in Fig. 6. The device B shows a power

conversion efficiency of 1.2%, higher than the device A

(0.7%), which is due to the larger filled factor (FF) and short

circuit current (ISC). Furthermore, the open circuit voltage of

the device B, VOC¼ 333.2 mV, is lower than that of the de-

vice A (VOC¼ 417.1 mV), in line with the approximately

FIG. 3. (a) Raman spectra of the

Cu2CdxZn1-xSnS4 alloy films. (b)

Corresponding enlarged region of the

A1 mode. (c) Raman shift of the A1

mode as a function of the Cd content.

FIG. 4. Cd 3d XPS spectrum for the Cu2Cd0.47Zn0.53SnS4 alloy thin film.

183506-4 Xiao et al. J. Appl. Phys. 114, 183506 (2013)
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proportional relation between VOC and Eg.45,46 Although the

power conversion efficiency of these devices is quite low

without elaborate optimization, our preliminary results sug-

gest that the performance of CCZTS-based solar cells is

quite tunable at varied Cd content. In future studies, it is im-

portant to carefully consider the trade-off between various

parameters and design tandem solar cells with the optimal

performance.

E. Electronic structure of CCZTS and band-alignment
of CZTS/CCTS

Figures 7(a) and 7(b) show the calculated band struc-

tures of the two end compounds of CZTS and CCTS. The

VBM of the CZTS is selected as the energy reference

(EVBM¼ 0). It is found that the bandgap of CCTS is signifi-

cantly smaller than CZTS. The calculated bandgaps of

CCZTS alloys as a function of Cd content are shown in

Fig. 7(c). The bandgap decreases with the increase of Cd

content, and the trend is well consistent with the experi-

mentally obtained optical bandgap and supports our experi-

mental results. It should be noted that, although the

first-principles calculation systematically underestimates

the magnitude of bandgap, as documented by such studies

in literature,16 it does not affect our discussions here.

Furthermore, the CZTS/CCTS interface shows the type-I

band alignment, as shown in Figs. 7(a) and 7(b). We found

a small VBO for the CZTS/CCTS system: The VBM of

CCTS is only 0.011 eV above the VBM of CZTS. For

CCZTS alloy with p-type conduction, a small VBO at inter-

face is clearly favorable for charge transport, benefiting the

current match at the interface.

To better understand the valence-band offset (VBO) of

CZTS and CCTS, we calculated their density of states

(DOS) based on the hybrid functional method. Figures 8(a)

and 8(b) show the total and partial VB DOS of CZTS and

CCTS, respectively. To test validity of our calculation, the

XPS spectral line of CZTS in the VB region is also shown in

FIG. 5. (a) Room-temperature optical

absorption spectra of Cu2CdxZn1-xSnS4

alloy thin films. (b) Dependence of the

optical bandgap of Cu2CdxZn1-xSnS4

alloy films on the Cd content. The solid

line is the linear fitting to the data.

TABLE II. Electrical properties of the Cu2CdxZn1-xSnS4 alloy thin films.

Cd/(CdþZn) in solution Cd/(CdþZn) in film Resistivity (Xcm) Carrier Conc. (cm�3) Mobility (cm2V�1s�1) Carrier type

0 0 0.29 4.4� 1020 0.05 p

0.1 0.14 0.3 3.6� 1020 0.03 p

0.3 0.35 10.0 9.1� 1019 0.01 p

0.5 0.47 1.1� 102 1.0� 1017 0.5 p

0.8 0.50 7.0� 102 4.6� 1016 0.2 p

FIG. 6. I–V characteristics for the ZnO:Al/ZnO/CdS/CCZTS/Mo solar cell

with the Cd content x¼ 0 and 0.47.
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Fig. 8(a). XPS spectral line in the VB region usually can pro-

vide some useful information of VB DOS. Indeed, the calcu-

lated DOS is in good agreement with the overall shape of the

XPS spectrum, indicating that the results of our calculations

are reliable. Based on our calculations, we found that (i) S-p
state is one of the key components of the VBM DOS and (ii)

there are shallow occupied Zn-d and Cd-d states in the VB

region for CZTS and CCTS, respectively. To clearly illus-

trate this effect, the enlarged view of the corresponding Zn-d
and Cd-d states is shown in Fig. 8(c). It is found that the

Cd-d state is slightly shallower than Zn-d one.

In general, for the common-anion systems, such as

CZTS and CCTS discussed here, in their VB regions, the

shallower cation d band repels the anion p band upwards

more than the deeper cation d band. Thus, the VBM of the

CCTS is located at a higher energy than that of CZTS, as

shown in Figs. 8(a) and 8(b). On the other hand, the longer

bond length of CCTS due to the larger lattice constant leads

to a weaker p-d repulsion and counteracts the upwards move-

ment of VBM. Consequently, a slightly higher VBM of

CCTS compared to that of CZTS is obtained. Figure 9 shows

a schematic diagram of the effect of p-d repulsion on the

band alignment. The CCZTS alloys with intermediate Cd

doping levels can be considered using the same principles,

and the valence band offset in tandem solar cells is expected

to vary systematically.

IV. CONCLUSION

In summary, we fabricated the CCZTS alloy films with

different Cd contents with single kesterite phase using the

sol-gel method. The optical band gap of the kesterite CCZTS

alloy can be modulated continuously from 1.55 to 1.09 eV as

Cd varies from x¼ 0 to 1, suggest that the CCZTS alloy is a

potentially suitable material to fabricate future high-

efficiency multi-junction solar cells with different bandgap-

tailored absorption layers. The power conversion efficiency

of the CCZTS-based solar cell with a Cd doping concentra-

tion of 0.47 is 1.2%, higher than the one without Cd. Based

on first-principles calculations, we found that CZTS/CCTS

interface exhibits the type-I band alignment with a small

VBO, and our results can also explain the narrowing of the

bandgap of CCZTS as the Cd content increases. The upward

shift of the VBM energy of CCTS with respect to that of

FIG. 7. Band structures of (a)

Cu2ZnSnS4 and (b) Cu2CdSnS4 based

on the hybrid functional first-principles

calculations. (c) Calculated band gap

of Cu2CdxZn1-xSnS4 alloy as function

of Cd content.

FIG. 8. Total and partial DOS in the VB regions of (a) CZTS and (b) CCTS.

(c) Partial DOS of Zn-d and Cd-d for CZTS and CCTS. For comparison, the

experimental XPS spectrum in the VB region of the CZTS film is also

shown in (a).

FIG. 9. Schematic diagram of the p–d repulsion effects on the valence band

offset of CZTS/CCTS system.
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CZTS is attributed to the stronger p-d repulsion in CCTS.

Overall, it is clear that Cd doping has a notable tuning effect

on the band structure of the kesterite-structured CZTS alloys,

and the insights provided here hopefully can lead to the con-

struction of future tandem solar cells.
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