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A cost-effective Electron beam evaporation technique with post-oxidation was used to deposit copper oxide thin 
films.The microstructural analysis was done by Rietveld refinement using Fullprof software. Rietveld refinement showed 
that prepared films had monoclinic structure with space group C2/c. From Rietveld analysis lattice parameters and 
Interplanar spacing was calculated for all the prepared samples. Raman spectroscopy confirmed the successful 
transformation of metallic copper to copper oxide phase.XPS analysis confirmed the presence of Cu2+ oxidation states 
demonstrating the successful formation of CuO. The combined structural and chemical analysis demonstrates that the 
prepared films possess improved phase purity making them suitable for applications in optoelectronics, sensing, and 
nonlinear optical devices. 
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1 Introduction 
Over the past several years, nano range 

semiconductors have emerged as a compelling 
counterpart to traditional bulk semiconductors. Their 
appeal lies not only in the profound size dependent 
modifications of their physical properties an aspect 
that continues to challenge and enrich fundamental 
research but also in their wide ranging technological 
potential. These materials are now central to advances 
in nano-electronics, photonics, opto-electronics, 
biomedical nanotechnology, and the development of 
renewable energy nano-devices, underscoring their 
transformative role across multiple scientific and 
engineering domains. In today’s era transition metal 
oxides have reached a vital place in several fields of 
chemistry, physics and material science. Currently 
copper oxides specially found a broad application 
domain in catalytic field emission, gas sensing, 
lithium batteries and solar cells. 

Copper oxide (CuO) has a monoclinic crystal 
structure with variable optical energy band gap 
typically ranging between 1.3 and 2.1eV, making it 
highly versatile for numerous applications. These low 
bandgap semiconductors are very useful in photo-

thermal and photoconductive applications1. This is 
p-type semiconductor, due to unique properties; this
material finds extensive application in photovoltaic
systems, gas detection sensors, magnetic storage
devices, and catalytic processes. CuO, along with
Cu2O, represent the stable copper oxide phases under
normal conditions. However, there are also a number
of meta-stable copper oxide phases like Cu2O3,
Cu3O2, and Cu4O3, which introduce additional
structural diversity and range of properties2-7. The
crystal structure of copper oxides are cubic,
monoclinic, and tetragonal forms which contribute to
a broad spectrum of electrical and optical behaviors
depending upon the synthesis condition. Copper oxide
thin films tend to exhibit a mixture of phases,
specifically Cuprous oxide and Cupric oxide, when
oxidized or annealed at relatively low temperatures
around 350°C, as reported in the literature8.The wide
range of properties of copper oxide has drawn
considerable interest, with researchers employing
various synthesis techniques such as Chemical
Vapour Deposition (CVD), vacuum evaporation, sol-
gel processing and sputtering to create CuO films9-10.
It has diverse applications across several advanced
technologies. They are used in photo-electrochemical
cells, batteries, and gas sensors, as well as in energy
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harvesting and storage. It also serves as effective 
photo-catalysts, are utilized in field-emission devices, 
superconductors, and play a crucial role in 
photovoltaic devices for solar energy conversion11-19. 
Due to its non-toxic nature, it holds great potential for 
use in biomedical and biological applications20-21.  

The thermal thermodynamic budget plays a vital 
role in governing the phase purity, nucleation 
kinematics, and structural evolution of the copper 
oxide thin films. To evaluate this effect, the films 
were systematically investigated at three distinct 
annealing temperatures: 400°C, 500°C, and 600°C. 
Preliminary characterisation trials conducted below 
this window at 300°C resulted in an incomplete 
chemical reaction, yielding an undesirable mixed-
phase matrix due to insufficient thermal activation 
energy. 

Consequently, 400°C represents the critical threshold 
where complete phase stabilization is achieved, showing 
a highly pure, single-phase crystalline matrix free from 
secondary structural impurities. As the annealing 
temperature is further elevated to 500°C, a marked 
improvement in structural crystallinity is observed, 
characterized by sharper Bragg reflections and a 
substantial reduction in the full-width at half-maximum 
(FWHM) due to thermally driven grain coalescence. 
However, further increasing the thermal processing to 
600°C induces excessive lattice strains and potential 
micro-structural cracking caused by substrate thermal 
mismatches. Therefore, 400°C is identified as the 
optimum phase-growth nucleation temperature required 
to successfully eliminate mixed-phase contamination, 
while 500°C serves as the optimum regime for 
maximizing structural grain development without 
compromising the physical stability of the matrix." 

In the present study, copper thin films were 
prepared using easy and high quality thin films 
fabrication method which is Electron beam 
evaporation technique and prepared films were 
annealed at temperature 400 °C, 500 °C and 600 °C 
for duration of 5 hours named as S1,S2 and S3 
samples respectively. The thermal treatment plays an 
important role in phase purity, nucleation kinematics, 
and structural evolution. To evaluate this effect, the 
films were systematically investigated at three distinct 
annealing temperatures: 400°C, 500°C, and 600°C. 
Preliminary characterisation trials conducted below 
this window at 300°C resulted in an incomplete 
chemical reaction, yielding an undesirable mixed-
phase matrix due to insufficient thermal activation 
energy. Consequently, 400°C represents the critical 

threshold where complete phase stabilization is 
achieved, showing a highly pure, single-phase 
crystalline matrix free from secondary structural 
impurities. As the annealing temperature is further 
elevated to 500°C, a marked improvement in 
structural crystallinity is observed, characterized by 
sharper Bragg reflections and a substantial reduction 
in the full-width at half-maximum (FWHM) due to 
thermally driven grain coalescence. However, further 
increasing the thermal processing to 600°C induces 
excessive lattice strains and potential micro-structural 
cracking caused by substrate thermal mismatches. 
Therefore, 400°C is identified as the optimum phase-
growth nucleation temperature required to 
successfully eliminate mixed-phase contamination, 
while 500°C serves as the optimum regime for 
maximizing structural grain development without 
compromising the physical stability of the matrix.For 
detailed analysis of microstructural parameter like 
lattice parameter and volume of unit cell Rietveld 
Refinement method was used. For confirmation of 
phase purity chemical analysis was done using Raman 
and X-ray Photo-spectroscopy. Integrated structural 
and compositional analyses confirm that the 
fabricated films exhibit enhanced single phase purity, 
thereby rendering them highly suitable for 
deployment in optoelectronic systems, sensing 
platforms, and nonlinear optical devices. 

2 Materials and Methods 
Copper thin films were synthesized using the 

E-beam Evaporation technique under a high vacuum 
environment. Prior to deposition, the glass substrates 
underwent a rigorous chemical cleaning protocol 
involving sequential ultrasonic sonication in acetone, 
ethanol, and deionized water, followed by drying under 
a high-purity nitrogen stream. The target material (Cu 
source) was loaded into a water-cooled copper crucible, 
while the cleaned substrates were mounted on a rotating 
substrate holder positioned directly above the 
evaporation source to ensure thickness uniformity. The 
deposition chamber was subsequently evacuated to a 
base pressure of approximately 10-5 to 10-6Torr using a 
combination of rotary and diffusion vacuum pumps. 
Once the desired base vacuum was achieved, a 
thermionically emitted electron beam from a tungsten 
filament was accelerated via a high-voltage power 
supply and magnetically deflected onto the Copper 
target. The intense kinetic energy of the focused electron 
beam rapidly melted and vaporized the target material, 
generating a vaporcloud that condensed onto the 
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cooler surface of the substrates. The deposition rate 
and the final film thickness (~740nm) were precisely 
monitored in real-time using a calibrated Quartz 
Crystal Microbalance (QCM) sensor system. After the 
deposition of metal films (copper), the films were 
placed in muffle furnance for oxidation at temperature 
400 °C, 500 °C and 600 °C. 

2.1 Characterization Techniques 
Rietveld refinement was done using Fullprof suite 

software using XRD data. Raman spectroscopy was 
performed using a Witec UHTS 300 SMFC Green-
NIR system, employing a 532 nm green laser as the 

excitation source, to classify the phases of copper 
oxide in the oxidized films. XPS was performed using 
ICP-MS, CHNSO analyzer. 

3 Results and Discussion 

3.1 Microstructural Parameters using Rietveld Refinement 
To thoroughly investigate the structural parameters 

and phase purity Rietveld refinement was performed 
on experimentally XRD data. It is a method described 
by Hugo Reitveld used in structural analysis of the 
samples. The experimental XRD pattern of the 
synthesized sample was adopted from our previously 
reported work22. The phases of the samples were 
identified by matching the obtained XRD data with 
the standard patterns from the JCPDS database22.The 
structural analysis was further refined using the 
Rietveld refinement method, performed with the 
Fullprof Suite software. For the present investigation, 
the simulated XRD patterns used in Rietveld analysis 
were generated assuming a monoclinic crystal 
structure belonging to the C2/c space group. The 
Rietveld-refined XRD plots, along with the residuals 
from the fitting process, are displayed for different 
samples in the Fig. 1(a).The crystal structure of 
prepared samples was drawn by VESTA software 
Fig.1(b). The quality of the refinement was evaluated 
by the chi-squared (χ2) values, which were found to be 
below six for all prepared samples, indicating a 
reliable structural fit. Additionally, the refined 
parameters, including lattice parameters and various 
R-factors, are summarized in the Tables 1 and 2.
Based on these results, it can be conclusively stated
that all the samples exhibit a monoclinic crystal
structure. All the observed experimental diffraction
peaks were precisely assigned to their corresponding
crystal planes, including the primary reflections from
the (-111) and (111) Miller indices. No secondary or
impurity phases were detected within the detection
limits of the instrument.

The quality factors characterizing the goodness of 
fitting are23-26; 

Fig.1 — Refined XRD pattern of CuO thin films oxidized at
(a) 400oC (b) 500oC (c) 600oC; and (d) Crystal structure of copper
oxide from refinement data using VESTA software

Table 1 — Rietveld refined position parameters, Lattice parameters and R-factors (Rp, RWP, Rexp), chi2(χ2) of samples S1, S2, and S3 

Samples Position parameters Lattice parameters Refined R-factors 

Atoms X Y Z a(A0) b(A0) c(A0) Β V(A0)3 Rp RWP Rexp χ2 

S1 Cu 
O 

0.25000 
0.00000 

0.25000 
0.32900 

0.0000 
0.2500 

4.7031 3.4392 5.1441 99.30 83.6829 19.9 28.0 11.63 5.81 

S2 Cu 
O 

0.25000 
0.00000 

0.25000 
0.34665 

0.0000 
0.2500 

4.6933 3.4343 5.1451 99.24 82.9297 25.5 30.2 13.24 5.20 

S3 Cu 
O 

0.25000 
0.00000 

0.25000 
0.35710 

0.0000 
0.2500 

4.7018 3.4351 5.1460 99.27 83.1138 22.1 28.1 12.36 5.19 
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Weighted power factor; 

𝑅௪௣ ൌ  
 ሾ∑௪೔ሺ௬೔ሺ୭ୠୱሻି௬೔ሺୡୟ୪ୡሻሻమሿ

భ
మ

∑ ௪೔ሺሺ௬೔ሺ୭ୠୱሻሻమ
... (1) 

Power factor; 
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...(3)

R Bragg Factor; 

𝑅஻ ൌ  
∑|ሺூೖ ሺ୭ୠୱሻିሺூೖሺୡୟ୪ୡሻሻ|

∑ூೖሺ୭ୠୱሻ
... (4)

 

where IK represents the intensity of the K threflection. 
The expected R factor (Rexp) is defined as; 

𝑅௘௫௣ ൌ  ቂ
ேି௉

∑௪೔ሺ௬೔ ሺ୭ୠୱሻሻమ
ቃ
భ
మ ... (5)

 

where N denotes the total number of points, P 
represents the number of refined parameters. 

Goodness of fitting(GOF) and the chi square (χ2) 
are defined as; 

𝐺𝑂𝐹 ൌ
ோೢ೛
ோ೐ೣ೛

...(6)

𝜒ଶ ൌ ൬
ோೢ೛
ோ೐ೣ೛

൰
ଶ

... (7)

3.2 Vibrational Analysis 
In order to confirm the nature of Cu, Raman 

analysis was performed for prepared films S1,S2 and 

Table 2 — Miller indices (hkl), Bragg’s angle(2Ɵ) and interplanar spacing(dhkl) from reitveld data 

Samples Planes Multiplicity 2Ɵ(degree) Iobs Ical dhkl 

S1 (110)
(-111) 
(111) 
(-202) 
(020) 
(202) 
(-113) 
(-311) 
(220) 

4 
4 
4 
2 
2 
2 
4 
4 
4 

32.372 
35.430 
38.531 
48.655 
53.222 
57.971 
61.379 
66.003 
67.767 

128.5 
717.9 

1170.3 
136.9 
90.7 
56.7 
99.4 
43.1 
45.7 

118.5 
708.0 
1154.1 
135.3 
76.1 
42.9 
56.9 
32.8 
26.6 

2.763306 
2.531479 
2.334537 
1.869819 
1.719647 
1.589551 
1.509208 
1.414247 
1.381653 

S2 (110)
(-111) 
(111) 
(-202) 
(020) 
(202) 
(-113) 
(-311) 
(220) 

4 
4 
4 
2 
2 
2 
4 
4 
4 

32.426 
35.488 
38.576 
48.747 
53.305 
58.024 
61.442 
66.154 
67.892 

108.9 
614.0 
802.8 
104.0 
67.9 
40.5 
79.5 
74.8 
46.5 

104.7 
607.5 
811.0 
189.5 
60.3 
35.0 
47.2 
27.6 
22.7 

2.758826 
2.527445 
2.331934 
1.866512 
1.717161 
1.588229 
1.507808 
1.411381 
1.379413 

S3 (110)
(-111) 
(111) 
(-202) 
(020) 
(202) 
(-113) 
(-311) 
(220) 

4 
4 
4 
2 
2 
2 
4 
4 
4 

32.400 
35.457 
38.547 
48.666 
53.291 
57.952 
61.382 
66.039 
68.669 

133.1 
733.7 
891.2 
171.2 
77.3 
50.8 
70.9 
90.4 
36.3 

125.0 
729.7 
896.2 
116.5 
66.7 
38.7 
51.8 
30.3 
24.7 

2.760941 
2.529592 
2.333619 
1.869426 
1.717588 
1.590021 
1.509149 
1.413548 
1.380471 

Fig. 2 — (a) Raman Spectra of prepared thin films oxidized at
400 °C, (b) 500 °C and (c) 600 °C; and (d) Deconvoluted graph of
thin film S3 
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S3,shown in Fig.2(a). Figure 2(b) represents the 
deconvoluted spectra of S3 (film annealed at 
600oC.CuO crystallizes in the C2/c monoclinic space 
group which was confirmed by Rietveld refinement of 
these prepared films and has two molecules per 
primitive cell. The zone-center vibrational modes for 
this structure contain acoustic modes (Au+2Bu), infrared 
active modes (3Au+3Bg) and Raman active modes 
(Ag+2Bg). The Raman spectra of all synthesized thin 
films (S1,S2 and S3)are identical to that reported 
previously for CuO because the Raman spectra 
confirm the presence of all three Raman active 
optical phonons (Ag+2Bg). In sample (c) chemical 
analysis show three distinct peaks at 294cm-1, 343 cm-1, 
and 630 cm-1 corresponding to the Ag, Bg

1,  
and Bg

2 phonon modes27-29. In Raman spectrum (b) 
peaks shows at 290 cm-1, 342 cm-1, 626 cm-1,  
while in Raman spectrum (a) 288cm-1, 238 cm-1, 623 
cm-1 these are also attributed to the Ag, Bg

1,
and Bg

2 phonon modes27,30-31. In the Raman spectra (b)
and (c), the peaks are slightly shifted to the left
may be due to the difference in their  
synthesis temperatures. All spectrum shows high
intensity peaks the presence of high purity of CuO
phase.

3.3 Chemical Analysis 
The chemical composition of the constituent 

elements was observed by, X-ray Photoelectron 
Spectroscopy (XPS) which was performed on the 
prepared films as shown in Fig. 3. Figure 3(a) shows 
the survey spectra of Copper oxide thin films at 
different temperature demonstrating the presence of 
copper and oxygen in the prepared films. Figure 3(b) 
shows the high-resolution deconvoluted XPS 
spectrum for sample S3, where a low intensity O1 
speak observed at 532 eV with high intensity peak at 
529.8 eV. The high intensity peak at 529.8 eV is 
located at 2.2 eV lower from the peak at 532 eV 
which may be due to surface oxidation. Additionally, 
another peak at 532 corresponds to effective oxygen 
in CuO, further confirming the presence of Cu2+ 
defective oxide 32-33. Figure 3(c) shows deconvoluted 
spectra of Cu2p and there are two primary peaks 
observed at 934.7 eV (Cu 2p3/2) and 953.8 eV 
(Cu 2p1/2), accompanied by two satellite peaks at 
942.7 eV and 962.3 eV demonstrating the presence of 
Cu2+ in the prepared samples. In Fig. 3(d), there is a 
high intensity carbon peaks at 284.8 eV 
demonstrating the strong C-C functional group. These 
findings indicate that copper ions in the films exist in 

Fig. 3 — (a) XPS survey spectra of CuO thin films oxidized at 400°C, 500 °C and 600°C (b) core level O1s spectra (c) deconvoluted 
spectra of core level Cu2p; and (d) deconvoluted spectra of C1s  
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the +2oxidation state (Cu2+) while confirming the 
complete absence of metallic phase or other phase of 
copper32-36. 

4 Conclusion 
High quality copper oxide thin films were deposited 

using Electron beam evaporation technique. The crystal 
structure was studied using X-ray diffraction at room 
temperature and the Rietveld Refinement was used for 
detailed structural analysis. Rietveld Refinement 
confirmed that films have monoclinic structure with 
space group C2/c. Raman spectra confirmed the single 
phase of copper oxide which is CuO without secondary 
phase. XPS study revealed that Cu2+ oxidation state was 
present in prepared films which confirmed the complete 
transformation of copper films to copper oxide films. 
The combined structural and chemical analysis 
demonstrates that the prepared films possess improved 
phase purity making them suitable for applications in 
optoelectronics, sensing, and nonlinear optical devices.  
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