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Abstract:  

Kesterite thin films with four different off-stoichiometry have been synthetized by sequential 

evaporation of ternary (Cu2SnS3 or Cu3SnS4) and binary (ZnS) layers, following sulfurization 

(with elemental S) at 450 ºC or 500 ºC. Zn-poor compositions (Zn/Sn < 1.0) are used to study 

the effect of substitutional SnZn defects, together with VZn defects when Cu/Sn ~ 2.0 (sample 

CZTS1) or with CuZn defects for Cu/Sn > 2.0 (sample CZTS2). Besides, the effect of cationic 

disorder is also studied for Zn/Sn ~ 1.0, producing ZnCu and SnCu defects when Cu/Sn ~ 2.0 

(sample CZTS3) or CuZn and CuSn for Cu/Sn > 2.0 (sample CZTS4). The crystalline structure, 

morphology, optical and electrical properties of the different samples have been analyzed 

comparatively by X-ray diffraction (XRD), scanning electron microscopy (SEM), 

spectrophotometry and coplanar electrical measurements. The highest crystallinity was

achieved by the reaction of Cu3SnS4 and ZnS (sample CZTS4) at 450 ºC, with a wide 

bandgap and low resistivity, which remain unchanged when increasing the heating 

temperature to 500 ºC.  
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1. Introduction 

Cu2ZnSnS4 (CZTS) belongs to the kesterite family, isoelectronic equivalent of the 

chalcopyrite Cu(In,Ga)S2, replacing scarce elements (In and Ga) with more abundant ones 

(Zn and Sn), which makes it a good candidate for the next generation of cheap and 

environment-friendly optoelectronic devices. The kesterite compound exhibits a high optical 
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absorption and p-type conductivity, like its chalcopyrite analog, demonstrating good 

performance in thin film photovoltaics, photodetectors, gas sensors, energy storage, and many 

more [1].  

The major barrier limiting the kesterite performance is related to the control of structural 

defects [2], which are emphasized due to the great flexibility of the quaternary compound. 

The structural flexibility is due to the predisposition of kesterite to stabilize different defects 

(vacancies, interstitials and anti-sites) ensuring charge balance through suitable substitutions 

at cationic positions. According to theoretical calculations, the kesterite structure is prone to 

defects related to cationic disorder, such as CuZn, CuSn, ZnCu, ZnSn, SnCu, and SnZn, which 

associate to form thermodynamically stable clusters [3]. The antisite defect cluster CuZn+ZnCu

shows the lowest formation energy, indicating that a large number of these clusters may exist 

in the kesterite lattice with near-stoichiometric composition [4], leading to a decrease in the 

bandgap [3]. 

Moreover, the interrelationship between off-stoichiometry and lattice defects is critical to 

the understanding and development of kesterite-based devices. Several investigations on 

powder materials have demonstrated the ability of the CZTS compound to admit changes in 

composition, maintaining the kesterite structure with atomic proportions of Zn/Sn and 

Cu/(Zn+Sn) higher or lower than unity [5–7]. Single-phase kesterite structure was found in 

powder materials within the composition limits 0.5 ≤ Zn/Sn ≤ 1.6 and 0.6 ≤ Cu/(Zn+Sn) ≤ 

1.7, while off-stoichiometric kesterite coexisting with secondary phases were found outside of 

these ranges [7].  

Assuming that cations and anions maintain their respective oxidation states in kesterites 

with different atomic ratios, only some particular substitutions can achieve the charge 

balance, allowing each off-stoichiometric composition to be related to a certain defect cluster.

This interrelation is established in the ‘off-stoichiometry model’, which summarizes twelve 

kesterite types (denoted as type A-L) according to the specific Cu/(Zn+Sn) and Zn/Sn ratios 

and the corresponding defect complex [6,8]. The full model is supported by polycrystalline 

powder samples [5–7], while only a few off-stoichiometry types have been studied in thin 

film form [9–11]. In these cases, the number of point defects and defect clusters depends on 

the film deposition conditions [10,11], and the presence of metastable states is attributed to 

poor relaxation of defects during the cool-down process [9]. Postdeposition annealing 

treatments with slow cooling rates can effectively remove secondary phases and metastable 

states, improving the ordering degree and the bandgap of kesterite thin films [12,13]. 
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In the present work, kesterite CZTS thin films with different off-stoichiometry have been 

synthetized by sulfurization of sequentially evaporated ternary (Cu2SnS3 or Cu3SnS4, both 

denoted as CTS) and binary (ZnS) layers, following the deposition conditions that were 

optimized previously [14]. The chosen procedure allows to obtain CZTS samples with 

controlled composition, avoiding the loss of Sn (which is harder from ternary CTS than from 

binary SnS [15]), and setting the stoichiometry along a Cu-rich line (Cu/Sn ≥ 2.0) that 

benefits cation arrangement [16]. Besides, the Zn ratio is chosen low (Zn/Sn ≤ 1.0) to 

minimize the well-known ZnCu defects, favoring instead the formation of other point defects 

like SnZn or VZn, which are less investigated in kesterite thin films. In this way, four kesterite 

types with few experimental data have been chosen to study. The objective is to analyze 

comparatively these different types to determine the best route for achieving kesterite films 

with improved structural, optical and electrical characteristics.  

2. Experimental procedure 

CZTS formation was achieved by sulfurization of CTS and ZnS films evaporated on 

soda-lime glass substrates. The evaporation chamber contains Knudsen cells for metals 

and a valved cracker effusion cell for sulfur, using infrared lamps to heat the substrates.

Quartz sensors were used to monitor the evaporation rate of each component and adjust 

the source temperature accordingly during the process. First, a CTS film was grown at 

350 ºC with 0.20 μm thickness and different atomic ratios that correspond to cubic Cu2SnS3

(with Cu/Sn = 2.0 or 2.3) and orthorhombic Cu3SnS4 (with Cu/Sn = 3.0), as shown in 

Figure S1 of the supplementary information file, which is according to the results obtained 

in previous works [17,18]. Subsequently, a ZnS film with 0.05 or 0.10 μm thickness was 

evaporated on the CTS layer kept at 200 ºC, resulting in two different Zn to Sn ratios (Zn/Sn 

= 0.5 or 1.0). Table 1 shows a summary of the precursors chosen and the corresponding target 

composition for each sample. Finally, the CTS and ZnS stacked layers were sulfurized in a 

tubular furnace with infrared lamps around the outside of the tube (with elemental S 

placed near to the sample) at 450 ºC or 500 ºC during 1 h to complete the CZTS formation. A

slow rate (10 ºC/min) has been chosen for heating and cooling to enhance the reaction 

homogeneity and minimize metastable defects. 

The morphology and elemental composition of the samples heated at 450 ºC or 500 ºC 

were examined by a field emission scanning electron microscope (FESEM) (Nova NanoSEM 

200, FEI Company), which was equipped with an energy-dispersive X-ray analyzer (INCA X-

Sight EDS detector, Oxford Instruments). The crystallographic properties were analyzed by 
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X-ray diffraction (X’Pert instrument, PANalytical) using the nickel-filtered Kα1 emission line 

of copper (λ = 1.5405 Å), with a monochromator, in Bragg-Brentano (θ − 2θ) configuration. 

The angular step size was 0.02 º and the acquisition time 2 seconds per step. The recorded 

diffraction peaks were compared to the standard powder diffraction files (PDF).  

Electrical measurements were performed with a programmable voltage source and 

current electrometer (Keithley 2420), placing four electric contacts (two for sweep V and two 

to measure I) in coplanar configuration on the sample. Resistance and resistivity are 

connected by the relation R = ρ (F/t) [19], where R is the electric resistance obtained from the 

I-V slope, ρ the electrical resistivity, t the film thickness, and F a geometrical factor that is 

0.23 for the configuration used. Optical transmittance (T) and reflectance (R) measurements 

were carried out in a double beam spectrophotometer (Perkin-Elmer Lambda 9) with 

unpolarized light from 300 to 1800 nm in wavelength. The fraction of light absorbed, A(%) =

100 – T(%) – R(%), is obtained as a function of the light energy for each sample and the 

bandgap energy is calculated by the inflection point method [20,21]. Photoluminescence 

measurements were made in a fluorescence spectrophotometer (Cary Eclipse) using a 

xenon lamp with a monochromator set at a wavelength of 787 nm as excitation source,

while the emission was recorded in a spectral range from 800 to 950 nm.

3. Results and discussion 

The atomic percentages (at. %) determined by EDX analysis for the various CZTS thin 

films are summarized in Table 2. These data show a good agreement with the targeted 

composition (in Table 1) for both heating temperatures (450 ºC and 500 ºC), which discards 

the loss of volatile elements or compounds during the annealing. According to previous 

studies [15], the different phases have evaporation rates that increase in the way Cu2ZnSnS4 <

Cu4SnS4 < Cu2SnS3 < SnS, with an important loss of SnS from the CZTS films at 

temperatures ≥ 550 ºC [22,23]. Here, such temperature limit was not exceeded in order to 

maintain good control of stoichiometry after heating, as has been verified experimentally. 

Table 2 also includes the kesterite type and the corresponding defects cluster that are assigned 

for each atomic composition according to the literature [6,8]. Substitutional SnZn defects are 

expected for both Zn-poor compositions (Zn/Sn < 1.0), together with VZn defects for CZTS1 

(with Cu/Sn ~ 1.9) or with CuZn defects for CZTS2 (with Cu/Sn ≥ 2.3). Otherwise, samples 

CZTS3 and CZTS4 belong to the more recently introduced kesterite types [6], which take into 

account that cationic disorder is also present for Zn/Sn ~ 1.0, producing ZnCu and SnCu defects 
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under Cu-poor conditions or CuZn and CuSn for Cu-rich compositions. The film thickness 

determined from cross-section SEM images (Figure S2) is t = 0.20 ± 0.02 μm, without 

significant change for the various samples with the heating temperature.

The XRD patterns of all samples are shown in Figure 1, represented on a logarithmic 

scale for better identification of peaks with low intensity. These patterns evidence diffraction 

peaks at the main positions of the kesterite CZTS: (112), (220/204) and (116/312) planes,

whatever the heating temperature. Other diffraction peaks corresponding to the kesterite 

planes (004/200), (301) and (224) are also found in some films. Only the CZTS2 sample 

shows a small additional peak of CuS, which remains virtually unchanged at 450 ºC or 500 

ºC, while CZTS1 evidences a small peak of SnS after heating at 500 ºC. It should be noted 

that these secondary phases are in a lower proportion than observed for similar films [24,25],

taking into account that here the diffraction intensity is on a logarithmic scale. Pure kesterite, 

without additional phases, has been obtained in the CZTS3 and CZTS4 layers.

The main diffraction peaks (112, 220/204 and 116/312) are normalized and overlaid 

plotted for the various samples in Figure 2. The change in the position and width of the peaks 

means a variation in the lattice volume and the crystallite size, which are represented as a 

function of the composition and the heating temperature in Figure 3. The mean crystallite size 

(S) is inversely proportional to the full width at half maximum of the diffraction peak 

(FWHM), according to the Scherrer formula [26], taking into account the instrumental 

broadening. The lattice parameters (a, c) and the cell volume (V = a2c) have been obtained 

by measuring the interplanar spacings in the pattern, dhkl = θ/(2sin θ), and applying the 

relation that corresponds to the tetragonal kesterite-type structure (with a = b): 1/(dhkl)2 =

(h2+k2)/a2 + l2/c2. 

Figure 3 shows that the crystallite size (S) is in the range S112 = 28 - 53 nm for the 

samples annealed at 450 ºC, the lowest value corresponding to CZTS3 and the highest to 

CZTS4. The increment in the heating temperature to 500 ºC causes the mean crystallite size to 

grow to S112 = 40 - 53 nm, an increase of about 10 nm for the various layers except for 

CZTS4, which exhibits S112 = 53 nm regardless of the heating temperature. The lattice 

parameters and the cell volume in general disclose small variations with composition and 

temperature, being near to the standard value for kesterite CZTS powder (c/a = 2.001 and V = 

320 Å3). An exception is found for the sample with the poorest crystallinity, CZTS3 heated at 
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450 ºC, which shows a higher volume of 326 Å3 corresponding to a lattice distortion c/a = 

2.216, but the volume decreases to 318 Å3 and the distortion to c/a = 2.000 when the 

crystallite size increases by heating at 500 ºC. In other CZTS thin films, the volume of the 

unit cell increases with the addition of Zn and decreases with the addition of Sn [6,26], but 

here the volume remains virtually the same irrespective of the different Zn/Sn ratios, being 

more dependent on the crystallite size. This is because a lower crystallite size is related to a

higher lattice strain, as has been reported [11,22]. Increasing the temperature to 500 ºC causes 

greater mobility and surface diffusion, which favors the migration and coalesce of the 

deposited material, giving a larger crystallite size and a smaller lattice volume. Nevertheless, 

the CZTS4 sample exhibits the best crystallinity even at a lower temperature. 

The morphology of the layers is illustrated by the SEM images in Figure 4. All the 

CZTS films have a dense microstructure with small grains and some agglomerations that are 

more evident for the samples with a higher Cu content (CZTS2 and CZTS4), such as it is 

commonly found for CZTS films prepared by different ways [27,28]. The diameter of the 

grains is generally greater than 100 nm, which indicates that the grains are constituted by 

several crystallites. As the annealing temperature increases, an enlargement of the grains is 

observed by SEM, in accordance with the increase in crystallite size (S) detected by X-ray 

diffraction. Increasing the grain size can improve the electrical conductivity of a

polycrystalline CZTS thin film because the existence of less grain boundaries allows the 

effective diffusion length of carriers to increase. 

Figure 5 shows the resistivity of the various samples, which varies in the interval ρ = 10-

2 – 101
Ω cm. These values are within the range reported for other CZTS thin films 

[24,27,29]. The resistivity tends to decrease with increasing annealing temperature and Cu-

rich samples (CZTS2 and CZTS4) have the lowest resistivity. This might be attributed to the 

crystalline improvement with the annealing temperature and the Cu-content, since a larger 

crystallite size results in fewer grain boundaries [24]. Furthermore, the resistivity is found 

practically unchanged while the Zn content increases from Zn/Sn = 0.5 (CZTS2) to Zn/Sn = 

1.0 (CZTS4), in the same way that is observed in other works when Cu/(Zn+Sn) ≥ 1.0 [27]. In 

these kesterite materials, Cu vacancies could be responsible for the majority of hole carriers, 

but CuZn antisites become the dominant acceptor whenever the growth conditions promote 

their formation [30], as it is the case for the present Cu-rich samples.
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Light absorptance spectra (A) are plotted as a function of the photon energy (E) in 

Figure 6a. These spectra allow us to estimate the bandgap energy (Eg) as the inflection point 

of the absorptance curves [21], that is the peak of the derivative dA/dE, which is illustrated 

in Figure 6b for the various CZTS layers. When tailing is detected, a good approximation for 

the bandgap of extended states is the inflection point of the absorption curve in the low energy 

region [31,32]. Some absorption below the bandgap of extended states is usual in kesterites, 

as shown in Figure 6a. At low energies (below Eg) the absorptance is higher for Cu-rich 

layers (CZTS2 and CZTS4), but more similar values are obtained for all the samples at 

energies higher than Eg. The absorptance value taken at E = 2.25 eV, that is in the middle of 

the visible spectral range, is named visible absorptance (Avis) and is represented in Figure 7 

together with the respective Eg value (from Figure 6 b) for the different samples heated at 450 

ºC and 500 ºC. The increase in temperature causes Avis to decrease slightly, being always a

minimum for CZTS3 (with Avis ~ 70%) and a maximum for CZTS1 (Avis ~ 85 %). Otherwise, 

the bandgap energy is found increasing from Eg = 0.95 eV for CZTS1 to Eg = 1.20 eV for 

CZTS4, with only small variations (± 0.02 eV) for the same sample heated at 450 ºC or 500 

ºC. 

It is known that various self-compensated defect clusters can grow in kesterite 

compounds, with overall formation energies significantly lower than the sum of isolated ones 

[33]. Figure 8 plots the schematic band structure for different defect clusters [3,33],

corresponding to the off-stoichiometry of the various samples. For Cu2ZnSnS4, the maximum 

of the valence band (VB) is contributed by the Cu-3d and S-3p states and the minimum of the 

conduction band (CB) is derived from the Sn-5s and S-3p states [34]. In the perfect 

semiconductor the band edges (VB and CB) are separated by 1.50 eV (Figure S3), but the 

presence of defect clusters produces changes in the optical bandgap energy. The most 

significant changes are related to clusters composed of deep level defects, such as the SnZn

donor and VZn acceptor states [33]. On the other hand, CuZn is not considered a deep acceptor 

state (although it is deeper than VCu), but the (2CuZn + SnZn) cluster has a low formation 

energy and it is responsible for a significant reduction of the bandgap in CZTS [35]. The 

schematic diagram of Figure 8 explains the Eg value obtained for each layer according to the 

existing defects and their respective energy levels taken from the bibliography. This confirms 

the classification established in Table 2 for the different samples according to their atomic 

composition. 
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4. Conclusions 

Kesterite thin films with controlled off-stoichiometry (types H, C, L and K) have been 

synthetized by sequential evaporation of chalcogenide precursors and subsequent sulfurization 

at 450 ºC or 500 ºC. K-type kesterite (with Zn/Sn ~ 1.0 and Cu/Sn ~ 3.0, obtained by reaction 

of Cu3SnS4 and ZnS) shows the best characteristics, with a high crystallite size of 53 nm, a

low resistivity of 10-2 Ωcm and a wide gap of 1.20 eV, regardless of the heating temperature. 

The other three samples (with Zn/Sn ≤ 1.0 and Cu/Sn ≤ 2.5) have a crystallite size below 40 

nm after heating at 450 ºC, increasing by 10 nm at 500 ºC. H-type kesterite (with Zn/Sn < 1.0 

and Cu/Sn ~ 2.0) has the highest resistivity (above 40 Ω cm) and the lowest gap energy (~ 

0.95 eV), which is related to the presence of deep SnZn and VZn states. Intermediate bandgap 

values are obtained for C-type and L-type samples (1.0 eV and 1.1 eV, respectively), being 

the resistivity lower for Cu-rich layers due to the presence of CuZn antisites that act as 

acceptors.  
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Table 1. Precursors chosen for the various CZTS thin films. 

Sample name Precursor sequence Targeted composition

CZTS1 Cu2SnS3 + 0.5ZnS Cu2.0Zn0.5SnS3.5

CZTS2 Cu2.3SnS3 + 0.5ZnS Cu2.3Zn0.5SnS3.5

CZTS3 Cu2SnS3 + ZnS Cu2.0Zn1.0SnS4

CZTS4 Cu3SnS4 + ZnS Cu3.0Zn1.0SnS4

Table 2. Composition data obtained by EDX for the various CZTS samples heated at 450 ºC 

or 500 ºC. The off-stoichiometry kesterite type and the corresponding defects cluster are 

assigned according to the literature [6,8].

Sample T (ºC) Cu:Zn:Sn:S (%at) EDX composition
Kesterite type and related

defects [6,8]

CZTS1
450 33:10:18:39 Cu1.8Zn0.6SnS2.2

H-type: SnZn + VZn
500 33:11:17:39 Cu1.9Zn0.6SnS2.3

CZTS2
450 37:8:16:39 Cu2.3Zn0.5SnS2.4

C-type: SnZn + 2CuZn
500 37:9:15:39 Cu2.5Zn0.6SnS2.6

CZTS3
450 34:14:16:36 Cu2.1Zn0.9SnS2.3

L-type: ZnCu + SnCu + VCu
500 34:15:15:36 Cu2.2Zn1.0SnS2.4

CZTS4
450 37:13:12:38 Cu3.1Zn1.1SnS3.2

K-type: CuZn + CuSn + 4Cui
500 37:12:13:38 Cu2.8Zn0.9SnS2.9
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Figure 1. XRD patterns for the various CZTS samples heated at 450 ºC or 500 ºC. Peaks are 

indexed according to the standard file for kesterite Cu2ZnSnS4 (PDF#04-015-0223).

Figure 2. Comparison of the main diffraction peaks (112, 220/204 and 116/312) for the same 

CZTS samples represented in Figure 1. 
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Figure 3. Mean crystallite size (S112), lattice parameter ratio (c/a) and crystalline cell 

volume (V) for the CZTS samples heated at 450 ºC or 500 ºC. 

Figure 4. SEM images (magnification x200k) for the various CZTS samples. 
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Figure 5. Electrical resistivity for the CZTS samples heated at 450 ºC or 500 ºC. 

Figure 6. Optical characteristics of the different CZTS samples: a) absorptance curves as a 

function of the photon energy (A vs. E), b) differential of the absorptance curves (from the 

derivative dA/dE). 
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Figure 7. Visible absorptance (Avis) and bandgap energy (Eg) for the CZTS samples heated at 

450 ºC or 500 ºC. 

Figure 8. Schematic diagram showing optical transition energy for the various kesterite 

samples, depending on the main defects [3]: a) CZTS1 with SnZn and VZn defects, b) CZTS2 

with SnZn and CuZn defects, c) CZTS3 with ZnCu and VCu defects and d) CZTS4 with Cui and 

CuZn defects. The filled states in each case correspond to the shaded areas. 


