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NO; gas sensing of chromium doped nanostructured copper sulfide films
prepared by spray pyrolysis method
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Undoped and Chromium (Cr) doped (2, 4%) copper sulfide (Cu,S) nanostructured thin
films were created by spray pyrolysis. The films were polycrystalline and combined cubic
and monoclinic structures, according to the results of the XRD investigation. Surface
roughness values for the doped and undoped thin films are 8.71, 7.79, and 3.24 nm,
respectively. SEM images display Cu,S nanostructures with fine crystallites and traces of
nanorod. Chromium doping increases particle size and induces nanorod growth, enhancing
surface porosity. The optical examination shows that Cr-doped Cu,S thin films exhibit
effective absorption (> 10* orders) in the visible range. From the change in absorption
coefficient, it can be observed that there is a valley around 2.6 eV. By doping Cr (up to
2%) in Cu,S films, it is possible to control the band gap between 2.62 eV and 2.73 eV. The
refractive index of undoped Cu,S films decreases with increasing Cr-doping concentration.
Gas sensing of Chromium-doped and undoped Cu,S nanostructures involves dynamic
resistance change at 100°C. Undoped Cu,S displays low resistance, exhibiting p-type
semiconductor behavior. Notably, 4% Cr-doped Cu,S shows high resistance, and the
introduction of NO, decreases resistance. Decreased sensitivity with rising Cr doping in
Cu,S: 2% Cr and Cu,S: 4% Cr. Responsiveness declined across different NO,
concentrations (200 ppm, 300 ppm, and 400 ppm).
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1. Introduction

Copper sulfide is a significant metal-based sulfide thin film (Cu,S). This is due to the
substance's lesser toxicity than many other chalcogenides and the ease with which waste solutions
may be managed for the environment. It may be used in various electrical applications [1]. One II-
VI chalcogenide semiconductor with unique capabilities for photoelectric conversion is Cu,S. The
p-type semiconductor known as Cu,S is an acceptor thanks to copper vacancies [2]. The direct and
indirect band gaps of Cu,S are 1.2 eV and 1.8 eV [3,4]. Various techniques were reported [5]. Due
to their strong L.R. reflection and good transmission in the visible light spectrum, Cu,S thin films
are advantageous for solar cells. Due to its wide range of optical band gaps may be used in various
applications, including photosensors, gas sensors, catalysts, and solar cells [6-8]. Cu,S thin films
are very attractive p-type materials from a technological standpoint. However, there is little
knowledge of how doping affects the properties of Cu,S thin films. This work produced thin films
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of Cr-doped Cu,S on glass slides using a simple spray pyrolysis method. Doping Cu,S with the
necessary components will change and adapt its physical characteristics. The doping enhances the
host material's optical, electrical, and magnetic capabilities, which alters the intrinsic quantum
energy levels to create discrete energy levels. To achieve high conductivity, it is crucial to
comprehend the numerous interactions between acceptor and crystal defects, whether native or
doped [9-11]. The impact of Cr doping on the optical characteristics of Cu,S thin films has been
studied. Cu,S thin films are created using several different synthesis methods, such as spray
pyrolysis [12—16], vacuum evaporation [17], chemical bath deposition (CBD) [18, 19], successive
ionic layer adsorption and reaction (SILAR) [20, 21], chemical vapor deposition [22], , atomic
layer deposition (ALD) [23] and photochemical method [24]. This study explores doping's effects
on the structural and optical characteristics of copper sulphide layer that was being deposited and
the process of producing Cu,S thin films using chemical spray pyrolysis (CSP).

2. Experimental

Thin films of undoped Cu,S and Cu,S: Cr were formed using an integrated spray pyrolysis
coating equipment. (CuCl;) (0.1M) dissolved in deionized water were combined to create the spray
solution. Cr trichloride (CrCl;) was dissolved in isopropyl alcohol and added to the solution to
obtain Cr doping. The solution comprised 50 ml and had a doping concentration of (0, 2, 4) %.
The requirements for preparation: 400°C was the substrate temperature, 29 cm was the distance
between the spout and base, and 10° Pas. of nitrogen gas was utilized as the carrier gas during the
9-second spraying time, which was extended by 85 seconds to prevent cooling. Using a weighing
technique, the film's thickness was determined to be 340 + 25 nm. The nature of film structure was
ascertained using XRD, and the film surface that had been deposited was examined using AFM.
The surface microstructure was examined using a Hitachi SEM (model S-4160). Using a UV-
visible Shimadzu double-beam spectrophotometer, optical transmittance is obtained. Gas
sensitivity is commonly evaluated based on the percentage change in film resistance after
exposure. The specimens were positioned inside a custom-made cylindrical chamber (with a radius
of 7.5 cm and a height of 15 cm) for testing.

3. Results and discussions

The XRD of Cu,S produced on glass substrates at various Cr doping levels (0. 2 and 4) %
is shown in Fig. 1. The glass substrate causes the noticeable hump in the 20°-70° range. The
spectra essentially depict a Cu,S sheet that is amorphous (no diffraction peaks are present in both
spectra). The peaks of their crystalline structure, which correspond to the (111), (200) and (220)
planes, respectively, at 26 equal (27.51°, 31.82%nd 45.49° are attributed to cubic structure. No
secondary phases were seen after adding Cr ions to the Cu,S system. However, the peak shift's
strength gradually increases when the doping level rises. The outcomes demonstrated that Cr was
incorporated into the Cu,S system and that doping enhanced the compound's crystallinity. The ion
radius of Cr’* is 0.62, whereas that of Cu®" is 0.73, which is coherent with the ionic radius of Cr
concerning Cu. This is due to the different diameters of the two ion radii. Furthermore, due to the
significant mismatch in our scenario, only a small amount of Cr” charge and Cu™ charge is
present. Additionally, only a tiny amount of this (Cr) dopant could be tolerated by the Cu,S
structure. The diffusivity and growth rate are decreased because of the lower Cu content in the
lattice due to higher Cr doping [12, 14].

Scherrer's formula, which is shown in Eq. 1 is used to compute the mean crystallite size,
D. [25,26]:
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where B is FWHM in radians and 6 is Braggs angle. To determine D of pure and Cr-doped
Cu,Sthin films, the (200) plane was chosen. The XRD data's average crystallite size range of
nanoparticles was between 14.1 and 16.31 nm. Table 1 demonstrates that the enhancement in
crystal structure in the doped samples causes D of pure and Cr-doped Cu,S thin films to rise when
the concentration of Chromium is increased. Crystallite size allows for the calculation of
dislocation density in the films. Dislocations are flaws in crystals that result from the lattice being
misregistered in one area of the crystal relative to another. Dislocations are not equilibrium flaws,
in contrast to vacancies and interstitial atoms [27, 28].
The following expression was used to evaluate the dislocation density(d) [29, 30]:

5 (line.m™?) (2)

~D?

The microstrain (¢) was evaluated via the relation [31,32]:

0
- CZS 3)

Table 1 shows that the lattice parameter increases as the doping content increases,
indicating the integration of Cr into the Cu,S lattice. As the strain values drop, the doping
concentration rises. The computed o and ¢ are discovered to have an opposed trend. It is concluded
that the lower and bigger D values demonstrate the films' improved crystallization. The crystallite
first decreases at 0.02 M Cr-doping concentration and increases as the doping concentration rises.
The loss of crystallinity with dopant causes a decrease in crystallite size [33, 34]. Increased strain
and decreased peak intensity support this conclusion. More Cr atoms disperse Cu,S and lessen the
dislocations of the Cu,S film, expanding the crystallite size as the Cr concentration is raised. Stress
decreases with a rise in doping content when the Cr atoms settle in the film dislocations at higher
concentrations [20].
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Fig. 1. XRD patterns of Undoped and Cr-doped Cu;S films.

Table 1. Structure parameters of pure and Cr-doped Cu,S films.

Specimen 20 (hkl) | FWHM Optical Grain Dislocations density Strain
) Plane ) bandgap (eV) | size (nm) | (x 10") (lines/m?) | (x 10™)

Undoped Cu,§ 31.82| 200 0.59 2.73 14.10 50.22 24.57
Cu,S: 2% Cr| 31.79] 200 0.54 2.68 15.41 42.08 22.92
Cu,S:4% Cr| 31.75] 200 0.51 2.62 16.31 37.54 21.24
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Fig. 2. X-ray parameters of pure and Cr-doped Cu,S films.

Three-dimensional AFM scans of the crystalline Cu,S thin films produced by CSP are
shown in Figure 2. The surface is uneven and contains nanocrystals and shaped crystallites. With
increased doping, Pav's average particle size falls from 88.78 nm to 51.3 nm, and the average
roughness R, falls from 6.91 nm to 3.67 nm. Compared to films created at the other undoped
levels, the film prepared at 3% doping appears reasonably smooth. The root mean square (RMS) of
the roughness of the Cu,S thin films produced on glass substrates at various doping levels. The
minimum RMS value in this example is 3.24 nm at 4% doping and 8.71 nm at undoped, indicating
a higher surface quality level [17]. We can conclude that the Cu,S: Cr preparation has a better
value at 4% doping. This outcome is consistent with the characterizations from X-rays [35, 36].
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Fig. 3. AFM of pure and Cr-doped Cu,S films.
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Table 2. AFM parameter measurement of pure and Cr-doped Cu,S films.

Samples Average Particle size R, (nm) RMS
Nm (nm)

Undoped Cu,S 88.78 6.91 8.71
Cu,S: 2% Cr 58.2 5.64 7.79
Cu,S: 4% Cr 51.3 3.67 3.24

The morphology of the Cu,S nanostructures film, prepared through spray pyrolysis, is
characterized using SEM images. Fig. (4) depicts the typical SEM images of the prepared Cu,S
nanostructures. The images reveal fine crystallites with traces of nanorods. No large particles are
observed in the SEM images. The particle size increases from 103 nm to 154.15 nm as the
Chromium doping rises from 0% Cr to 2% Cr, and nanorods grow perpendicularly with a diameter
of 85 nm, rendering the surface more porous [15].

SEM HV: 15.0 KV WD: £.63 mm SEMHV: 15.0 kY wo:nssmm |, ! WD 11.93 mm
View fleld: 1.27 pym Det: SE 200 View field: 1.27 pm Det SE [ View fieid: 1.27 um Det: SE
SEM MAG: 100 kx | Date(midy): 1117122 SEM MAG: 100 kx| Date(midiy): 111722 | SEM MAG: 100 kx | Date(midy): 1117122

Fig. 4. SEM pattern for nanostructure Cu,S prepared by spray pyrolysis (a) udoped Cu,S;
(b) 2% doped by Cr. (c) 4% doped by Cr.

A visual examination of Cu,S 2% and 4% thin films with undoped and cr-doped
compositions was conducted at ambient temperature [37].

Experimental measurements are typically expressed in terms of the percentage
transmittance (T), defined as [38]:

I
T% = I_% 4

o

where (I) is the light intensity after it passes through the sample and (I,) is the initial light
intensity.

Figure 5 displays the transmittance (T) spectra of the intended films. The Figure shows
that T is relatively low in the 500-750 nm wavelength area, climbs dramatically to its maximum
between 550 and 750 nm, and then rapidly declines to become flat in the near-infrared region.
These results agree with Mehdi et al. [12, 23]. Additionally, it has been shown that T declines
with increasing Cr doping content, with 4% Cr-doped Cu,S films having the lowest transmittance
(about 60%) and undoped Cu,S films having the highest transmittance (about 65%). The
absorbance spectra of deposited Cu,S thin films with various film doping are shown in Fig. 6. The
same patterns are seen in all films, with more absorption on the shorter wavelength side. Due to
the combination of Cu™ and Cr™ ions, which occurs due to the difference in ionic radii, this
behavior may be linked to an increase in defects. These values produce suitable materials for solar
cells. Due to the donor level in the thin film shifting toward the conduction band with increased
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doping concentrations, the bandgap shifts towards lower energy. It can also result from developing
defect states within the direct gap, which enhances the film's crystal structure. [36].
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Fig. 5. T of grown film.
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Fig. 6. Absorbance of the intended film.

The absorption coefficient (a) was calculated using the relation [37, 38]:

A
@ =2303 - 5)

According to Figure 7, the absorption coefficient (a) has a high value (10%) in the lower
energy zone, drops to a minimum value at photon energies of around 2.62 eV, and then increases
quickly as photon energies rise. The Figure also shows that it marginally rises with increasing Cr
doping concentration; this finding may be related to the expansion of the optical band gap caused
by Cr doping. Due to the donor level in the thin film shifting toward the conduction band with
increased doping concentrations, the bandgap shifts towards lower energy [39, 40]. Another reason
might be the development of defect states within the direct gap, which enhances the film's crystal
structure [41]. This finding suggests that Cu,S films effectively absorb light in the visible range
and that their absorbance somewhat rises with Cr doping. Cu,S films had a similar outcome, as
found by [42, 43].
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The relationship below calculates the optical band gap, E,. [44, 45].

1/2

(ahv) = A(hv — Eg) (6)

where A is the constant, hv is the incident photon energy, and n is an exponent determining the
optical absorption process. The absorption coefficient in this instance is in the range of 10 cm™,
supporting the direct bandgap nature of the material. Tauc's plot is created using the optical
absorption data, and there is a straightforward transition since the plot is linear. The relationship
shown below is used to calculate the optical band gap E,. As deposition doping increased, the
energy gap of the thin films that were deposited shrunk. According to Figure 8, the crystallite size
increase causes the energy gap to close as doping levels rise. As a result, the bandgap narrows, and
the optical absorption edge moves toward longer wavelengths, increasing the absorption [46].
Compared to published data, this E g value is one of the greatest bandgap values for Cu,S. The
tiny crystallite sizes associated with the "quantum size effect" are to blame for the greater bandgap
value [47].
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The extinction coefficient (k) was calculated at different wavelengths using the relation (6)

[48, 49]:
K = al 7
=i @)
The refractive index (n was calculated at different wavelengths using the relation (7) [50,
51]:
1
- 1+Ri (8)
1-R2

The n behaviour for the films (Cu,S, Cu,S:2%Cr, and Cu,S:4%Cr) is depicted in Figure
(9). This graph demonstrates how refractive index values fluctuate across the structural properties
of films, falling after doping and rising at (300-550) nm. Figure (10), which depicts the variation
of K with wavelength of the intended films shows that the extinction coefficient values decrease
after doping. K values are similar to that of o for all ranges of the wavelength spectrum. This
action can be attributed to an increase in defects due to the combination of Cu' ions and Cr" ions
due to the difference in ionic radii [22].
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The gas sensing properties of both Chromium-doped and undoped Cu,S nanostructures
were investigated for NO, as an oxidizing gas and a reduced gas. The dynamic resistance changes
of the Cu,S films, including undoped and Chromium-doped samples, was examined at an
operating temperature of 100°C. Figure (11) illustrates the dynamic resistance change of the Cu,S
films when exposed to oxidizing gas (NO,) at a concentration of 400 ppm. Notably, the undoped
Cu,S samples exhibited the lowest resistance. This can be attributed to the highest roughness
observed in the AFM analysis and the increased surface area and porosity evident in the SEM
images. The electrical resistance data further supports the observation that undoped Cu,S films
show the lowest resistance [52]. All samples exhibited p-type semiconductor behavior. Notably,
the Cu,S film with 4% Cr doping demonstrated the highest resistance. This can be attributed to the
extraction of electrons from ionized donors through the conduction band, increasing the density of
majority charge carriers (holes) at gas—solid interface. Consequently, the potential barrier for
electrons decreases with the rising density of oxygen ions on the surface. The depletion layer and
potential barrier contribute to a decrease in electrical resistivity, a parameter strongly influenced
by the concentration of adsorbed oxygen ions on the surface [19]. The introduction of NO,
ambient alters the concentration of these ions, leading to a decrease in resistance.
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Fig. 11. Resistance as a function of operating time for Cu,S and Cr-doped Cu,S Films.

The sensitivity can be computed using equation (5) [52]:

... AR |R;—R,
Sensitivity = — = [———| X 100 % 9)
Ry Ry

where Rg = resistance of the film sensor in the presence of air
Ra = resistance of the film sensor in the presence of gas.

The sensitivity plots in Figure (12) illustrate the impact of Undoped, Cu,S: 2% Cr and
Cu,S: 4% Cr, on NO, gas exposure. The recombination process between charge carriers influences
sensitivity, revealing a reduction with increasing Cr doping [36]. For varied Undoped, Cu,S: 2%
Cr and Cu,S: 4% Cr, sensitivity decreased from 48.7 % to 11.6 % (200 ppm), 53.6 % to 14.0 %
(300 ppm), and 58.8 % to 15.9 % (400 ppm) [50]. Sensitivity decreased for Undoped, Cu,S: 2%
Cr, and Cu,S: 4% Cr, indicating that higher Cr doping levels led to a decline in the sensor's
responsiveness to NO, gas [20].
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4. Conclusion

The chemical spray pyrolysis approach effectively deposited undoped Cu,S and Cr-doped
Cu,S thin films on glass substrates. XRD verified the cubic and hexagonal structures of the
deposited films. Cu,S film with Cr-doping displayed a densely packed, flower-like morphology on
the AFM. Roughness and formed crystallites are seen on the surface. With increased doping, the
average particle size falls from 88.78 nm to 51.3 nm, and the average roughness falls from 6.91 nm
to 3.67 nm. SEM images show fine crystallites with traces of nanorods. Chromium doping
increases particle size and induces nanorod growth, enhancing surface porosity. Further doping
results in larger nanorods. The UV-Vis absorption spectra's low absorption between 300 and 550
nm revealed the film's high transparency in the visible spectrum.

The larger crystallite size, which results from less photon scattering by the crystallite
borders, accounts for the observed improved optical transmittance of Cr-doped Cu,S film. The
increased charge carriers caused by adding Cr-doping caused the energy gap in Cu,S to move from
2.62 eV (undoped) to 2.73 eV (Cr-doped). For gas sensing of Chromium-doped and undoped Cu,S
nanostructures, dynamic resistance changes at 100°C; undoped Cu,S shows low resistance. P-type
semiconductor behavior noted. 4% Cr-doped Cu,S exhibits high resistance. NO, show a decrease
in resistance. Reduced sensitivity with increased Cr doping in Undoped, Cu,S: 2% Cr, and Cu,S:
4% Cr. Decreased responsiveness was observed at various NO, concentrations (200 ppm, 300
ppm, and 400 ppm).
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