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ABSTRACT. This work explores two different deposition methods to grow buffer layers of 

ZnxCd1-xS for application in kesterite (Cu2ZnSnS4-CZTS) solar cells. The introduction of the 

mixed sulfide of Cd and Zn in CZTS-based solar cells represents an important progress due to 

the improved device performance and minor toxicity with respect to sole CdS. The explored 

techniques are the chemical bath deposition (CBD) and the precursor ink. For the CBD we 

focused on the inclusion of zinc into the buffer, i.e. the target solid solution, taking into account 

the difference in the solubilities of ZnS and CdS. In aqueous solutions the co-deposition process 

is controlled by various solubility equilibria with CdS precipitation representing the most 

favorable process. Under these circumstances the ink method here proposed is a promising 

approach since it is based on the thermal degradation of stable chemical precursors deposited 

on a dry film. In doing so, the problematic co-deposition of a mixed sulfide derived from 

sulfides with considerably different solubilities is circumvented. The most important 

mailto:mirko.congiu@uniroma1.it


     

 

2 

 

 

advantages of this approach are the easiness and scalability of the whole process and the 

reduction of the amounts of toxic reagents/products.   

 

1. Introduction 

The main challenge in the development of Cu2ZnSnS4 (CZTS) solar cells[1–3] is the 

increase of the open circuit voltage (VOC), i.e. the parameter that actually limits the devices 

efficiency [4–6]. A crucial aspect to obtain higher VOC in CZTS is the optimization of the 

charge-extraction efficiency in the depletion region at the interface between CZTS and CdS. 

The alignment between the conduction bands of the CdS and the CZTS is "cliff" type [7,8], 

with the CdS conduction band edge lower than that of CZTS. It is notorious that such 

alignment reduces the VOC of the cell. A further limitation on the use of pure CdS in CZTS 

devices is related to its optical absorption. Indeed, CdS has an optical band-gap (Eg) of just 

2.45 eV, which renders it non-transparent at wavelengths shorter than 500 nm. This spectral 

characteristic of CdS causes parasitic absorption with consequent reduction of the short 

circuit current density (JSC) of CZTS cells [9]. Another critical aspect of the general use of 

cadmium is related to its toxicity towards humans and plants. As a consequence of its 

environmentally unfriendliness, the presence of cadmium in a device raises the problem of 

its disposal. Cadmium has been recognized as a critical raw material (CRM) [10] and its 

employment on large scale application should be then minimized, if not completely avoided. 

Among the possible alternative films of pure CdS, the solid solution of zinc and cadmium 

sulfides ZnxCd1-xS or (Zn, Cd) S is one of the most promising: the introduction of an optimal 

molar ratio of zinc (x = 0.35 in the mixed sulfide corresponding to a band-gap of around 2.7 

eV) in the buffer layer much improves the band alignment at the CZTS/ZnxCd1-xS junction 

giving a Voc increase of about 100 mV [11]. These interesting results were obtained 

depositing the mixed sulfide buffer layer by SILAR [11–13]. Chemical bath deposition 

(CBD) can represent a suitable method for the preparation of ZnxCd1-xS. Interesting results 
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have been obtained so far in the literature using CDB to grow ZnS/CdS mixed buffers in 

CIGS solar cells [14]. With these premises, the first objective of our investigation is the 

comparison of CBD and precursor ink method as deposition techniques for ZnxCd1-xS buffer. 

CBD is simpler and faster but, because of the lower solubility of the CdS (3.6 x 10-29) 

compared to the ZnS (1.2 x 10-23) [15], it could lead to the production of  films with a non-

homogeneous composition along the thickness. A higher cadmium content is to be expected 

in the layers deposited at the beginning of the process with formation of a Cd-rich buffer at 

the ZnxCd1-xS/CZTS interface. As a different strategy, the spraying of solution based on 

thiourea, cadmium and zinc acetates in methanol, is considered for the direct deposition of 

the buffer layer on the substrates. This kind of solution is commonly defined as “precursor 

ink” with reference to an ink in which the “pigment” is a mixture the chemical precursors 

of the desired material (e.g. a thin semiconducting film) [16,17].  Once the precursor ink is 

sprayed and deposited onto the substrate, the resulting thin, dry film can be thermally 

converted into ZnxCd1-xS. Unlike CBD, the ink-jet technique does not involve the use of 

large volumes of solution. For this reason, different kind of precursor inks are being studied 

and applied in the fabrication of large-area solar cells devices such as perovskite and dye 

solar cells [18,19]. Matter of fact, the use of large volumes of organic solvents as well as 

heavy metal solutions does not comply with the modern green-chemistry guidelines for 

future industrial applications, due to the large amount of wastes [20,21]. When the 

equilibrium constant of the product of solubility (KPS) in water is considered for ZnS (KPS 

= 1.2 x 10-23 at room temperature, r.t.) and CdS (KPS = 3.6 x 10-29 at r.t.) the difficulties 

inherent to the co-precipitation of the two compounds in the same reaction environment (as 

in the cases of both CBD and SILAR approaches) appear immediately evident being the 

precipitation of CdS thermodynamically much more favored than the one of ZnS. The 

different solubilities of ZnS and CdS prevent the formation of a mixed sulfide with a 
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controllable stoichiometry since zinc will tend to be generally present at much lower 

concentrations in the resulting film of mixed sulfide. In this regard, the ink method bypasses 

such a drawback by exploiting a degradation process in which water is not involved. In fact, 

degradation occurs in a dry film in which solubility equilibria are not involved due to the 

lack of water on the reaction surface.  

 

 

 

 

2. Experimental  

The complete list of materials is provided in the supporting information (SI). 

Chemical Bath Deposition (CBD) 

Thin films of CdS and ZnxCd1-xS were grown by CBD in aqueous solution on clean glass 

substrates using thiourea (TU) as sulfur source. CdSO4 and ZnSO4 were added to the chemical 

bath to obtain different Cd/Zn molar ratios i.e. 0.45, 0.67 and 1.33 (in the pristine solution). The 

temperature of the bath was maintained at 70° C using a conventional laboratory hotplate. 

Sodium citrate (CIT) was used as complexing agent [22] to limit the activity of cadmium into 

the solution at the three concentration levels: 25; 37 and 50 mM. In all of the solutions, 17 mL 

of NH4OH was added in order to obtain a solution with pH > 11 and induce the hydrolysis of 

TU. The processing time was also considered as variable for the control of the process and we 

considered the values of 15, 30, 45 and 60 minutes as processing time. 

 

Precursor Ink Deposition 

The precursor ink was obtained from stock solutions of 0.1 M cadmium acetate, Cd(CH3COO)2, 

and 0.1 M zinc acetate, Zn (CH3COO)2, in HPLC grade methanol (H2O < 5%). In a volumetric 
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flask, 3 mL of methanol was poured. Then 10 mg of TU were added in the flask. The solution 

was spiked with the desired amount of Cd(CH3COO)2 and Zn (CH3COO)2 using a micropipette. 

After spiking, the solution was made-up to 10 mL by further addition of methanol. This solution 

was stored in the dark at 5° C for up to five days. Glass substrates (area: 2.5 x 2.5 cm2) were 

carefully cleaned in the ultrasonic bath for 10 minutes with each of the three different solvents: 

deionized water, acetone and isopropanol. After cleaning, the substrates were dried under 

nitrogen flow and stored away from dust and moisture. The composition of ZnxCd1-xS could be 

easily varied over the whole range 0 < x < 1 by changing directly the ratio between the two 

initial solutions. The depositions were conducted in two steps: in the first step the substrate is 

covered drop-by-drop with the precursor ink (250 µL) and subsequently dried in vacuum to 

rapidly evaporate the solvent; in the second step the dry substrate is transferred into an oven 

with nitrogen atmosphere and kept at 250 ° C for 30 minutes.  

 

Spectrophotometric characterization 

The transmittance (T) and reflectance (R) spectra of CZTS samples grown on soda-lime glass 

were recorded with a Perkin-Elmer LAMBDA 950 spectrophotometer equipped with a 150 mm 

integrating sphere. The absorption coefficient ()  was calculated employing the approximate 

equation: 

                                          () = 1/d*ln [(1-R())/T()]                                              (Eq. 1) 

 

where d (in cm) is the thickness of the film, R () is its wavelength-dependent reflectance and 

T() is its wavelength-dependent transmittance. In this context, the reflectance measurement is 

compulsory in order to get a reliable estimation of () since reflectance variations are caused 

by both refractive index variation and interference effects (even for low thickness values).  

Since ZnxCd1-xS is a semiconductor with direct band gap, the value of the bandgap can be 
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extracted from the "Tauc plot" [23], that is obtained by plotting (αhν)2 vs hν (in eV),  where α 

is the absorption coefficient of the film (in cm-1). 

 

GDOES characterization 

The ratio between Cd and Zn into Zn1-xCdxS films was estimated through a depth profiling 

analysis of the samples performed by Glow Discharge Optical Emission Spectroscopy 

(GDOES) measurements using a Horiba Jobin Yvon GD Profiler 2 spectrometer with an anode 

diameter of 4 mm. The GDOES approach allows to analyze the chemical composition of a film 

throughout its thickness: indeed, a glow discharge sputters the film layer by layer and the 

removed atoms are then analyzed by their characteristic optical emission lines. Since the 

emission of Cd is stronger than that of Zn, it was necessary to normalize the two signals by 

comparing the spectrum of pristine sputtered ZnS with one of CdS deposited by CBD.  

 

3. Results and discussion 

CBD results 

Experimentally, ZnCl and CdI were dissolved in the required concentration in deionized water 

containing cleaned glass slides. Then an aqueous solution of ammonium hydroxide (NH4OH) 

was added to obtain a pH equal to 11 and heated up to 75° C. An alkaline environment is 

required to allow the hydrolysis of thiourea, employed as S2- source. The aqueous solution of 

thiourea, duly preheated, was added in the cation containing bath. After roughly 180 seconds, 

the bath solution starts yellowing as a proof of the initial nucleation of CdS or mixed Zn1-xCdxS. 

The eventual formation of pure ZnS is hardly detectable, being the latter colorless. In order to 

investigate the effect of immersion time on the film properties, we removed the glass slides 

every 15 minutes up to one hour (Fig. 1a)  
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Chemical Bath Deposition (CBD) is a cheap and easy approach to obtain homogeneous films 

both at the surface and throughout the thickness of the layer. As reported in literature [11], the 

optimal Zn/Cd ratio in the film is 35/65. Yet, considering the different Kps value of CdS (1×10-

28) and ZnS (3×10-25) [24], the addition of a zinc salt in the bath is not enough to assure the 

formation of a mixed Sulphide. Indeed, the precipitation and the deposition of pure CdS is the 

thermodynamically favored path even though using a 100-fold more concentrated Zn-salt 

solution. Straightforwardly, an engineering of the deposition method is required.  

 

The first characterizations performed on the films obtained through CBD were the 

determination of Eg through spectrophotometric measurements and Tauc’s plot, and the 

estimation of Cd/S and Zn/S ratios on the films deposited varying the chemical bath 

composition through GDOES measurements. The experimental results are reported in Table 1 

(Tab.1)  

Table 1. Comprehensive table of CBD experiments, each bath contains different 

concentrations of Zn, Cd and citrate (CIT). 

 

Sample 
CIT  

(mM) 

[Zn2+]  

mM 

[Cd2+]  

(mM) 
[Cd/Zn](a) 

[Cd/Zn](b) 

GDOES 

Eg 

(eV) 

ZnCdS_1 25 30 20 0.67 7 2.69 

ZnCdS_2 50 15 20 1.33 22 2.62 

ZnCdS_3 50 30 20 0.67 10 2.68 

ZnCdS_4 25 45 20 0.45 4 2.7 

ZnCdS_5 50 45 20 0.45 10 2.67 

ZnCdS_6 37 45 20 0.45 6 2.69 

a) Cd/Zn in the chemical bath; b) Cd/Zn in the films (GDOES) 

 

In order to compare the GDOES signals of Cd and Zn, one must consider that the strength of 

the emission signal depends on both the concentration and nature of the emitting element. For 

this reason, it was necessary to define a scaling factor to normalize the signals. This factor was 

calculated on pristine ZnS and CdS films. In both samples the signal of sulfur corresponds to 

an atomic concentration value close to 50%. The scale factor between Cd and Zn was therefore 
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calculated as sputtering+ù between Cd/S and Zn/S in these two samples (Figure 1) and its value 

was approximately 28. The Zn intensity in ZnxCd1-xS samples was systematically multiplied by 

this factor to calculate the Zn/Cd ratio. 



     

 

9 

 

 

1 2 3 4

1

10

100

B

 A

 

 

In
te

n
s
it

y
 /

 a
.u

. 

Depth / a.u.

 Cd/S

 Zn/S

 Cd/Zn

 Cd/Zn Smooth

 
Figure 1. A: Zn1-xCdxS films obtained by CBD using a 9/1 Cd/Zn ratio and different deposition 

times. B: Evaluation of the experimental Cd/Zn signal intensity ratio to calculate the 

multiplicative scaling factor to be used in Zn1-xCdxS samples. These measurements have been 

performed on pristine ZnS and CdS films. 
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Another useful information from GDOES is the content of oxygen in the final product, in fact 

as the deposition occurs in strong alkaline conditions (pH >11) there could exist a competition 

between the formation of metal oxide/hydroxide and sulfide. Considering two ZnxCd1-xS 

samples, prepared using two different chemical baths with Cd/Zn concentration ratio of 

respectively 9/1 and 1/9, one can see that the bath richer in Zn produces films with a higher 

oxygen content (Fig.2). 
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Figure 2. GDOES profiles of two ZnCdS samples with nominal Cd/Zn ratios of 9/1 (A) and 

1/9 (B). Notice that the chemical bath with the higher Zn concentration produces films in which 

the emission signal of oxygen is higher than that of sulfur.  

It is probably due to the formation of ZnO and Zn(OH)2 on the substrates surface, leading to a 

mixed oxide/sulfide deposit. Notice that one of the advantage of metal sulfides over the 
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corresponding oxides is the better electrical conductivity [25]. Moreover, the presence of mixed 

oxide/sulphide phase would heavily modify the electronic features of the films. 

Sodium citrate (CIT) has been used as complexing agent for Cd2+ ions leading to a reduction of 

the concentration of the latter within the bath solution. Additionally, as we noticed during 

preliminary tests, the addition of CIT leads to more uniform films. The required amount of 

sodium citrate was added to the aqueous solution of cations before the addition of ammonium 

hydroxide. Three different [CIT] concentrations were tested, i.e. 25, 37.5 and 50 mM. By using 

a linear regression model, one can notice that both CIT and Cd/Zn molar ratio influence the 

final Cd/Zn ratio in the film estimated by GDOES. 

 

Table 2: Linear regression coefficients considering Cd/Zn molar ratio and CIT concentration 

as independent variables and the observed Cd/Zn (GDOES) ratio in the final product as the 

dependent variable.  

Model 

Coefficientsa 

B Std. Error 

1 (Constant) -7,503 2,087 

Cd/Zn_ratio 14,695 1,952 

CIT 0,190 0,054 

a) Dependent variable observed Cd/Zn (GDOES) 

 

 

Table 3: Comparison between the nominal and the actual values of Cd/Zn ratios observed in 

the samples prepared using two different inks. 

 

 

Sample [Cd/Zn] 
nominal

e 

[Cd/Zn] 
GDOES 

Eg 
(eV) 

Zn0.7Cd0.3S_INK 0.43 0.7 3.4 ÷ 3.55 

Zn0.4Cd0.6S_INK 1.5 1.9 3.1 
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The following equation (Eq. 2) represents the linear regression model used to estimate the 

effects of the solution composition over the final Cd/Zn ratio observed by GDOES. 

Cd/Zn(GDOES)=B1*Cd/Zn + B2*CIT + k                         (Eq.2) 

Where, B1 and B2 are the linear coefficients and k is a constant. The exhaustive results of the 

linear regression are provided in the SI. Our linear model well represents the experimental 

observations. In fact, the determination coefficient R2 returned a value higher than 0.9. It means 

that more of the 90% of the variance of the independent variable is due to the variance in the 

assumed independent variable. The plot of the predicted Cd/Zn ratio versus the measured value 

is reported in Fig. 3. 
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Figure 3. Scatter plot of the predicted value (B) against the actual value (A) of 

Cd/Zn(GDOES) calculated using the linear regression model.  

 

From Fig. 3 one can notice that the distribution is closely linear (R2=0.965). As expected, the 

value of the optical band gap Eg is directly correlated to the effective Cd/Zn concentration in 

the solid solution Zn1-xCdxS (Fig. 4). 
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Figure 4. Plot of the optical band-gap (Eg) against the measured Cd/Zn (GDOES). The linear 

fit of the data set shows a linear dependency of Eg from Cd/Zn ratio into the solid solution  

Zn1-xCdxS thin films.  

 

The values of Eg were calculated from Tauc’s plot, by extrapolating the linear part of the plot 

of (αhν)2 vs hν (Fig. 5_B). The absorption coefficient α was calculated considering the films 

thickness.  
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Figure 5. (A) An example of transmittance measurements (blue) and reflectance (red) on the 

same set of samples with different deposition times. (B) Estimation of the thickness of The 
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thickness of the film was measured by SEM cross-section images (Fig. 6) just for the samples 

deposited for 60 minutes (i.e. 100 nm, the thicker films of the samples set).  

             
 

Figure 6. SEM cross-section image of a typical CZTS device with Zn1-xCdxS buffer between 

the upper conducting layer (ITO) and the compact ZnO layer. The buffer was obtained through 

CBD for 60 minutes. The thickness of the buffer layer was directly measured on the cross-

section. 

The thicknesses of the other samples (i.e. 15, 30 and 45 minutes) were calculated by scaling the 

absorption spectra of each with respect to the spectrum of the sample kept for 60 min (Fig. 5_B). 

The scaling factor was used to estimate the thicknesses of all other samples assuming that the 

growth of the films is linear with time.  From the data reported in Tab. 1 and the linear regression 

(Fig. 4) there is a clear correlation between the actual Cd/Zn ratio and the film bandgap, the 

lower the Cd/Zn ratio the higher the bandgap. The best result was obtained with a concentration 

of CdSO4, ZnSO4 and CIT of 20, 45 and 25 mM, respectively, a film with bandgap higher than 

2.7 eV corresponding to a nominal Cd/Zn ratio close to 4. The table also shows the large 

difference between the nominal composition of the films and the estimated by GDOES 

measurements: in all samples the actual concentration of zinc is lower than the nominal one 

probably due to the solubility equilibria of the different species in the solution. Another 

important parameter is the citrate concentration, the lower concentration of citrate the lower is 

the actual Cd/Zn ratio. Probably, when CIT is added to the solution there is a competition 

between the formation of Zn-CIT and Cd-CIT complexes. In fact, it is known that the stability 

constants of Cd-CIT complexes are higher than those of the corresponding Zinc complexes as 
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reported by S. Capone et al. [26]. The effect of citrate is not substantially influenced by varying 

the concentrations of Cadmium and Zinc. It is worth mentioning that the strong alkaline 

environment (compulsory for the quantitative hydrolysis of thiourea) causes the formation of 

Zn and Cd hydroxides that are only partially soluble. Therefore, it must be considered that 

during the deposition of Zn1-xCdxS, impurities of Zn(OH)2 or Cd(OH)2 can be incorporated. 

The Kps of the two hydroxides are very similar (10-14 and 10-15 respectively) and in a strongly 

basic environment both tend to precipitate. In order to overcome the formation of hydroxides, 

the reduction of cations concentration as well as the acidification of the precursor solution are 

not feasible routes. Straightforwardly, we resolved by an innovative approach consisting in the 

acidification of the solution only after an initial yellowing (i.e. after the release of S2- anions 

from thiourea). This leads to an evident slackening of the deposition reaction (thinner films). 

Some preliminary results highlighted a good homogeneity and interesting optical properties of 

the film. Yet, this method required a further engineering to finely control composition of the 

film and it will be investigated in detail in a forthcoming paper.  

Results on films deposited through precursor ink 

In these preliminary experiments, the ink-based method for the deposition of Zn1-xCdxS has 

been studied considering two nominal compositions (x = 0.4 and x = 0.7) as reported in Table 

3. The first considered aspects were the volume of solution deposited per cm2, the number of 

depositions, the heat treatment (temperatures and times) and above all the technique of drying 

the samples, crucial for obtaining homogeneous layers.  

Figure 7 shows 3 samples of Zn0.7Cd0.3S_INK which, despite being nominally the same, have 

a different and non-homogeneous morphology due to different drying processes. 
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Figure 7. A photograph of three glass slides samples (2 x 2 cm), covered with the precursor 

ink and vacuum-dried. The films present darker regions probably due the formation of a non-

homogeneous film. 

One of the main issues of the ink, at the actual state of the art, is the drying process. In fact, 

when the substrate is let too slowly dry at room temperature, we observed the formation of 

aggregates over the substrates surface. Through preliminary experiments, we concluded that 

the best drying process is to rapidly evaporate the solvent using a vacuum chamber to avoid the 

formation of aggregates. Vacuum evaporation leads to more uniform films even if some 

samples of a same lot remain inhomogeneous (Fig.7). Nevertheless, this aspect needs just for a 

technical optimization. One of the more affordable strategy is to try different solvents, or a 

mixture of them, to achieve an optimal composition, and this goal is beyond the aims of this 

paper. Just the samples with a homogeneous precursor layer were submitted to the thermal 

treatment to convert the precursors mixture to the respective sulfide solid solutions. The as 

mentioned experiments have shown that to obtain a good homogeneity it is necessary to dry the 

sample as quickly as possible by introducing it into a vacuum chamber followed by a faster and 

symmetrical pumping possible. 
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Figure 8: Cd/Zn ratio obtained by GDOES in two different samples deposited on glass slides 

using different ink compositions (A). Tauc plots of pristine CdS, Zn0.4Cd0.6S and three 

experimental replicates of Zn0.7Cd0.3S samples. Notice that the differences in the optical band 

gap is due to the inhomogeneity of the latter sample.   
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The samples obtained were characterized by spectrophotometric and GDOES measurements 

like the previous ones. These samples displayed energy-gap values and Zn concentrations 

greater than the samples obtained by CBD, as shown in Figure 8. In Table 3 one can see 

differences between the nominal value of the composition and that obtained through GDOES 

measurements, the later richer in cadmium. The samples deposited on glass substrates that 

showed the best composition and energy gap characteristics were deposited under the same 

conditions on CZTS to obtain functioning devices and thus characterize their optoelectronic 

properties. The preliminary results are provided within the supplementary information. 

 

4. Conclusions 

Two chemical deposition techniques have been reported to deposit ZnxCd1-xS buffer layers for 

CZTS solar cells: Chemical Bath Deposition (CBD) and ink precursor technique (INK). In this 

study the influence of some experimental parameters on the characteristics of the film properties 

was analyzed in order to define the conditions of deposition conditions of buffer layers with 

appropriate composition and energy gap values. It is here proposed a A linear regression model 

has been proposed to predict the final composition of the layer as a function of the experimental 

CBD conditions. The material band-gap was estimated from a Tauc plot of the absorption 

coefficient obtained by spectrophotometric measurements (T, R). Moreover, an innovative 

characterization technique based on GDOES measurements was developed to check the actual 

composition of the films. In the case of CBD there is a noticeable difference between the film 

and the bath composition, due to the fact that not all zinc present in the bath is incorporated in 

the film. The difference between measured and nominal composition is instead much smaller 

in the case of films obtained for INK. 

CBD allowed to obtain Zn1-xCdxS films with good homogeneity and morphology in a 

reproducible way. There is still the need of optimizing the CBD procedure to further increase 
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the gap value and improve the band alignment through the elimination of the contaminants zinc 

oxides and hydroxides. The ink deposition technique has showed considerable operating 

advantages for a variety of reasons: speed of film preparation, width of the range of composition, 

use of small amounts of reagents (including the toxic ones that contain cadmium). The ink-

based method must be further improved and optimized as far as the aspects of film morphology 

control and sample thickness are concerned. The replacement of thiourea with thioacetamide 

affords a higher homogeneity. These aspects related to the optimization of the various 

deposition methods here considered will be studied and presented in a forthcoming paper. It is 

suggested that different types of complexing agents need to be considered for the optimization 

of the chemical and opto-electronic characteristics of the mixed sulfide films. 

 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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the films obtained with different deposition times. The scaling factor was determined by 

mathematically equalize the linear parts of the plots.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work describes the exploration of an alternative deposition method for the preparation of 

ZnxCd1-xS buffer layers for CZTS solar cells. The method consists of the implementation of an 

ink, containing different ratios of the chemical precursors of ZnS and CdS. 
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ZnSO4• 7 H2O > 99 %) and methanol (HPLC grade) were purchased from Sigma-Aldrich. 

 

CZTS devices fabrication and characterization 
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CZTS based solar cells were fabricated starting from the absorber growth by a two-step process: 

(i) co-sputtering deposition of a quaternary precursor layer (ii) thermal treatment in sulfur 

atmosphere (sulfurization). 

Cu-Zn-Sn-S quaternary precursors with a thickness of about 900 nm were deposited on soda-

lime glass (SLG) and on SLG covered with 1 m DC sputtered molybdenum by co-sputtering 

of three circular targets (4 inches diameter) of Cu, SnS, and ZnS (Cu: DC, 28 W; SnS: RF, 80 

W; ZnS: RF, 200 W) in an Oerlikon-UNIVEX 450B sputtering system. [(The working pressure 

is 5x103 mbar with an Ar flux of 50 sccm)].  

CZTS film were then obtained by sulfurization treatment of precursors at 580 °C for 1 hour, 

necessary to introduce the correct amount of sulfur into the absorber and to promote the grain 

growth. [(The sulfurization process took place in an experimental system made up by a steel 

vacuum chamber contains a second graphite chamber (furnace), with two graphite heaters.)] 

The devices were completed by the buffer layer deposition (~70 nm), followed by the sputtering 

deposition of a ZnO/ITO top window contact layer, without antireflective coating and 

aluminum grid. The active area of 0.1 cm2 in the device was defined by mechanical scribing. 

The solar cells are characterized by current voltage (J–V) measurements under dark and AM1.5 

light conditions (using a WACOM WXS-140S-10 class A solar simulator) and External 

Quantum Efficiency (EQE) measurements. 

 

 

Preliminary results on working CZTS devices 

 

Both chemical bath deposition and precursor ink have been tested on working devices to make 

a comparison between the photovoltaics characteristics measured on a typical CZTS device 

using a pristine CdS as reference.  Two alternative ZnxCd1-xS buffers were selected for this test: 

1) the CBD sample ZnCdS_4 (Tab. 1, main text)  

2) the ink-deposited sample Zn0.7Cd0.3S (Tab.3, main text) 
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Notice that each device was measured in their "as-grown" state and therefore without 

subsequent heat treatments which, as reported by Malerba et al. [1], improve device 

performance. For this reason, the performance of the cells shown in Table 3 do not reach their 

maximum efficiency. Furthermore, the difference between the performance of the two reference 

cells with CdS highlights the poor reproducibility of the devices (especially in the "as-grown" 

state). It was not possible to measure the devices after heat treatment because unexpectedly 

there was a sharp drop in performance for both devices, compatible with a sharp decrease in 

shunt resistance. 

Table 1. Photovoltaics characteristics of the CZTS devices considered in this experiment in 

comparison with pristine CdS buffer as reference. 

 

 CBD INK 

CdS ZnCdS_4 CdS Zn0.7Cd0.3S 
VOC

 
(mV) 716 741 624 709 

JSC (mA/cm2) 14.2 14.7 10.7 10.4 

JSC
QY (mA/cm2) 12.1 13 10.6 11.1 

FF (%) 53 50.3 45.1 43.9 

Eff (%) 5.4 5.5 3 3.2 
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Figure S1. J vs V (photocurrent vs voltage) curves and quantum yield efficiency of the device 

with Zn1-xCdxS buffer deposited by CBD (A and C) and the buffer deposited by precursor ink 

(B and D) respectively. Each device was compared with a CdS buffer reference.   

    

 

Figure S1 shows the J-V characteristics under AM1.5 illumination and the External Quantum 

Efficiency of the devices with ZnxCd1-xS deposited by CBD (A and C) and by INK (B and D). 

The performances are evaluated in comparison with the reference cell with the standard CdS 

obtained for CDB and processed in parallel. The device with the CBD-deposited buffer, shows 

an improvement in both the spectral response as well as the short-circuit current (JSC). However, 

the increase in Voc is relatively small (25 mV). A first reason that could explain this result is a 

zinc concentration lower than the optimal one. Furthermore, the presence of zinc hydroxides, 

whose formation is induced by the basic environment during the chemical bath could have a 

negative effect on the overall cell performance. It is in fact known that the substitution of 

sulphides with hydroxides tends to move the buffer bands towards lower energies, thus tending 
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to maintain a "cliff" type alignment. In the cell with the Zn0.7Cd0.3S buffer, obtained through 

ink technique, shows a significant increase in Voc, in comparison with the CdS reference cell, 

which suggests a better alignment between the buffer and CZTS conduction bands. The 

improvement of the light collection in the high-energy region of the spectral response is evident 

and confirms the increase in the energy gap of the buffer. At the actual state, this does not 

translate into a substantial increase in the JSC. Since the Fill Factor shows a slight deterioration 

it can be reasonably assumed that the quality of the ZnxCd1-xS / CZTS interface is not yet 

sufficiently optimized, due to the inhomogeneity of the morphology and thickness of the films. 

From the analysis of the two spectral responses of Figure S1 it is also possible to appreciate a 

clear difference of the two devices with the ZnxCd1-xS buffers in the low wavelength region: in 

fact the INK-type ZnxCd1-xS buffer has a considerably larger gap (about 3.4 eV) compared to 

the CBD type (2.7eV), and an average smaller thickness. As a consequence, the light absorption 

of the buffer results considerably different. 
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