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In these studies, radio frequency (RF) magnetron sputtering was used to produce
nanostructured CuO thin films on glass bases with different thicknesses of (250, 300, and
350 nm). X-ray diffraction (XRD) analysis of these films revealed a polycrystalline
structure with a preferred peak along the (111) plane. The Scherrer formula was used to
compute the grain size. It was found that the average grain sizes are 10.78 nm, 11.36 nm,
and 11.84 nm for film thicknesses of 250, 3000, and 300 nm, respectively, while the
dislocation density and strain values decline. The surface roughness decreased from 9.30
nm to 4.71 nm as the thickness increased, according to atomic force microscopy (AFM)
data. As the thickness of the film grew, the root mean square (RMS) roughness likewise
decreased from 9.18 nm to 4.29 nm. The homogenous, semi-spherical structure comprises
uniformly distributed particles, as demonstrated by SEM images. The optical properties of
the grown films showed that the absorption coefficient considerably increased with film
thickness. Transmittance, band gap, refractive index, and extinction coefficient all
decrease with increasing film thickness. The hydrogen gas measurements, indicated a
reduction in sensitivity as the thickness and gas concentration increased at 30°C.
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1. Introduction

In numerous industries, several semiconductors are either in advanced usage or being
explored for applications, such as photovoltaic cells [1], antibacterial activities [2], sensing [3,4],
magnetic storage media [5], and supercapacitors [6]. Nanostructured CuO has a wide band gap of
(1.4-3.1 eV) [7]. Materials like CuO and Cu,O are generally considered p-type semiconductors,
making them potentially helpful for making junction devices like pn junction diodes [8]. The
components of cupric oxide are plentiful and non-toxic. These benefits have drawn much interest
to their application in several fields, including photovoltaic devices and power sources [9]. Several
methods are employed to deposit nanostructured CuO films, like CVD [10,11], electrodeposition
technique [12,13], reflux condensation [14], SILAR [15], sol-gel spin-coating process [16], spray
pyrolysis [17], thermal oxidation [18], and magnetron sputtering [19-21]. This work focused on
the synthesis of nanostructured copper oxide films of various thicknesses by RF magnetron
sputtering and studied their XRD, AFM, and UV-VIS spectroscopy to obtain the structures and
optical characteristics of these films in order to use them for hydrogen gas sensors.
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2. Experimental

CuO films were deposited using RF magnetron sputtering technique. A CuO target with a
purity of 99.99%, before starting, an oxide layer was removed from the target by pre-sputtering it
in an argon environment. The turbomolecular pump evacuated the sputtering chamber to a
pressure of 5x10° mbar. Thin films were grown on a glass, which served as the substrate. By
employing XRD, the crystalline characteristics of the CuO films are examined. A weighing
method was used to determine the film thickness, which was (250, 300, and 350) nm. The XRD
method was applied to explore how the crystal structure behaves. AFM images were captured for
morphological analyses utilising the tapping mode of the Nanoscope Illa scanning probe
microscope controller. The morphology of the deposited thin film was employed using a Scanning
electron microscope SEM, Shimadzu 3101 PC Spectrometer data for optical transmission in the
(300 - 900 nm) were used for optical analysis. Gas sensing measurements were conducted using
the testing system depicted in Figure (1)
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Fig. 1. Gas sensor testing system.

3. Results and discussion

3.1. XRD

The X-ray diffraction (XRD) patterns for different film thicknesses (250 nm, 300 nm, and
350 nm) are illustrated in Figure 2. In comparison to the standard JCPDS card No. (05-0661), the
analysis revealed that the grown films exhibit a polycrystalline monoclinic structure. This finding
aligns with the results reported by Mageshwari et al. [14]. The identified crystallographic planes
include (110), (111), (020), and (220), with corresponding peaks observed at (26=32.25°, 38.37°,
53.43°, and 65.43°), respectively. These results are in accordance with previous studies [22, 23],
confirming the consistency of the observed crystallographic characteristics with established
literature in the field. Debye-Scherrer's formula was employed to evaluate crystallite size (D) is
given by [24, 25]:
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where 0 is the Bragg angle, B is FWHM, and A is the wavelength. Since increasing thickness
results lead to increase in the grain size, the increase in film thickness could cause these
modifications, resulting in an enhancement in film crystallinity, rearranging of atoms, and the
elimination of defects [26]. Similar research for thin films with a thickness of 350 nm has been
published. [27].

Dislocation density (9) is calculated from Eq. (2) [28, 29]:

1
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strain (€) is calculated from the following Eq. (3) [30-32]:

0
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According to Table 1, dislocation density and strain reduced as thickness increased. As the
thickness increases, the peak locations remain unchanged. Thin CuO films with 250 nm and 350
nm thickness have the same lattice constant and volume cell. This behavior matches well with
[18]. Figure (3) displays FWHM, D, 6 and ¢ versus different thicknesses.
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Fig.2. XRD of grown films

Table 1. XRD parameters and energy gap of grown films.

Thickness | 26 (hkl) | FWHM E, D 3 (< 10" €
(nm) ©) Plane ) (eV) (nm) (lines/m?) | (x107
250 3837 | 111 0.78 254 | 10.78 85.92 32.13
300 3835 | 111 0.74 249 | 1136 77.36 30.49
350 3830 | 111 0.71 2.41 11.84 71.33 29.26




720

0.79 12.0 B
S 0.76 211.5 .
2 o
= 7]
I
= =
= 0.73 T 11.0 4
Q
0.70 r r r r r 10.5 . . . . .
225 250 275 300 325 350 375 225 250 275 300 325 350 375
Thickness (nm) Thickness (nm)

88 32.5

86 1 C 32.0 4 D
2 84 -
@3 31.5
g o 82 -
- =
o X 80 - - 31.0
:‘é =
SEs £305
S 276 =
o= “1 30.0
D 74
a .5 295

70 29.0

225 250 275 300 325 350 375

¥ 225 250 275 300 325 350 375
Thickness (nm)

Sample (nm)

Fig. 3. XRD parameters of CuO films.

3.2. AFM analysis

The morphology of the material was examined using atomic force microscopy (AFM)
[10]. The obtained data, including root mean square (RMS), surface roughness average (R;), and
particle size (P,,), are presented in Table 4. As the thickness increased, P,, demonstrated a
decrease, indicating a correlation between thickness and particle size. Additionally, RMS exhibited
a decline from 9.18 nm to 4.29 nm at a thickness of 300 nm, mirroring the trend observed in R,
which decreased from 9.30 nm to 4.71 nm. These findings suggest that an increase in thickness is
associated with a reduction in both surface roughness and particle size, as indicated by the
recorded values in Table 4.
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Fig. 4. AFM information of CuO films.

Thickness (nm)

Table 2. AFM parameters of (CuO) thin film with different thicknesses.

Thickness (nm) II:I‘;‘; (Ifl{rsn) [({Ill\g
250 88.4 9.30 9.18
300 40.2 6.07 5.08
350 32.6 4.71 4.29

3.3. SEM analysis

The surface morphology is depicted in Figure 5, revealing a notable presence of uniformly
distributed particles forming a homogeneous, semi-spherical structure. A noticeable trend is
observed, wherein the grain size increases with thickness, varying from 26.67 to 44.9 nm. This
thickness-dependent increase in grain size can be attributed to improved nucleation and growth
processes as the film thickness expands. The larger and more well-defined grains observed with
increasing thickness are indicative of an enhanced crystalline structure [21].
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Fig. 5. SEM images of CuO: A 250 nm, B 300 nm, C 350 nm.

3.4. Optical properties

Figure (6) shows the absorbance (A) of samples of varied thicknesses (100, 150, and 200
nm) as measured by a UV-Vis scanning spectrophotometer. For all thicknesses, the absorption of
CuO film reduced as the wavelength increased, well matched with reference [33]. The films'
ability to absorb light can be reduced when crystallite size decreases with increasing thickness [8].
Additionally, transmittance (T) is recorded via Eq (4) [34-36]:

A=2-1ogl0 (% T) (4)

T of CuO films increased with increasing wavelength for all thicknesses, but T decreased

as the thickness increased, as shown in Figure (7). With increasing Thickness, T in the visible
range (340-650 nm) increases from 11% to 88% [12].
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Fig. 6. Absorbance of the CuO films.
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Fig. 7. T of CuO films.

A formula was developed to calculate the absorption coefficient (a) via Eq. (5) [37-39]:
a=(2.303xA)/d (5)

where d is film thickness. The transmittance increases with increasing photon energy (hv),
consistent with published research. Figure (8) depicts the variation of a, (at a rate of 10* cm™) is
assigned to direct transitions. [40]

The direct optical band gap E, is calculated via Tauc in E,. (6) [41-43]:

(ahv) = A(hv — E,)" (6)

where A is always the same. Figure (9) depicts the fluctuation of (ahv)® with photon energy (hv) of
CuO films. This Figure displays the direct allowed transition predominates. These results agreed
with reference [2], and the estimated Eg values range from 2.54 to 2.41 eV with increasing
thickness. The improvements in crystallinity and morphological modifications, as well as changes
in the atomic distances and grain size, can be linked to the narrowing band gap that occurs with
increasing thickness. Furthermore, the band gap may be reduced due to the localised states in the
band structure merging with the band boundaries as the film thickness increases. This is because
the band gap decreases as the film thickness increases. These findings align perfectly with the
findings of our XRD analysis [18].
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Fig. 8. a Vs hv of CuO films.
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Fig. 9. (ahv)’ of grown films.

The extinction coefficient (k) value is obtained via the following [44-46]:

= 7
=i ™

The Figure shows variations in k with wavelength (10). Since crystal development is
slowed down as thickness increases, it is seen that n decreases with Thickness [17]. These films'
relatively low extinction coefficients reveal the particle size and surface's uniformity and
smoothness. The reduction in extinction coefficient with thickness shows lower absorption in
thicker materials. [15].

The refractive index (n) was determined using the following [47-49]:

1+R ,4R
"=<1—R)+ a—rz © ®)

where R is the reflectivity, Figure (11) shows that the films deposited at 350 nm had the greatest
refractive index values, while those formed at a thickness of 250 nm had the lowest values (3.09)
at a wavelength of 540 nm (3.20). The refractive indices of the deposited materials fell
exponentially as wavelengths increased in the (550-900 nm) range, indicating limited light
absorption at long wavelengths. [50]
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Fig. 11. n of the grown films.

3.4. Gas sensing characteristics

Figure (12) illustrates the correlation between resistance over time of CuO films with
different thicknesses (250, 330, and 350 nm) under varying 500 ppm of hydrogen gas at an
operational temperature of 30°C. The adsorption of hydrogen molecules (H,) on the surface
induces an oxidation process. Through this action, some O*" ions are removed from the surface,
freeing the oxygen atoms' bonded electrons. After that, these liberated electrons return to the
conduction band [51, 52], increasing the resistance value and enhancing the potential barrier under
these conditions [54]. Notably, the CuO film with a thickness of 350 nm exhibits the highest
resistance to gas flow, concurrently displaying the largest AR, which is directly proportional to
film sensitivity, as per the following relationship [53, 54].

L AR
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Fig. 12. Dynamic resistance change of CuO Films at 500 ppm of H, gas.

Figure (13) depicts the sensitivity plots corresponding at varying thicknesses (250, 330,
and 350 nm) after exposure to hydrogen gas. The results indicate a decrease in sensitivity with an
increase in thickness, attributed to the elevated electrical resistance of the film caused by the
recombination process between charge carriers (holes) and electrons released from oxygen [55].
The sensitivity diminishes from 53% to 27% for 500 ppm, 44% to 22% for 400 ppm, and 38% to
18% for 300 ppm for the respective thicknesses (250, 330, and 350 nm).
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Fig. 13. Sensitivity of CuO films at different content of H, gas.

4. Conclusion

Our study examined the morphology, optical properties, and polycrystalline nature of CuO
thin films grown by (RF) magnetron sputtering. We calculated the average grain size from the
XRD data and found that it is (10.78, 11.36, and 11.84) nm for thickness (250, 300, and 350) nm,
respectively. AFM roughness decreased from 9.18 to 4.29 nm as thickness increased from (250-
350 nm). SEM images show that the grain size increases with thickness; the grain sizes range from
26.67 to 44.9 nm. It was discovered that transmittance declines with increasing thickness while
absorption rises for the wavelength range. The optical energy gap was (2.54 eV to 2.41 eV). The
best sensitivity for thickness 350 nm CuO was (53%) at an operating temperature of (150 °C) for
300 ppm gas concentration.
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