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ABSTRACT

In this study, we report the fabrication of cadmium-doped indium sulfide thin

films (In2S3:Cd) using a low-cost nebulizer-aided spray pyrolysis process at

350 �C on glass substrates for photo-sensing applications. The impact of 0, 2, 4,

and 8 wt% cadmium concentrations on the structure, morphology, optical

properties, and photo-sensing capabilities of In2S3 thin films were examined

systematically. From X-ray diffraction (XRD) analysis, the major peak is located

in the (103) plane for all Cd-doped In2S3 thin film samples, and the maximum

crystallite size for the 4 wt% sample is 59 nm. The field emission scanning

electron microscope (FESEM) image revealed a homogenous large-grained

surface of Cd-doped In2S3 film that completely covered the substrate. UV–Vis

absorption analysis demonstrated good absorption for all thin film samples in

the visible and ultraviolet regions of the electromagnetic spectrum, particularly,

the 4% Cd-doped concentration showed excellent absorption as is observed

from Tauc relation. The highest PL intensity at 680 nm was observed for the

sample coated with 4 wt% of Cd. Under UV light, the I–V behavior depicts a

light current of 1.06 9 10–6 A for a 5 V bias voltage. The In2S3: Cd (4%) sample

had the highest responsivity of 2.12 9 10-1A/W and a detectivity of

1.84 9 1011 Jones, with a high EQE of 50%. The study manifests that the

developed Cd (4%)-doped In2S3 thin film sample might be better suited for the

application of photodetectors.
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1 Introduction

In recent years, thin films have received significant

interest owing to their prospective applications in

various optoelectronic and electronic devices.

Because of their intriguing physical features, n-type

In2S3 semiconductor thin films have recently received

a lot of attention towards light-emitting diodes

(LEDs), photodetectors, solar cells, and other opto-

electronic applications [1–8]. Various synthesis pro-

cedures including electro-deposition [2], vacuum

evaporation [9], successive ionic layer absorption and

reaction (SILAR) [10], CBD [11], pulse electro-depo-

sition [12], hot wall epitaxial method [13, 14],

hydrothermal [15], and nebulizer spray pyrolysis

[16–18] have been used to develop indium sulfide

thin films. Nonetheless, fabricating a device quality

In2S3 material onto a substrate using a low-cost

technique remains a challenge. Indium sulfide acts as

a crucial compound in optoelectronic and photo-

voltaic applications [19–21] because of its stability,

broader energy gap, and photoconductive behavior

[22]. It also possesses fascinating photoluminescence

characteristics [23], making it suitable for a wide

range of optoelectronic applications [24]. Doping is

an effective way to improve the physical properties of

the semiconducting materials. Addition of dopants

could effectively alter the energy gap of the semi-

conductors facilitating the electron transport from the

ground state to excited state. Various transition metal

dopants have been previously studied to change the

structural and electrical properties of In2S3 films.

Doping of In2S3 films with Sn exhibits lower resis-

tance, according to Becker et al. [25]. Kim et al. found

that doping cobalt into single crystals of indium

sulfide reduces structural flaws [26]. According to

Kamoun et al., the addition of Al increased the oxy-

gen adsorption in the sample [27]. Diehl and Nitsche

[28] studied the stability of In2S3 thin films by

replacing the In atoms with Bi, As, Sb, or Zn.

According to Barreau et al. [29], adding Na resulted

in a wider bandgap and enhanced conductivity. In

our study, we have investigated the effect of Cad-

mium (Cd) doping on the physical properties of the

In2S3 films. Moreover, the ionic radius of Cd2?

(0.95 Å) is larger compared to the ionic radius of In3?

(0.80 Å) which could result in the formation of

favorable imperfections in the In2S3 lattice. Generally,

Cd dopant alters the bandgap of the semiconducting

materials, and it would be exciting to study their

impact on the In2S3 for photo-sensing applications.

Physical deposition processes are relatively

expensive and energy intensive, while producing

high-quality and homogenous films. The nebulizer

spray pyrolysis process (NSP) is a simple and cost-

effective method for producing thin films efficiently.

The NSP approach has been used to deposit ternary

and binary oxide base semiconducting thin films

such as MgO [30], tin-doped zinc oxide [31], Y-doped

NiO [32], Zn-doped Cu2O [33], and Cd-doped SnO2

[34]. This approach was also used to deposit ternary

chalcogenide cadmium-tin-selenium (CdSnSe) thin

film [35]. While the NSP method for thin film syn-

thesis has been extensively employed to generate a

range of thin films, there were no investigations on

the fabrication of Cd-doped In2S3 thin films. Hence,

in this work, we report Cd-doped In2S3 thin films

grown using nebulizer spray pyrolysis on glass sub-

strates and the thin films have been studied for their

optical, structural, morphological, elemental, and

photo-sensing properties.

2 Experimental technique

2.1 Fabrication of Cd-doped In2S3 thin
films

Cd-doped In2S3 thin films were developed on soda–

lime glass (SLG) substrates using the cost-effective

NSP process. The chemicals InCl3, CdCl2, and NH2-

CSNH2 were purchased from Sigma-Aldrich with a

purity of 99.99%. Before the start of the deposition

process, the SLG substrates were subjected to stan-

dard procedures to remove the substrate impurities.

The substrates were dipped in chromic acid and then

washed multiple times with a hot soap solution

before being cleaned with DI water. After the clean-

ing process, the sample was placed in the NSP unit

holder with a 2.5 cm 9 2.5 cm dimension. To gener-

ate the spray solution, 0.2 M of indium chloride

(0.442 g) and 0.3 M of thiourea (0.228 g) were used as

precursors and liquefied in 10 mL double-filtered

water. The precursor solution’s doping content was

adjusted to 0, 2 (0.003 g), 4 (0.007 g), 6 (0.014 g), and

8 wt% (0.029 g) in 2 wt% increments. To make a

homogenous mixture, the precursor solution was

agitated on a hot plate for 30 min with a magnetic

pellet. The precursor solution was then filled in the

J Mater Sci: Mater Electron (2022) 33:19284–19296 19285



NSP unit’s nebulizer container for deposition. To

make fine aerosol droplets, the air is employed as a

bearer gas with a pressure of 1.5 kg/cm2 [36]. During

the deposition, the conditions maintained are spray

rate of 1 mL/ min, 10 min time of deposition, the

distance between the substrate and nozzle was kept

as 5 cm, and the temperature was maintained at

350 �C. The chemical reaction of the In2S3 formation

is 2InCl3 ? 3SC((NH2)2-
? In2S3(s) ? 6HCl(g) ? 3H2NCN(g) [37]. Following

deposition, the thin films were left uninterrupted in

the film deposition chamber until they reached room

temperature, after which they were removed for

further investigations.

2.2 Characterization techniques of Cd-
doped In2S3 thin films

The structure, shape, content, and light detecting

characteristics of the prepared films were investi-

gated utilizing various analytical approaches. Using

the wavelength of 0.15406 nm for the source and a

voltage range of around 40 kV, an X-ray diffrac-

tometer (PANalytical X’Pert Pro) was used to inspect

the structural parameters of the produced Cd-doped

In2S3 thin films. A field emission scanning electron

microscope (Zeiss) was used to examine the texture

of the film’s surface. The elemental composition of

the films was determined using the appended EDX.

To evaluate the optical characteristics of the prepared

thin films, a UV–Vis spectrometer (PerkinElmer 4

Lambda 35) was used in the wavelength range of

300–900 nm. A fluorescence spectrometer (Perki-

nElmer LS-55) was utilized to study the room tem-

perature PL spectra, and a Keithley 2450 model

source meter with 365 nm laser source was used to

assess the photo-sensing parameters.

3 Results and discussion

3.1 Structural analysis

Figure 1 shows the X-ray diffraction patterns of

pristine and Cd-doped In2S3 thin films formed at

350 �C with various Cd doping concentrations. The

inter-planar spacing ‘‘d’’ values for the distinct peaks

in the patterns were calculated and compared with

standard values according to the (JCPDS 88-0287).

The polycrystalline character of the thin films along

with the tetragonal structure is revealed by X-ray

diffraction patterns. Additional peaks were recorded

at the (213), (206), (220), (309), (400), and (012) planes,

with the most intense peak being observed along the

(103) plane. The maximum peak intensity of the (103)

plane increased steadily when the Cd doping con-

centration was increased from 0 to 4% due to

increased crystallinity, as shown in Fig. 1. The

strength of the diffraction peaks decreases as the Cd

doping concentration rises above 4%, showing crys-

tallinity loss due to lattice distortion. It confirms that

the Cd:In2S3 doping concentration has a significant

impact on the crystalline and film quality.

Crystallite size D in the films as well as the existing

microstrain were calculated using size-strain plot [38]

(Fig. S1). Table 1 shows that as the doping concen-

tration increases, the crystallite size value increases.

This increase in crystallite size is attributed to the rise

in nucleation on the coating surface as a result of

grain boundary migration caused by a drop in the

film’s surface energy [39]. The relationship can be

used to find the strain in the prepared films. The

predicted microstrain in the films decreased as the

doping concentration increased up to 4%, most likely

due to a decrease in cohesion between the In2S3 film

and the coating surface [39].

3.2 Morphological analysis

FESEM is a beneficial technique for studying the

surface morphology of films and provides valuable

information on the size and morphology of the

Fig. 1 XRD patterns of Cd-doped In2S3 thin films
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particles or grains. Figure 2 shows the surface mor-

phology of pure and Cd-doped In2S3 thin films

deposited at 350 �C. From the figure, it was observed

that the developed pure and Cd-doped In2S3 thin

films exhibit homogeneous distribution of the crys-

tallites strewn with microscopic flakes or crystal

clusters in the nanometer range. It was also noted

that the crystallization increases with the increase in

concentration of the Cd dopants up to 4% and the

In2S3:Cd (4%) film exhibits better crystallization.

Further, introduction of the Cd dopants in In2S3
above 4% leads to deterioration in the crystals due to

lattice distortion as confirmed by our XRD results,

which shows an uneven/decrease in crystal mor-

phology in the case of In2S3:Cd (6% & 8%) films. The

nano-sized flake and sphere-shaped crystal struc-

tures have almost vanished, leaving only tiny clusters

observed throughout the films, inferring the changes

in the size and shape of the grains due to higher order

Cd doping. Figure 2f shows the characteristic EDX

spectrum of Cd-doped In2S3 thin film produced at a

doping concentration of 4%. It revealed the existence

of S, In, and Cd as elementary components and

revealed their distinct composition and purity. The

additional peaks in the EDX spectrum might be due

to the presence of substrate impurities.

3.3 Optical analysis

Figure 3 shows the optical absorbance spectra of Cd-

doped In2S3 thin films sprayed with a nebulizer in the

range of wavelength (300–900 nm). When the doping

concentration was raised, the absorption seemed to

increase. When the doping concentration is raised,

idealized energy levels are produced within the

bandgap, raising light immersion and, as a result,

lowering its transmittance. Using the formula [40],

the absorption coefficient was obtained.

a ¼ 1

d
ln

1

T

� �
ð1Þ

The thickness of the films is denoted by d, while

the amount of transmittance is denoted by T. When

compared to the other films, the sample made with a

4% Cd-doped film has a higher absorption. The

bandgap values may be estimated using the Tauc’s

relation and the computed absorption parameter

values, as well as the direct allowed optical transition

of Cd-doped In2S3 [41].

ahm ¼ Aðhm� EgÞn ð2Þ

The photon’s incident energy is hm, the propor-

tionality constant is A, and the value of n is 1/2. The

linear part of the generated curves was straightly fit

over the X-axis after a graph was drawn between ahm
along the Y-axis and hm along the X-axis. Figure 3

depicts the Tauc plots. As the Cd doping concentra-

tion increased from 0% to 8%, the bandgap energy

changed from 2.86 to 2.69 eV. The bandgaps calcu-

lated were alike to those reported by Thierno Sall

et al. [42] and Teny Theresa John et al. [43], but they

were much greater than the pure sample value of

2.10 eV [44] due to oxygen incorporation during film

manufacturing or an excess of sulfur in the lattice

[45]. It could also be due to the variations in the films’

stoichiometry, preference orientation in the film, or

the quantum size effect [46]. But, in the present work,

the bandgap variation is due to the variation in

crystallite size and defects of the samples.

3.4 Photoluminescence (PL) analysis

Photoluminescence spectroscopic examination at an

excitation wavelength of 450 nm was used to inves-

tigate the defect levels in spray-produced Cd-doped

In2S3 thin films at various Cd doping concentrations

and the resulting spectra are presented in Fig. 4. The

spectra revealed two emission bands: a red emission

and a green emission. Bulk In2S3 is not predicted to

Table 1 Structural parameters

and bandgap of Cd-doped

In2S3 thin films

Cd doping concentration (%) Crystallite size (nm) Strain

9 10–3
Bandgap

(eV)

0 33 5.70 2.86

2 37 3.66 2.93

4 39 3.51 2.98

6 37 2.37 2.82

8 29 5.39 2.69
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be luminous at ambient temperature. The conversion

between donors formed by sulfur vacancies (Vs) and

acceptors created by indium vacancies (VIn) occurs at

523 nm. Zhao et al. previously discovered this broad

peak in In2S3 microflakes [47]. The conversion from

indium interstitial (Ini) donors to oxygen in the

vacancy of sulfur (OVs) acceptors was assigned to the

second peak at 680 nm [48], which is more for 4% Cd-

doped In2S3 thin film. It is worth noting that the

creation of oxygen bending defects always opens up

new possibilities for improving photoconductive

characteristics. The short distance between inter-band

Fig. 2 FESEM images of Cd-doped In2S3 thin films. a Cd (0%), b Cd (2%), c Cd (4%), d Cd (6%), e Cd (8%), and f EDX image of

In2S3:Cd (4%) thin film
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metal ions results in the increase in charge transfer

between neighboring ions, which reduces the PL

intensities for higher Cd-doped samples like 6 and

8 wt%.

3.5 I–V characteristics analysis

Cd-doped In2S3 films size (1 cm 9 1 cm dimensions)

with Ag metal coating as the electrode was taken for

photo-sensing analysis. Figure 5 shows the V–I fea-

ture of the films in light and dark modes with an

application of bias voltage ranging from - 5 to 5 V. It

Fig. 3 Absorption spectra and Tauc’s plot of Cd-doped In2S3 thin films
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confirms the ohmic nature of all the films. For the

same bias voltage, a higher photocurrent is detected

for all samples, especially, the 4% Cd concentration

In2S3 sample showed a photocurrent value of

1.06 9 10-6A which is higher compared to other

fabricated samples. This determines the deposited

films’ ability to absorb light and form electron–hole

pairs, which then separate and gather, resulting in a

rise in current. The measured values of Cd-doped

In2S3 thin film’s photo-sensing parameters like photo-

responsivity (R), detectivity (D*), and external quan-

tum efficiency (EQE) for different doping concentra-

tions are shown in Fig. 6 and tabulated in Table 2.

The following equation [49] can be used to find

responsiveness.

Fig. 4 PL spectra of Cd-doped In2S3 thin films

Fig. 5 a Device structure of

Cd-doped In2S3 thin film

photodetector. Transverse I–

V characteristics of the

deposited Cd-doped In2S3 thin

films at different doping

concentrations in light and

dark modes. b 0%, c 2%,

d 4%, e 6%, f 8%

19290 J Mater Sci: Mater Electron (2022) 33:19284–19296



R ¼ Iph
P� A

: ð3Þ

The photo-responsivity of detectors was computed

by substituting the value of photocurrent Iph, incident

light power (P), and the surface area of the thin film

(A). The calculated responsivity values were found to

increase from 6.81 9 10–2 to 2.12 9 10–1 A/W as

doping concentration was raised from 0% to 4%. The

measured responsivity is almost similar to that pub-

lished by Hemanth et al. for an In2S3 metal and

semiconductor metal photodetector created by co-

evaporation approach [50], which was 5.360 mA/W.

The amount of electromagnetic energy converted

to useable current is given by the value of EQE,

which may be calculated using Eq. (4) [51].

EQE ¼ R
hc

ek
: ð4Þ

EQE values were computed by substituting the

Planck’s constant h, the velocity of electromagnetic

wave (c), the incident electromagnetic energy wave-

length is (k), and the charge of an electron (e). When

the doping concentration was raised from 0 to 8%, the

EQE values ranged from 16 to 11%. The film doped

with 4% showed the highest efficiency of 50%. By

using the responsivity value (R), film area A, and

dark current Id in the following equation, the detec-

tivity of the films may be calculated [52].

D� ¼ R

ffiffiffiffiffiffiffiffi
A

2eId

s
ð5Þ

The pure In2S3 film’s detectivity is found to be

3.18 9 1010 Jones. The detectivity of the film

improved as the doping ratio of the solution raised.

The 4% Cd-doped film had a detectivity of

1.18 9 1011 Jones, which is greater compared with

other films. The detectivity values obtained are sig-

nificantly greater than those previously reported [51].

The transient current characteristics can be used to

examine the performance of the Cd-doped In2S3
photodetector. Figure 7 depicts the current–time

characteristics in determining the photo-response

properties of Cd-doped In2S3 thin films with varying

incident light ranging from 1 to 5 mW/cm2. When

the UV light is in an ON state, the photocurrent

values raises and reach the saturation point, when the

light is turned off, the current decreases and returns

to its initial state, suggesting that the device is more

stable and reversible. The response/recovery time

depends on many factors such as type of semicon-

ducting material, operating temperature, suit-

able dopants, and light intensity. The response time

and recovery time for all the samples measured are

noted in Table 2. It was observed that the current

value increases linearly with the increase in light

intensity and higher current value was observed to be

5 mW/cm2 for all the photodetector samples. Also,

the highest current value and minimum response

time/recovery time of 1.6 s/1.3 s were observed for

4% Cd-doped In2S3 sample compared to other fabri-

cated photodetectors. The rise in photocurrent with

Fig. 6 Responsivity, External quantum efficiency, and detectivity

values of the Cd-doped In2S3 thin films

Table 2 The device

performance parameters of

fabricated Cd-doped In2S3 thin

films

Samples R

(AW-1)

EQE

(%)

D*

(Jones)

Response

time

(s)

Recovery

time

(s)

In2S3 6.81E-02 16 3.18E ? 10 2.1 1.4

In2S3:Cd(2.0%) 9.19E-02 21 5.38E ? 10 1.8 1.5

In2S3:Cd(4.0%) 2.12E-01 50 1.84E ? 11 1.6 1.3

In2S3:Cd(6.0%) 5.34E-02 12 6.05E ? 10 1.6 1.5

In2S3:Cd(8.0%) 4.66E-02 11 5.64E ? 10 1.7 1.4
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the increase in light intensities could be

attributable to a rise in light-induced carriers and

improved electron–hole pair separation due to lesser

defects [53]. Further, the decrease in photocurrent

and larger response time/recovery time of the 6 and

8% Cd-doped In2S3 samples might be because of the

induced defects caused due to higher order doping of

Cd occupying the interstitial/substitutional sites in

In2S3 lattice. Table 3 shows a comparison of the cur-

rent work’s photodetector performance with that of

prior CdS and In2S3 nanostructures photodetectors

[54–59]. The following are the reasons for high photo-

response, i.e., broadened absorption and smaller

bandgap resulting in more photons being absorbed

and an increase in illumination current.

3.6 Photo-sensing mechanism

A photodetector’s performance under dark and light

illumination can be explained using a variety of

techniques. The production of electron–hole pairs is

Fig. 7 Transient photo-response characteristics of the Cd-doped In2S3 thin films
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critical for improving photocurrent in response to

various bias voltages. Figure 8 shows the adsorption

and desorption of oxygen at air (before light) and

illumination (after light) conditions to better under-

stand the performance of a photodetector. Because

In2S3:Cd belongs to the broad bandgap semicon-

ducting group, the photo-sensor is investigated using

UV light. The oxygen molecules adsorbed on the

In2S3:Cd film surface creates negatively charged

electron traps, which may be represented as O2-

? e- ? O2
-, which occurs in the air atmosphere, as

shown in the schematic. As a result, a low-conduc-

tivity depletion layer forms near the In2S3:Cd film

surface, resulting in a decreased dark current level.

Wang et al. [60] found a similar occurrence in a CuO

nanowire photodetector. A photo-produced electron–

hole pair is formed on the In2S3:Cd film surface when

it is exposed to high-intensity light. Desorption of

oxygen molecules from the Cd:In2S3 surface due to

recombination of holes with oxygen at the surface can

be represented as O2
- ? h? ? O2 [61], causing the

depletion width to narrow. Meanwhile, photons from

incident light are absorbed by valence band (VB)

electrons, which are then transferred to the conduc-

tion band (CB) [8]. Following that, electrons and holes

from the CB and VB diffuse towards the electrodes.

Under light illumination, this process causes an

increase in photocurrent. When the light is turned off,

oxygen molecules on the film surface are reabsorbed,

lowering the current value. In the photodetector

based on In2S3:Cd film, the amount of recombination

of electron–hole pairs is reduced when the applied

bias voltage is increased, and the photo-produced

charge carriers steadily increase (see Table 2).

4 Conclusions

Using a nebulizer-assisted spray pyrolysis process,

an effective Cd-doped In2S3 photodetector was

manufactured inexpensively. X-ray diffraction

examination revealed that Cd-doped In2S3 films grew

with the preferential orientation along (103) plane,

suggesting a raise in the crystallites size. The FESEM

investigation showed the presence of a homogenous

film. The presence of the constituent elements Cad-

mium, Indium, and sulfur in the sample was con-

firmed by EDX analysis. In the ultraviolet area, good

light absorption has been developed, and optical

investigation has revealed a comparable absorbance

in the UV region. As the doping concentration was

increased, the optical bandgap decreased from 3.20 to

2.96 eV. I–V characterization revealed an improve-

ment in the current value of 1.06 9 10–6 A for In2-
S3:Cd (4%) thin film. Under UV light, the same film

showed a greater photo-response characteristic. In2-
S3:Cd (4%) thin film was found to have a responsivity

of 2.12 9 10–1 A/W, the external quantum efficiency

of 50%, and a detectivity of 1.84 9 1011 Jones. The

current study revealed the considerable impact of Cd

doping in In2S3 thin films on the structural, optical,

morphological, and photodetection characteristics.

Hence, the best performing fabricated 4% Cd-doped

Table 3 Comparison

table showing the

photocurrent, dark current,

responsivity, external quantum

efficiency, detectivity, Cd-

doped In2S3 thin films with

other reported works

Samples Iphoto/Idark R

(AW-1)

EQE

(%)

D*

(Jones)

References

In2S3 – 0.213 69 20 E ? 9 [54]

1% Sm:CdS 4.9E ? 03 1.101 257 2.21E ? 12 [55]

CdS:Ga (2%) NR/Au 12E ? 03 4 – – [56]

CdS:Ag heterojunction – 0.43 91.42 2.58E ? 11 [57]

CdS NB 6 7.43 E ? 4 1.9E ? 7 – [58]

5 wt.% Eu:CdS 4.3E ? 03 0.614 143 1.38 E ? 12 [59]

In2S3:Cd(4%) 253 2.12E-01 50.0 1.84E ? 11 Present work

Fig. 8 Schematic diagram of photo-sensing mechanism
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In2S3 thin film could be better suited for UV light

photodetector application.
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