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Abstract
Cu2ZnSnS4 (CZTS) thin films in 61  nm, 112  nm, 242  nm and 313  nm thickness which 
have been produced by Pulsed Laser Deposition (PLD) on Soda Lime Glass substrates as 
a function of the number of laser pulses. As the deposition of ablated material has been 
augmented with increasing number of laser pulses, it has been noticed that CZTS-ultrathin 
film’s thicknesses and particle sizes have been increased, their crystalline structures have 
been improved. Larger particles limit the transmission of light and cause thin films to 
absorb photons. The band gaps of CZTS (61 nm), CZTS (112 nm), CZTS (242 nm) and 
CZTS (313 nm) thin film which have been determined to be 1.95 eV, 1.90 eV, 1.50 eV and 
1.45 eV, respectively. CZTS (61 nm) ultrathin film with the thinnest one among the thin 
films produced in this work, which is Cu and S poor but Sn and Zn rich. By increasing the 
thickness of the film, it has been observed that the amount of Cu and S were increased, and 
the ratio of Sn and Zn were decreased. In addition, it has been systematically investigated 
that the photocatalytic activity of the ultra-thin CZTS films coated in different thicknesses 
by PLD method. Among all the photocatalysts, the CZTS (in 242 nm thickness) photocata-
lyst has exhibited the highest photocatalytic performance, managing to remove 96.1% of 
methylene blue (MB) in 240 min. Furthermore, the mechanism that performs photocataly-
sis has been investigated by scavenger experiments, and it was observed that ⋅O−

2
 radical 

ions have an important role in the reaction, while holes have little effect.

Keywords CZTS-ultrathin film · Thickness · Crystalline · Photocatalysis · Organic dye 
removel

1 Introduction

While the industrial revolution has rapidly improved living standards, the global pol-
lution has brought with it poses a serious threat to the environment as well as to all 
living creatures. Wastewater arising as a result of industrial developments as well as 
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growth that contains organic pollutants such as dyes (Pérez-González and Tomás 2021), 
phenols (Hu et al. 2020), pesticides (Vaya and Surolia 2020), bacteria (Baaloudj et al. 
2021), etc., and therefore, it is necessary to eliminate these pollutants in the wastewater 
before discharging it into nature. For the treatment of pollutants from industrial waste-
water, various methods such as ion exchange (Feng et  al. 2019), ozonation (Wu et  al. 
2016) and photo Fenton (Yang et al. 2020) which have been applied. However, due to 
the high cost of these methods, it is necessary and critical to develop more effective and 
cheaper alternative approaches that require fewer chemicals and energy.

Researchers have recently focused on semiconductor photocatalysis which uses sun-
light to degrade organic contaminants and is a promising approach for solving environ-
mental problems in wastewater treatment (Han et  al. 2022; Xiao-Wei et  al. 2021). A 
number of studies on the development of various semiconductor materials such as  TiO2 
(Marcelino et al. 2019), ZnO (Singha and Patra 2020),  SiO2 (Fateh et al. 2013),  WO3 
(Tahir et al. 2019), BiOCl (Yao et al. 2021), have been increased after the pioneering 
work presented by Fujishima and Honda (1972). In the semiconductor photocatalysis 
process, when the material is exposed to external light, electron hole-pairs (e−–h+) are 
formed on its surface. Through photodegradation, oxidation and reduction processes, 
electrons react with contaminants, and as a result of this reaction, they move to con-
duction band by generating a hole in the valence band (Saravanan et  al. 2017). It is 
desirable that the semiconductor material to be used in this process has some properties 
such as being chemically stable, photoactive, nontoxic and low cost as well as absorb-
ing solar energy as high as possible (Zhu and Zhou 2019). Semiconductor oxides such 
as n-type  TiO2 and ZnO are commonly utilized in photocatalytic studies, but they have 
limitations owing to their wide band gap allowing only UV light to pass through (Dong 
et al. 2015; Ong et al. 2018). For this reason, semiconductor materials with a narrower 
band gap as CZTS material have recently attracted some great attention as photocata-
lysts by researchers.

Cu2ZnSnS4 (CZTS) has attracted a lot of attention recently because it has a high absorp-
tion coefficient  (104   cm−1) and optimal fundamental band gap energy (1.5  eV) (Sarswat 
and Free 2012). CZTS films are highly appealing in a variety of applications, including 
solar cells (Dong et  al. 2015; Ong et  al. 2018; Sarswat and Free 2012),  CO2 reduction 
(Wang et al. 2018; Zhang et al. 2016), water splitting (Atwee et al. 2019), organic pollut-
ant degradation (Wadhene et al. 2020; Madiraju et al. 2016; Phaltane et al. 2017; Xia et al. 
2015), and so on, due to their favorable characteristics such as non-toxicity, abundance of 
its components in soil and low cost, as well as their above-mentioned unique properties. 
It has also been reported that it exhibits stability better than some n-type semiconductor 
materials such as  TiO2 and CdS (Wang et  al. 2018; Zhang et  al. 2016). CZTS has been 
produced using a variety of techniques, including sol–gel (Atwee et al. 2019), electrodepo-
sition (Wadhene et  al. 2020), microwave (Madiraju et  al. 2016), hydrothermal (Phaltane 
et al. 2017), hot injection (Xia et al. 2015), SILAR (Apostolopoulou et al. 2018), sputtering 
(Inamdar et  al. 2013), thermal evaporation (Peksu and Karaagac 2021) and PLD (Beres 
et al. 2018; Elhmaidi et al. 2020), following Katagiri initially reported.

PLD is a very effective thermal evaporation technique. By easily adjusting the parame-
ters (laser fluence, laser pulse number, laser wavelength, substrate temperature, backgorund 
gas pressure etc.) during or before thin film production, and thus crystalline and epitaxial 
growth of homogeneous and smooth thin films can be easily produced by transferring sto-
ichiometry of sputtering target materials even at low substrate temperature (Gezgin and 
Kılıç 2019; Gezgin et al. 2021a). Since thin films can be produced in a high ultra-vacuum 
environment, almost free of pollution and impurities in the thin film. Controlling laser 
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intensity and number of laser pulses, in particular, allows for the production of qualified 
multicomponent ultra-thin films with a thickness of less than 500 nm (Rajan 2018).

In this study, it is aimed to examine the photocatalyst properties of CZTS thin films, 
which are low cost and environmentally friendly, absorbing photons in the visible region 
from the sun in high amounts. In the photocatalyst application area, it is of great impor-
tance to determine the ideal film thickness for the use of CZTS thin film. That is, as the 
thickness of some thin films significantly raise, their crystal structures develop, but photo-
excited charge carriers can not respond well to the photocatalyst due to their short dif-
fusion length compared to the film thickness. Therefore, in this study, to determine the 
best-performing CZTS film thickness for photocatalyst application, CZTS thin films with 
various thicknesses were successfully fabricated  on sodalime glass substrates (SLG) by 
PLD technique. These films obtained in this work have been employed to investigate pho-
tocatalytic degradation of organic dye contaminants. The first, the compositional, morpho-
logical, optical, and electrical properties of CZTS films as a function of film thickness have 
been examined. Then, CZTS films have also been tested as a photocatalyst using the deg-
radation of MB under visible light. Here, the thickness-dependent photocatalytic perfor-
mance of CZTS thin films produced by PLD has been studied for the first time and it was 
observed that thin films have exhibited high photocatalytic activity. In addition, the radicals 
that enable photocatalysis to take place have been identified by scavenger experiments and 
the mechanism for photocatalysis has been proposed. As a result, this study, which exam-
ines the photocatalyst property depending on the thickness of the complex CZTS thin film 
produced by the PLD technique, has not been studied in the literature, and it can show an 
effective way to the photocatalyst studies, especially using semiconductor thin films with 
quaternary or triple absorber complex structure.

2  Experimental procedure

2.1  Preparation of CZTS thin films using PLD technique

The PLD technique was used to prepare CZTS thin films. CZTS target with %99.99 purity 
was supplied commercially by GoodWill-Chine company. The sputtering target used for 
the production of thin films that has elemental Cu:Zn:Sn:S ratios of 2:1:1:4. CZTS thin 
film has been produced on SLG substrate by deposition of the laser formed CZTS plasma 
from the target. PLD system was incorporated into nanosecond (ns) Nd:YAG (Continuum, 
Surelite, NY, USA) laser system, which produces laser pulses with a main wavelength of 
1064 nm and a duration of 5 ns at a repetition rate of 10 Hz. PLD system is one of the 
most powerful systems among the clean, thin film preparation methods with the possibility 
of producing thin films in vacuum conditions (~  10–6 mbar). During the experimental per-
formance, both the substrate and the target are spinning under the control of a step motor 
driver in the vacuum environment which is very important process to control homogene-
ous grow of thin films without damaging the sputtering target. The control of both either 
time duration of ablation process or laser power per pulse are the essential for obtaining 
thin films in desired thickness. In this study, thin films at four different thicknesses were 
obtained by varying laser ablation time duration by keeping laser power per pulse is con-
stant, and then characterization of these four thin films were performed. The thicknesses of 
these thin films produced were measured to be 61, 112, 242, and 313 nm which have been 
prepared by applying 2400, 4800, 9600, and 12,000 number of laser pulses, respectively, 
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and therefore these thin films were produced as a function of laser ablation time. The 
experimental system has been given in Fig. 1 schematically and procedures followed are 
described elsewhere in literature (Gezgin and Kılıç 2019; Gezgin et al. 2021a; Gezgin et al. 
2021; Kılıç et al. 2021; Gezgin and Kiliç 2019).

The PLD technique was used to create CZTS thin films, which were then placed in a 
tube furnace with 50 mg of sulphide powder and heated to 375 °C for 45 min while under 
vacuum. (Fig. 1).

2.2  Photocatalytic activity of CZTS thin films in methylene blue

The degradation activity of CZTS thin films produced in 61, 112, 242 and 313 nm thick-
nesses is a new phenomenon and therefore, they need to be investigated in organic waste 
dyes such as MB (Merck). In this study, classical UV–Vis  absorption spectroscopy was 
used to carry out an interpretation of MB absorbance characteristics. The maximum 
absorption peak for MB, was obtained and recorded at ~ 664 nm wavelength as discussed 
below.

The photocatalytic activity was investigated by taking UV–Vis spectroscopy (Biochrom 
Libra S22) into account for CZTS thin films depending on their thicknesses. The experi-
mental process was performed in aqueous solution with MB to investigate the photocat-
alytic activity of CZTS thin film at room themperature conditions. Visible light sources 
(250 W metal halide lamp (GE ARC250)) were used to irradiate CZTS thin films depend-
ing on time in water with MB. It was studied by irradiating the pollutant solution for a total 
time of 240 min by taking samples at every 30 min.

3  Result and disscussion

3.1  Characterization of CZTS‑ultrathin film

Figure 2A indicates that the thicknesses of CZTS-ultrathin films deposited by ablating the 
target with 2400, 4800, 9600 and 12,000 laser pulses and then thicknesses of deposited 
thin films have been measured to be 61 nm, 112 nm, 242 nm, and 313 nm, respectively. It 
has been determined that the thicknesses of CZTS-ultrathin films have been increased as 
the laser pulse numbers increase (Đekić et al. 2017; Vakulov et al. 2018). CZTS-ultrathin 

Fig. 1  Schematic diagram of pulsed laser deposition system and tube furnace system
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films in polycrystalline tetragonal structre, which have been crystallised in (112), (200) 
and (220) crystal planes appeared at 2θ = 28°,  33o and 47° angles (Gezgin and Kiliç 2019; 
Camara et  al. 2013) (JCPDS Card No: 01-075-4122), respectively. In the lowest thick-
ness, CZTS-ultrathin film (61 nm) has the poorest crystal structure. As laser pulse num-
ber applied for ablation is increased, the amount of ablated and then deposited material 
are increased. Therefore, the thickness of thin film increases, so in this case, atoms of 
CZTS strucrue have reached on the substrate that fill the appropriate vacancies in crystal 
plane and make an ideal nucleation, thereby the crystal structure is improved. Thus, it was 
observed that some increase in the thickness of thin film causes an improvement in the 
crystal structure of thin film to increase the main (112) peak density (Tao et  al. 2015). 
Therefore, CZTS-ultrathin film (313 nm) for the case of the highest thickness presents the 
most advanced crystal structure.

The Scherrer Equation (Eq.  (1)) is used to calculate the main crystal size of CZTS-
ultrathin films:

S is the crystalline size, λ is x-ray wavelength, θ is Bragg diffraction angle, β is the full 
width at half-maximum of diffraction peak. The main crystalline sizes of ultrathin CZTS 
films of 61 nm, 112 nm, 242 nm and 313 nm in thicknesses have been detemined to be 
7.34 nm, 10.71 nm, 17.79 nm, and 22.25 nm, respectively. It can be indicated that as thin 
film thickness increases, the crystal size developes (Gezgin et al. 2021a).

Figure 3a shows that the absorption capacity of CZTS-ultrathin films expands from UV 
region to Vis region. So, as some increases in film thickness causes particle formation in 
thin films to produce enlarged particles in size and denser film. Thus, the absorptivity of 
thin films increases with augmenting thickness.

The Tauc law stated in Eq. (2) is used to calculate the band gap of CZTS-ultrathin films:

A is a constant, hv is photon energy, Eg is band gap.  Eg is determined by a straight line 
on photon energy (h�) in Tauc-plot presented in Fig. 3b. CZTS thin films have a direct band 
gap.  Eg values of CZTS (61 nm), CZTS (112 nm), CZTS (242 nm) and CZTS (313 nm) 

(1)S = 0.94�∕�����

(2)�h� = A(h� − Eg)
1∕2

Fig. 2  a Laser pulse number vs CZTS film thickness Curve and b XRD pattern of CZTS-ultrathin films
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ultrathin films were obtained to be 1.95 eV, 1.90 eV, 1.50 eV and 1.45 eV, respectively. 
Some increase in particle size with augmenting thickness reduces the transmission of light, 
and thus higher photon absorption of CZTS-ultrathin films causes some decreases in the 
band gap value (Gezgin and Kiliç 2019). Among ultrathin films, it has been determined 
that CZTS (242 nm) ultrathin film has an ideal band gap value of 1.5 eV (Gezgin et al. 
2021a).

AFM images in Fig. 4a and b show the morphological structures of CZTS (61 nm) and 
CZTS (313 nm) ultrathin films of the lowest and highest thicknesses, respectively. Since 
the deposition of CZTS material is in the lowest amount as the material is ablated by the 
lowest laser pulse number, few atoms reach on the substrate. The lower number of atoms 
were deposited on top of each other and side by side that limiting particle coalescing and 
thus, particles with smaller size were formed. CZTS (61 nm) ultrathin film produced by 
ablation performance of 2400 laser pulses consists of small-sized particles as seen in 
Fig. 4a. On the contrary, with the augment of the laser pulse-numbers, the particles depos-
ited in high density that combine with each other and cause particle growth as seen in 

Fig. 3  a Absorbance spectrum and b Tauc Plot of CZT-ultrathin films

Fig. 4  a AFM images of CZTS (61  nm) ultrathin film in the lowest thickness and b CZTS (313  nm) 
ultrathin film in highest thickness (in 3 µm × 3 µm area)
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Fig. 4b. SEM image in Fig. 5a also confirms the morphology of CZTS (61 nm) ultrathin 
film, which is composed of particles in low density and small sizes. When the laser pulse 
number is increased from 2400 to 12,000, the number of atoms deposited on the substrate 
also increases. This situation leads to an enlarged the particle size and increased the parti-
cle density (Đekić, et al. 2017; Vakulov, et al. 2018), as indicated in AFM and SEM images 
of CZTS (313 nm) ultrathin film in Figs. 4b and 5c, respectively.

The tables given as an inset of EDX spectra in Fig. 5b and d give the atomic weight 
ratios of the elements that form CZTS (61 nm) and CZTS (313 nm) ultrathin films, respec-
tively. CZTS (61 nm) ultrathin film of low thickness contains low amount of Copper (Cu) 
and Sulfur (S), and high rate of Tin (Sn) and Zinc (Zn) elements.  VCu (Copper vacancy)—
ZnCu (Zn replace Cu vacancy) acceptor defects and  SnCu (Sn replace Cu vancancy)—VS 
(Sulfur vacancy) donor defects may occur in CZTS (61  nm) ultrathin film (Gupta et  al. 
2019). With an augment in thickness of CZTS-ultrathin film, Cu and S amounts increased 
while Sn and Zn rations decreased. Thus, CZTS (313  nm) ultrathin film components 
tended to provide stoichiometric transfer. However, even in the latter case, CZTS (313 nm) 
ultrathin films were observed to be somewhat Cu-poor, Zn and Sn-rich (Gezgin et  al. 
2021a).

3.2  Photocatalytic properties of CZTS thin films

Photocatalysis is one of the most important methods used in the solution of many prob-
lems, especially in the removal/reduction of environmental pollution in waste water 
(Ferreira et al. 2020; Pedanekar et al. 2020). Organic dyes compose an important part 
of industrial pollutants. These dyes doesnt only cause environmental pollution, but also 

Fig. 5  a–c SEM images and b–d EDX spectra of CZTS (61 nm) and CZTS (313 nm) ulrathin films
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negatively affects the health of living things (Rathi et al. 2021). In this study, ultrathin 
CZTS films produced by PLD method were used to remove MB dye, which is one of the 
organic pollutants. Taking into account our team’s previous research as well as works 
reported in literature, the pH effect was the first investigated parameter in photocatalysis 
studies (Dursun et  al. 2021). One of the reasons for photocatalysis studies have been 
carried out at different pH values is that pH is one of parameters that significantly affect 
the efficiency and kinetics of photo-oxidation processes. In this way, separation of the 
e−–h+ pairs in thin films from the photocatalyst surface can be facilitated (Dursun et al. 
2018). Another reason is the sensitivity of the components used in photocatalysis to dif-
ferent pH values. An example of this situation is changes in the activity of MB, which is 
a cationic dye, at different pH values (Dursun et al. 2020). Therefore, the photocatalyst 
effect of pH on the photocatalytic activity of CZTS films has been examined first time 
in literature and the results obtained is given in Fig. 6a. Ultrathin film CZTS (242 nm) 
with the best photocatalytic efficiency was used to examine pH effects. As seen from 
Fig. 6a, the photocatalytic efficiency has been increased significantly by some increase 
in pH. In the photocatalysis application at pH = 4, only 40.1% of MB was removed in 
540 min, while this value was measured as 77.2% for pH = 7 at the same time. However, 
at pH = 10, CZTS film has exhibited an impressive degradation efficiency, removing 

Fig. 6  a The effect of pH on degradation in the presence of CZTS (242 nm) film photocatalysts, b the effect 
on degradation of CZTS films coated with different thicknesses by the PLD method, c First-order kinetic 
data of thin film photocatalysts of different thicknesses, and d Real-time absorption spectrum of the dye in 
the presence of ultrathin CZTS film (MB degradation mechanism is given as inset in d)
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96.1% of MB dye within 240 min. Some increase in photocatalytic activity as a func-
tion of pH change that can probably be associated with a variation of surface chargesand 
some increase in surface adsorption. In addition, higher dye degradation is anticipated 
because of the electrostatic contact that the basic environment causes between the pho-
tocatalyst’s negative surface and the MB cations. (Tamjidi et al. 2021).

In Fig. 6b, there was systematically studied that the percentage of degradation values 
occurring due to the initial concentration of MB in the presence of ultrathin CZTS films 
coated in different thicknesses (61, 112, 242, and 313 nm) by PLD method. In these tests, 
firstly, the photocatalyst and dye solution were kept in the dark for 30 min to ensure the 
adsorption–desorption equation, and it was observed that there was no significant change 
in MB concentration as a result of the measurement. This suggests that dye adsorption 
by thin sheets is hardly noticeable. In addition, it was investigated whether only MB dye 
has exhibited degradation under visible light without using photocatalysis or not, and it 
was determined that only 4.2% of MB dye degraded during 240 min. The photocatalysis 
studies have been carried out in the presence of CZTS film photocatalyst in different thick-
nesses, it has been determined that the efficiency of photocatalysis increases as a function 
of thin film thickness up to a certain thickness value, and it has started to decrease with 
further increase in the thickness value. In other words, it was observed that as thickness of 
CZTS photocatalyst increases from 61 to 242 nm, the photocatalytic activity of the pho-
tocatalyst increases, and, in oppositely, decreases beyond 242 nm thickness value such as 
313 nm. This variation in photocatalytic activity is in agreement with what reported in lit-
erature (Dundar et al. 2020; Wu et al. 2013). Some increases in the photocatalytic activity 
of CZTS with increasing thickness; (i) some increament in surface area due to some increa-
ment in surface roughness and pore size, and thus the ability of the photocatalyst to interact 
with extra light and dye, and (ii) some decrease in the band gap of the thin film with some 
increase in thickness, resulting in e−–h+ can be explained by the formation of the pair. 
However, when thickness is further increased, the photocatalytic activity decreases with 
some increase in recombination that taken place in the system at high thicknesses. Actu-
ally, as the film thickness increases, it can be expected that the film will give better photo-
catalyst performance as the crystal structure of the film improves. But, the charge carriers 
formed by the excitation of the incoming photons can undergo recombination within the 
film before they have received the necessary path to interact with the dye solution (Gezgin 
et al. 2019; Gezgin et al. 2021b). So, while the photo-excited charge carriers close to the 
surface of the thick film interact more effective with the dye solution, the diffusion length 
of the photo-excited charge carriers produced near the bottom surface of the film remains 
shorter than the thickness of the film and can recombine at the trap points in the film with-
out interacting with the dye solution (Azeez et al. 2018; Kumar et al. 2011). For this rea-
son, the 313 nm thin film could not show better photocatalyst properties. Among all the 
photocatalysts, the photocatalyst with a thin film catalisor of CZTS in thickness of 242 nm 
has exhibited the highest photocatalytic performance by showing the success of removing 
96.1% of MB in 240 min.

The Langmuir–Hinshelwood first-order kinetic model (ln (Ct/C0) = kt) was used to com-
pare the photocatalytic activity of ultrathin CZTS films generated in various thicknesses 
by PLD technique shown in Fig.  6(c). In the graph, linear gradients of CZTS films in 
different thickness values show that the degradation is in accordance with the first-order 
kinetic model. The reaction rate constant of MB dye degradation was calculated to be only 
0.0962  h−1 by providing all photocatalysis conditions (pH = 10) without using any catalyst. 
When CZTS (242 nm) thin film photocatalyst with the highest photocatalytic activity was 
used, the rate constant value was 0.816  h−1. The rate constant values exhibited by thin-film 
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photocatalysts with 61, 112 and 313  nm thickness, which were calculated to be 0.438, 
0.607 and 0.484  h−1, respectively.

In Fig. 6d, there has been given that the real degradation graph of the photocatalyst with 
the highest photocatalytic efficiency (CZTS (242 nm)) among ultrathin CZTS film photo-
catalysts produced in different thicknesse. As seen in Fig. 6d, it has been observed that the 
characteristic peak of MB formed at ~ 664 nm, gradually and almost linearly decreases over 
time and completely disappears at the end of process as it has been exposed to visible light. 
The disappearance of this peak over time that indicates to us that the degradation of the 
dye by thin film photocatalyst and visible light that is its conversion to degraded products 
(Khan et al. 2022; Wang, et al. 2018). For a better understanding of this situation, the reac-
tion mechanism is given as an inset of Fig. 6d.

Scavengers were used to determine which radicals in CZTS film photocatalysts play an 
active role in the degradation of organic dyes. These chemicals are IPA, EDTA-2Na and 
BQ are used to detect ⋅OH , h+ and ⋅O−

2
 radicals, respectively. The dye degradation values 

obtained in the photocatalysis experiments performed in the presence and absence of IPA, 
EDTA-2Na and BQ scavengers that have been given in Fig. 7. Also, during the time until 
the end of 240 min, the total dye degradation scavengers are given as an inset of Fig. 7. 
While 96.1% degradation was observed when no scavenger was used, this value remained 
constant at 58% in the presence of BQ scavenger. The significant decrease in dye degrada-
tion in the presence of BQ shows that ⋅O−

2
 radicals have a very important role in photoca-

talysis studies in the case of usage of CZTS photocatalysts. In the presence of IPA as a 
scavenger, the rate of degradation was found to be higher (80%) than in the presence of 
BQ. This means that ⋅OH ’s is partially effective in the degradation. Finally, in the presence 
of EDTA-2Na, a result (92%) has been obtained very close to the photocatalysis efficiency 
obtained without using any scavenger. This result means that h+’s has the least effect on the 
degradation mechanism compared to other radicals.

Based on the above discussion, a representative schematic illustration is given to show 
through which process and how organic dyes can be removed under visible light in the 
presence of ultrathin CZTS film photocatalyst (Fig. 8). For a briefly explanation, the photo-
chemical process over CZTS film photocatalysts is that photons with an energy equal to or 
higher than the band gap of CZTS semiconductor are absorbed by CZTS film, and thus the 

Fig. 7  Investigation of the effect 
of radicals and holes on dye deg-
radation by using IPA, EDTA or 
BQ scavengers in the presence of 
ultrathin CZTS film photocatalyst 
coated with PLD method (%dye 
degradation values in 240 min. in 
the absence/presence of scaven-
gers are given as inset figure)
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generation of photo-induced e−–h+ pairs can be obtained. However, these pairs either lose 
energy and recombine, or they reach the photocatalyst surface and participate in reduc-
tion–oxidation reactions. The related equation is given by Eq. 3 below. The resulting holes, 
oxidize water molecules and allow the formation of hydroxyl ( ⋅OH ) radicals, as shown in 
Eq. 4. At the same time, electrons reduce oxygen molecules attached to the surface of the 
photocatalyst to superoxide anions ( ⋅O−

2
 ) (Eq. 5). These radicals provide the formation of 

hydroperoxyl radicals (Eq.  6) and hydroperoxyls (Eq.  7), respectively. As a result, these 
⋅OH , HO2 and ⋅O−

2
 radicals play an important role in the conversion of organic pollutants 

into degraded products (Eq. 9) (Amakiri et al. 2022).

(3)CZTS
h�
⟶CZTS ( e− + h

+

)

(4)h
+

VB
+ H2O → CZTS + ⋅ OH + H+

(5)e−
İB

+ O2 → CZTS + ⋅O−

2

(6)H+

+ ⋅ O−

2
→ ⋅HO2

Fig. 8  A schematic diagram of dye removal by ultrathin CZTS film photocatalysts under visible light
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4  Conclusion

CZTS-ultrathin films in 61 nm, 112 nm, 242 nm, and 313 nm thicknesses have been pro-
duced as a function of laser pulse number, employing PLD technique. An increase in the 
number of ablating laser pulses has resulted in a rise in the deposition amount and thus an 
increment in particle size as well as in film thickness. CZTS-ultrathin films in the higher 
thicknesses absorb photons and their band gaps decrease. CZTS (61 nm) ultrathin film in 
the lowest thickness contains low amounts of Cu–S elements and high amounts of Zn-Sn 
elements. The highest thickness of CZTS (313 nm) ultrathin film approximated the result-
ant structure produced by ideal stoichiometric transfer. Thin films, which were successfully 
produced and characterized, were used in photocatalysis applications. In photocatalitic 
applications, the effect of pH on photocatalysis has been first investigated and the changes 
in the photocatalytic activity have been discussed. Then, the %degradation values occur-
ring at the initial concentration of MB in the presence of ultra-thin CZTS films coated in 
different thicknesses by PLD method have been systematically investigated. It has been 
observed and reported that the photocatalytic activity of the photocatalyst, devoleps as the 
thickness of CZTS photocatalyst increases from 61 to 242 nm and decreases at the highest 
thickness value such as 313 nm investigated in this work. This enhancement in the pho-
tocatalytic activity, increases with an increase in the thickness and can be explained by 
the increase in surface roughness and pore size and/or the decrease in the band gap, with 
the photocatalyst interacting with extra light and dye. However, when the thickness is fur-
ther increased, in addition to the difficulty of the interaction of the thin film with the dye 
solution and light, and photon absorption, the photocatalytic activity decreases due to the 
recombination that occurs in the system at high thicknesses. As a result, among the pho-
tocatalysts, the CZTS photocatalyst with the thin film in thickness of 242 nm that showed 
the highest photocatalytic performance by removing 96.1% of MB in 240 min. In addition, 
scavenger experiments were carried out to determine which radicals play an active role in 
the photocatalysis study. As a result of these experiments, it has been determined that the 
most active radical is the ⋅O−

2
 radicals, and the ⋅OH radicals are less active than the ⋅O−

2
 

radical, and the h+ are almost inactive. Considering the obtained results, the mechanism of 
the CZTS thin film has been proposed.
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