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ABSTRACT

Copper Zinc Tin Sulfide (CZTS) is a well-known kesterite material having a

variety of optoelectronic applications. The constituent elements are earth

abundant and non-toxic in nature. This investigation presents the bipolar

switching characteristics of FTO/CZTS/Ag devices for resistive memory-

switching applications. The material is deposited by spray pyrolysis method at a

substrate temperature of 375 �C. The structural analysis shows the crystalline

nature of the films. FESEM image reveals coral-like morphology. A resistive

memory-switching device is fabricated with a structure of\ FTO/CZTS/Ag[.

The observed HRS/LRS resistance ratio of * 33 suggests that the device pos-

sesses good memory-switching properties. The formation and rupture of the

conductive filaments of the FTO/CZTS/Ag memory device were observed. This

confirms that CZTS material can be used as the switching layer to fabricate a

simple, cost-effective, and non-toxic bipolar device, which can deliver the per-

fect switching characteristics.

1 Introduction

Cu2ZnSnS4 (CZTS) quaternary semiconducting

material is turning out to be a promising compound

in the field of renewable energy production and

many other energy-related applications. CZTS thin

films are used extensively in photovoltaic devices [1],

water splitting applications [2], and photodetectors

[3]. This material is also found in applications such as

memory-switching devices, which is still an unex-

plored area of research. Resistance random access

memory (RRAM) has been considered a potential

candidate for future memory technology due to the

larger time interval taken to switch between a high-

resistance state (HRS) and a low-resistance state

(LRS) when subjected to proper bias voltages with

various directions of scan [4]. Presently, a different

category of compounds is explored for RRAM

applications, which includes binary metal oxides, like

CuxO, ZnO, NiO, and MoO3 [5–7]. These binary

oxide compounds produce good switching and

endurance characteristics due to their structural

properties. In metal oxides, the oxygen (O2) vacancies

play a vital role in the formation and rupture of

conductive filaments. The role of p-type semicon-

ductor materials in optoelectronic applications such
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as photodiodes, detectors, and memory devices are

also a major area of study [8, 9]. p-type chalcogenide

compounds are relatively new category of materials

that has potential memory-switching applications

[10]. Among chalcogenide compounds, there are

ternary as well as quaternary compounds, which

possess memory-switching properties [11, 12]. CZS,

CFTS, CuInS2, and CZTS are well-known chalco-

genide materials used for memory-switching appli-

cations [13–15]. Among these materials, CZTS has

good electrical and optical properties, which gains

much attention in the field of memory-switching and

RRAM devices.

The actual challenge here is the implementation of

higher storage capacity and density, quicker writing

and reading speed, and minimal energy utilization.

The resistive switching (RS) can be explained using

one or more mechanisms, namely the evolution of the

conduction mechanism (CM), formation of conduc-

tive filament (CF), and dynamic variation of tem-

perature [5, 11, 16]. In CF evolution, the mechanism

involves ion migration, electrical, and thermal prop-

erties [17]. The mechanism of conduction contains

different modes, such as Schottky emission [18],

space-charge-limited conduction mechanism (SCLC),

trap-assisted tunneling [12, 19], and hopping con-

duction [20]. The electrical bi-stability phenomenon is

a remarkable step to understand the underlying

phenomenon of photovoltaic materials [15]. There are

only a few reports on the resistive switching prop-

erties of CZTS [5, 16, 21].

In the present work, we investigate the electrical bi-

stability of earth-abundant and non-toxic CZTS thin-

film memory-switching devices without using usual

metal oxide materials for the active layer. The depo-

sition is done by spray pyrolysis technique. The

advantage of this technique is the high-level unifor-

mity, on par with the film deposition by physical

methods. This article reports the fabrication of a

memory-switching device with the structure of

\ FTO/ Cu2ZnSnS4/Ag[with CZTS as the active

layer and FTO as the base contact layer. A systematic

investigation of the preparation of Cu2ZnSnS4 films,

device fabrication, and characterization are reported

in this article.

2 Experimental

2.1 Preparation of CZTS thin films

Copper Zinc Tin Sulfide (CZTS) thin films were

prepared by chemical spray pyrolysis technique. The

precursor solution was prepared by mixing 0.04

molar (M) cupric chloride (CuCl2�2H2O[ 98.5%,

Merck), 0.02 M of zinc chloride (ZnCl2�2H2O[ 95%,

Merck), 0.02-M stannic chloride (SnCl4�5H2O, 98%,

Merck), and 0.2-M thiourea (SC(NH2)2, 99%, Merck)

in 100-ml double distilled water. The solution was

sprayed onto the cleaned substrate mounted inside

the spray chamber on a PID-controlled heater. Air-

flow for spray has been precisely monitored at an

optimal value of 2.5 bar to obtain a steady solution

spray rate. The flow rate of the precursor is fixed at 6

mL per minute. In order to find out the optimum

deposition temperature, the initial depositions were

carried on soda lime glass substrates. After the initial

trials, the device fabrication was carried out on FTO

glass substrates at optimum temperature of 375 �C.

2.2 Fabrication of FTO/CZTS/Ag memory
device

CZTS films were deposited by spray pyrolysis tech-

nique on cleaned FTO glass slides. Some portion of

the substrate was masked for taking the bottom

contact. The deposition temperature was optimized

at 375 �C by multiple trials. The silver top contact of

the devices was prepared using conductive silver

paste. The silver conductive adhesive paste (Alfa

Aesar) was prepared by diluting it with iso amyl

acetate (96%, Qualigens) in a petri dish. The prepared

silver paste was then applied onto the top surface of

the deposited FTO/CZTS device. The coated silver

(Ag) contact area is approximately 1 mm2. The whole

device was dried for 1 h at 80 �C in a hot air oven.

2.3 Characterization

Structural studies of CZTS thin films were carried out

using GIXRD (RIGAKU Ultima Smart Lab with CuKa
radiation of k = 1.5406 Å). Raman measurements

were done using Horiba Lab-RAM Spectrometer with

Nd-YAG laser of wavelength 532 nm as the primary

source. The scan was performed in the range of

50–800 cm-1 with a 3-mW diode laser. The surface

morphology of the deposited films was obtained
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using HR-FESEM, ZEISS Ultra 55. The elemental

composition of CZTS thin films was obtained from

EDS measurements. I–V measurements and electrical

bi-stability studies were carried out with the help of

Keysight-B2901A Source Measure Unit (SMU).

3 Results and discussion

3.1 Structural properties

Figure 1 illustrates the XRD spectra of the spray-de-

posited CZTS thin films at a substrate temperature of

375 �C. The presence of the dominant peak corre-

sponding to the (112) plane along with (220) and (312)

peaks corresponds to the tetragonal kesterite phase of

CZTS (JCPDS card No: 26–0575) [22]. The XRD pat-

tern shows good crystallinity for the as-deposited

samples.

3.2 Raman analysis

Figure 2 shows the Raman spectra of the as-de-

posited CZTS thin films. From the intensity versus

Raman shift pattern, a single high-intensity peak

observed at 331 cm-1 corresponds to the kesterite

phase of CZTS thin films [23]. The absence of any

other Raman peaks indicates that there is no Cu

migration and Cu–S formation due to volatile Sulfur

evaporation during the spray pyrolysis process [24].

Thus, the XRD and Raman analysis have confirmed

the formation of single-phase kesterite CZTS thin

films by the spray pyrolysis technique.

3.3 Morphological analysis

FESEM morphology shows (Fig. 3a) uniform distri-

bution of grains on the surface of CZTS thin films

without any visible cracks or pores. The formation of

the compound on the film surface described as nano-

coral-like morphology with tiny bulges and troughs.

The average thickness of the as-deposited CZTS layer

is in the range of 1 lm, which is obtained from the

cross-sectional FESEM measurement (Fig. 3b). The

atomic percentage of the constituent elements is

obtained from the EDAX spectrum and shown in the

inset of Fig. 3c. The EDAX data corroborate the for-

mation of stoichiometric Cu2ZnSnS4 compound by

the spray pyrolysis technique.

3.4 Resistive switching characteristics
of FTO/CZTS/Ag memory devices

CZTS-based memory devices were characterized

using I–V measurements. Figure 4a and c describes

the schematic diagram of the fabricated memory

device and the log(|I|)-V characteristics of the

device in positive and negative bias regions. A pho-

tograph of the device is shown in Fig. 4b. Figure 4d

depicts the pinched hysteresis current–voltage (I–

V) loops of the FTO/CZTS/Ag resistive switchingFig. 1 X-Ray diffractogram of CZTS thin film prepared by spray

pyrolysis

Fig. 2 Raman analysis of CZTS thin film deposited by spray

pyrolysis
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device. The device exhibits resistive switching prop-

erties by sweeping - 3 V to ? 3 V with additional

supply of forming voltage. The hysteresis loop of the

fabricated device is a characteristic property of

memristors [13].

CZTS-based memory devices with FTO substrates

show a non-uniform switching loop area in both the

positive bias as well as negative bias regions. The

perceived variations in positive and negative loop

areas arise because of the appearance of different

defects, such as ionic and interstitial in the active

layers of CZTS [5]. The current compliance set at an

optimum value of 30 mA to avoid high current flow

through the device, which can permanently rupture

the films. This ensures the safety of the device. From

Fig. 4c, it can be seen that the direction of forward

and reverse characteristics is not following the same

path. This shows the bi-stability of the device under

the bias voltage. Initially, the device is in a low

conducting state. The positive and negative peak

voltages are referred to as SET and RESET, respec-

tively. When the external bias voltage was supplied

to the fabricated device ranging from - 3 V to ? 3 V,

the current traces nearly the same path. When the

voltage reaches a point of about * 1.1 V, a sudden

increase in current value occurs and reaches a point

of about 100 mA at 3 V. From this high conducting

state (or SET state), the current traverses a different

path, where the current decreases proportional to the

reverse voltage up to - 2 V. At - 2 V, there is an

abrupt increase in the current value showing the

writing process (or RESET). Voltage applied from

? 3 V to - 3 V, an abrupt flow of high current hap-

pens in the device with a positive peak voltage. In

this situation, the device considered to be in a low-

resistance state (LRS) or ON state. This LRS state

happens throughout the region and passing along

origin. After the voltage changes from - 3 V to

Fig. 3 a FESEM of CZTS thin film deposited using spray pyrolysis, b cross-sectional view of the device, c EDAX spectrum of CZTS

thin films with atomic ratio (inset)
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? 3 V, a sudden small current passes into the device

at a negative peak voltage. This particular state is

termed as high-resistance state (HRS) or the device is

said to be in OFF state [15].

Figure 5 shows the endurance characteristics,

which depicts the resistance versus number of cycles

of FTO/CZTS/Ag resistive switching device. Both

the cycles (SET to RESET and RESET to SET) have

been repeated 100 times for the fabricated device. The

device does not show much variation in their LRS

and HRS even after several number of cycles. As a

result, the reported resistive switching properties for

the fabricated CZTS-based memory devices show

excellent repeatability and reliability.

The ION/IOFF ratio obtained for the FTO/CZTS/Ag

memory device was found to have a higher value

with ROFF/RON ratio about 33 times, which is much

higher than the reported value [11]. To understand

the conduction mechanism of resistive switching

devices, the I–V curves were plotted in double loga-

rithmic coordinates to evaluate by linear fitting. Fig-

ure 6a and b shows the double logarithmic

characteristics of the FTO/CZTS/Ag device for pos-

itive bias as well as negative bias.

Electrical conduction mechanism plays a very

important role in the functioning of resistive mem-

ory-switching devices. The conduction mechanisms

in memory devices are categorized mainly into three

types. Type I conduction mechanism is defined as

Fig. 4 a Schematic diagram of FTO/CZTS/Ag device. b Photograph of the device. c log(|I|)–V plots of the FTO/CZTS/Ag device.

d Pinched hysteresis current–voltage (I–V) loops of the FTO/CZTS/Ag resistive switching device
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ohmic conduction (OC) where the slope value of the

fitted curve is approximately equal to unity. At this

region, the current is linearly proportional to the

applied voltage (I � V) [25]. The major cause of ohmic

conduction is thermally generated carriers. Type II is

the space-charge-limited conduction (SCLC) where

the slope value of the fitted curve is approximately 2.

The current in this region is proportional to the

square of the voltage (I � V2) which is recognized as

Child’s law [26]. When the electric field is increased,

the injected carrier concentration exceeds the con-

centration of thermally generated carriers and the

injected carriers fill the traps, which cause excess

charges to accumulate in the active layer. Type III is

the trapped charge-limited current (TCLC) mecha-

nism [27]. In this case, the slope value becomes

greater than 2 (I � Vn, n[ 2). When the applied

electric field increases, the current increases abruptly.

The traps are occupied with injected carriers imme-

diately and the Fermi level reaches the conduction

band [28]. Figure 6a shows the double logarithmic

graph of the positive bias region. There are three

slopes observed in the HRS stage and a single slope

observed in the LRS stage of the region. The slopes in

the HRS region corresponding to positive bias have

values of 10.77, 2.81, and 1.49, which relates to TCLC

conduction mechanism for the first two and SCLC for

the last one. In LRS state, the slope value is 1.59,

which indicates the child’s law mechanism. In the

negative bias region shown in Fig. 6b, the HRS and

LRS values are approximately equal to one, which

indicates the typical Ohm’s law mechanism for the

regions. Figure 7 represents the fitted data of the

positive and negative bias correlating the conduction

mechanisms present in FTO/CZTS/Ag memory

devices.

Figure 8 gives the band diagram showing the

Fermi level and the band orientation of the FTO/

CZTS/Ag device. The work function observed for the

p-type CZTS is 4.75 eV, which is greater than Ag

(4.35 eV) and FTO (4.4 eV) electrodes [29, 30].

Therefore, by evaluating the typical structure of

metal–semiconductor–metal contact, a Schottky bar-

rier observed at Ag/CZTS and CZTS/FTO bound-

aries and formed electric fields are along the direction

from Ag and FTO through CZTS.
Fig. 5 Endurance characteristics of FTO/CZTS/Ag resistive

switching device

Fig. 6 a, b Double logarithmic characteristics of FTO/CZTS/Ag device for positive/negative bias
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Figure 9 represents the various stages of the con-

ductive filament formation and rupture in the FTO/

CZTS/Ag memory devices. In general, a memory

device has three layers in which there are metal

contacts/electrodes on top and bottom and an active

layer having high absorption coefficient and con-

ductivity sandwiched in between them. If a bias

voltage is applied across the electrodes, the electrical

conductivity changes reversibly and can be carried

Fig. 7 a, d, f Fitted data of positive and negative bias showing Child’s law (I a v2), b, c TCLC (I a vn, n[ 2), and e Ohmic and SCLC

conduction mechanisms of FTO/CZTS/Ag device
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through a long time between a high conductive (ON)

state and a high resistive (OFF) state.

After applying a reverse voltage on the Ag metal

contact, the narrowing of the depletion region takes

place since the external electric field is in the opposite

direction. This reduces the built-in electric field of the

Ag/CZTS junction. This effect shows a low-resistance

behavior. On the other hand, the depletion region is

extended in the similar direction along with the

external field direction and the built-in electric field

of the FTO/CZTS junction shows high-resistance

behavior. While supplying forward bias to the Ag

electrode, the depletion region of the Ag/CZTS con-

tact shows higher resistance until a certain value of

the voltage is reached. In CZTS thin films, Cu2? is

having higher mobility [5, 28]. Therefore, if a positive

bias voltage is applied on Ag metal contact, Cu2? ions

starts to drift toward FTO contact creating a reduc-

tion in copper concentration at CZTS/Ag contact. In

Fig. 8 Band diagram showing the Fermi level of the metal

electrodes and band orientation of the FTO/CZTS/Ag device

Fig. 9 Schematic representation of the forming and rupture of the conductive filaments of the FTO/CZTS/Ag memory device
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the schematic, the hysteresis I–V loop is divided into

4 sections. In the first section (Fig. 8a), the depletion

region of CZTS/Ag junction is in a high-resistance

state. From this point, the Cu2? ions drift toward the

Ag electrode together with gradual increment in

reverse voltage on Ag and steadily the Cu filaments

starts forming. Here, the conversion from HRS to LRS

occurs. This process is termed as the SET process. In

the second section (Fig. 8b), the domination of Cu

filaments over conductivity occur and device changes

to LRS. In third section (Fig. 8c), after applying the

forward bias voltage on Ag contact, the depletion

region of the Ag/CZTS contact spreads, which allows

the drifting motion of Cu2? ions toward FTO contact.

On further increasing the forward voltage, there is a

breakage/rupture of the Cu filaments at particular

voltage, which happens owing to Joule heating

[16, 31] and device is in a RESET state. Finally, in the

fourth section (Fig. 8d), the conductive filaments

starts to vanish and the transfer of space charge starts

to take over the conductivity. The device continues to

be in HRS and the filaments totally ruptured. In

quaternary films like CZTS, the electron traps come

from the defects due to different types of vacancies,

gaps in semiconductors, lattice mismatch, etc. These

traps can capture the electrons and thus the con-

ductivity is produced in the material [15]. In the

present case the active layer material CZTS has

abundance of Cu2? ions. More number of vacancies

are created, with the increase of Cu2? ions, when the

bias voltage is applied. These defects can act as traps

to capture and recapture the electrons, which con-

tribute to the formation of Cu conductive filaments.

Moreover, additional defects are also generated at

Ag/CZTS and CZTS/FTO interfaces due to the for-

mation of ions (Ag?, Cu2?) under applied bias volt-

age. Low electronegativity and high mobility of

copper ions are also a factor affecting the formation of

copper conductive filaments in the device [5]. This

mechanism shows that the CZTS thin films can be

used as active layer in RRAM devices.

A comparison of the present work in the light of

the reported memory-switching devices containing

different types of active layers and back contacts is

listed in Table 1. The table describes various deposi-

tion techniques for the fabrication of memory-

switching devices and their endurance characteris-

tics. The mainstream compounds for active layer of

the memory-switching devices are metal oxides, like

CuO, ZnO, NiO, and TiO2. There are various device

architectures including single- and double-layered

active layers. Liu et al. reported the fabrication of a

bilayer structure containing TiO2 and ZrO2 as active

layers using spin coating method [12]. They have

observed a high ION/OFF ratio of 100. In the case of

single metal oxide devices, a high ION/OFF ratio of

* 103 was reported by Lee et al. [32]. The active layer

is Ta2O5 prepared by radio frequency magnetron

sputtering, using Ta as top electrode and Pt as bottom

electrode. A relatively cheaper method has been

employed by Dong et al. for the production of

chalcogenide memristors [5]. The ION/OFF ratio of 27.5

was archived in the device with a structure of Al/

CZTSSe/Mo fabricated by spin coating technique.

In the present work, it is able to achieve a higher

ION/OFF ratio of 33 in chalcogenide-based memory-

switching device fabricated by spray pyrolysis tech-

nique. This value is higher than most of the reported

values, especially with metal oxide-based memris-

tors. Adding to it, the process of deposition is rela-

tively simpler and cost effective compare to the high

vacuum deposition methods, like magnetron sput-

tering and DC sputtering [32, 33]. Hence, from the

present investigation, it is clear that CZTS thin film-

based memristor devices have the potential to

Table 1 Comparison of

device performance with state-

of-the-art reports regarding the

resistive switching behavior

S. no. Device structure Fabrication technique ION/OFF ratio References

1 ITO/MoO3/Ag Spray pyrolysis 1.2 [7]

2 Al/ZnO/Al DC sputtering 2 [33]

3 Pt/p-NiO/n-MgZnO/Pt sol–gel spin coating 6 [34]

4 Cu/CuO/(AgO)/Ag Oxidation & printing 10 [35]

5 Al/CZTSSe/Mo Spin coating 27.5 [5]

6 Au/TiO2/ZrO2/FTO Dip/spin coating 100 [12]

7 Pt/Ta2O5 - x/Ta RF sputtering * 10 and * 103 [32]

8 FTO/CZTS/Ag Spray pyrolysis 33 Present work

J Mater Sci: Mater Electron (2023) 34:601 Page 9 of 11 601



compete with mainstream metal oxide-based

switching devices.

4 Conclusion

CZTS thin films have been prepared by low-cost

spray pyrolysis technique and the electrical bi-sta-

bility of the device FTO/CZTS/Ag was studied. The

device showed good electrical bi-stability, with

switching from low conducting state to a high con-

ducting state. The highly responsive device shows

good endurance characteristics with ROFF/RON ratio

of 33. Double logarithmic graphs were plotted to

study the conduction mechanism and the model has

been developed to explain the memory-switching

properties of the fabricated devices. With high rate of

Cu2? ion migration and filament formation under

low bias voltage, the FTO/CZTS/Ag device has good

electrical bi-stability and hence the CZTS thin films

can be used as an active layer in memory-switching

devices.
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