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CuO layers were formed by thermal oxidation of Cu sheets at 900 °C under static-air conditions using two different heating
protocols: isothermal insertion into a preheated furnace and continuous ramp heating from room temperature. X-ray
diffraction analysis revealed predominantly monoclinic CuO in both cases. The isothermal insertion protocol produced a
distributed preferential orientation involving the (111), (020), and (311) planes, whereas the continuous ramp protocol
promoted a pronounced texture along the (—202) plane, accompanied by larger crystallite size and reduced microstrain.
Minor Cuz0 traces were detected in samples prepared under the continuous ramp protocol, indicating differences in
oxidation kinetics. Raman peak positions were nearly identical (< 1.5 cm™ variation), indicating similar local bonding in
both samples, while slightly broader full width at half maximum (FWHM) values for the isothermal insertion sample were
consistent with the higher microstrain derived from XRD analysis. Photoluminescence measurements showed emission
maxima at ~880 nm for the continuous ramp sample and ~887 nm for the isothermal insertion sample, with nearly identical
FWHM values (~ 153154 nm). The red shift observed for the isothermal insertion sample suggests minor variations in
the local defect environment, while the comparable FWHM values indicate that the same dominant defect-related
recombination mechanism governs the emission in both cases. Electrical transport properties were largely insensitive to
the texture and microstructural variations induced by the heating protocol. The heating protocol therefore exerts a clear
influence on the crystallographic texture of CuO layers formed by thermal oxidation of Cu, without significantly altering
their electrical behavior.
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effect.

1. INTRODUCTION

CuO is a p-type semiconductor with a narrow band gap
in the range of 1.3-2.1 eV, arising mainly from intrinsic
point defects such as oxygen vacancies and interstitial
oxygen [1, 2]. Owing to its favorable electrical and optical
properties, CuO has attracted considerable interest for
applications in electronic devices [3], gas sensors [4], and
energy-related technologies [5]. In these applications, the
carrier concentration, mobility, and electrical conductivity
of CuO are strongly influenced by its microstructure and
defect density, which are, in turn, determined by the
synthesis and processing conditions. A wide variety of
techniques have been employed for the fabrication of CuO
layers, including pulsed laser deposition [6], sputtering [7],
atomic layer deposition [8], and molecular beam epitaxy [9].
While these methods allow precise control over film
thickness and composition, they often require sophisticated
equipment and vacuum environments. In contrast, thermal
oxidation of metallic Cu in a furnace represents a simple,

* Corresponding author: R. Lopez
E-mail: roberto.lopez@tesjo.edu.mx

cost-effective, and scalable route for producing CuO layers,
making it particularly attractive for large-area and industrial
applications. Previous studies have demonstrated that
parameters such as oxidation temperature, oxidation time,
and post-deposition thermal treatments play a crucial role in
determining the structural and electrical properties of CuO.
For instance, sputtered CuO-based diodes subjected to
different annealing conditions exhibited Schottky barrier
heights ranging from 0.84 to 1.12 eV, highlighting the
strong sensitivity of the electronic properties of CuO to the
thermal history [10]. While the effects of temperature, time,
and annealing conditions have been previously investigated,
the role of the heating protocol itself, specifically whether
the Cu substrate is heated gradually from room temperature
or inserted directly into a preheated furnace, has received
limited attention. In thermally oxidized Cu systems, the
heating protocol may influence crystallographic texture and
defect formation through its effect on oxidation kinetics and
oxygen diffusion, particularly because intermediate oxide
phases such as Cu,O can form at lower temperatures before



transforming into CuO [11-13]. The comparison between
continuous ramp heating and isothermal insertion is
therefore relevant, as these approaches impose different
thermal histories. During gradual heating, the Cu substrate
remains within intermediate temperature ranges where
Cu:0 formation is favored, potentially affecting the
subsequent transformation into CuO and the microstructure.
In contrast, direct insertion into a preheated furnace imposes
a rapid transition to high temperature, altering oxidation
kinetics and limiting the formation of intermediate oxide
phases. This may lead to differences in crystallographic
texture, crystallite size, and defect-related properties.

In this work, CuO layers were grown by thermal
oxidation of Cu sheets under different heating protocol.
Structural properties were analyzed by X-ray diffraction to
determine phase composition, crystallographic texture,
crystallite size, microstrain, and dislocation density. Raman
spectroscopy and photoluminescence measurements were
employed to probe local lattice distortions and defect-
related states, while Hall effect measurements were
performed to evaluate charge transport properties and their
relation to the microstructural characteristics.

2. EXPERIMENTAL DETAILS

CuO layers were grown by thermal oxidation of
metallic Cu sheets. Commercial Cu sheets with an area of
1 cmz2 and a thickness of 500 pm were used as substrates.
Prior to oxidation, the Cu sheets were cleaned to remove
surface contaminants and grease by sequential ultrasonic
cleaning in acetone and ethanol for 5 min each, followed by
drying in air. Thermal oxidation was performed in a
horizontal tube furnace (CMOD-HAT-1100D25) under
static-air conditions at a fixed temperature of 900 °C for 8 h.
Two different heating protocols were employed. In the
continuous ramp protocol, the Cu sheets were placed inside
the furnace at room temperature, and the temperature was
then increased up to 900 °C at the furnace’s programmed
heating rate. In the isothermal insertion protocol, the furnace
was first heated to 900 °C, and the Cu sheets were
subsequently inserted into the hot zone once the temperature
was stabilized. In both cases, after completion of the
oxidation treatment, the samples were allowed to cool
naturally to room temperature inside the furnace. X-ray
diffraction (XRD) measurements were carried out at room
temperature using a Bruker D8 Discover diffractometer with
Cu Ka radiation (1 = 1.5406 A). Diffraction patterns were
recorded over the 20 range of 25-75°, using 3001 data
points with a step time of 1 s per point. Phase identification
was performed by comparison with the powder diffraction
file (PDF) database. Crystallographic texture was evaluated
through the calculation of the texture coefficient using
normalized peak intensities. The crystallite size,
microstrain, and dislocation density were estimated from the
full width at half maximum of the diffraction peaks using
the Scherrer equation and standard relations reported in the
literature. For Raman spectroscopy measurements, the 633
nm wavelength of a He—Ne laser was employed as the
excitation source in a Raman Horiba Jobin-Yvon system.
Photoluminescence (PL) spectra were acquired using the
same optical setup under identical excitation conditions by
recording the emitted signal as a function of wavelength.

Electrical properties were determined by Hall effect
measurements performed at room temperature (298 K)
using an ECOPIA HMS-5000 Hall effect measurement
system configured in the van der Pauw geometry. Ohmic
contacts were formed by soldering indium at the four
corners of the samples. A constant current of 10 mA was
applied, and a magnetic field of 0.55 T was used during the
measurements. The positive sign of the Hall coefficient
indicated that the type of conductivity.

3. RESULTS AND DISCUSSION

The structural properties of the thermally oxidized CuO
layers were first examined by X-ray diffraction (XRD).
Figure 1la shows the XRD diffractogram of the CuO layer
obtained using the isothermal insertion heating protocol.
The diffraction peaks located at 26 = 32.31, 35.32, 38.54,
53.26, 65.68, 67.91, and 72.26° correspond to the (—110),
(002), (111), (020), (022), (113), and (311) crystallographic
planes of monoclinic CuO (PDF 00-045-0937),
respectively. The experimental peak positions match the
reference values within + 0.3°, confirming that the sample
predominantly consists of the CuO phase, with no detectable
contributions from secondary phases such as Cu.O or
metallic Cu. The presence of sharp and well-defined
diffraction peaks indicates a high degree of crystallinity.
The relatively high intensity of the reflection at 26 ~ 38.54°,
associated with the (111) plane, suggests the possible
existence of a preferred orientation. To quantify the degree
of crystallographic texture, the texture coefficient (TC) was
calculated using Eq. 1 [14].
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where I(hkl) is the experimental intensity of the diffraction
peak corresponding to the (hkl) plane; I, (hkl) is the standard
intensity reported in the powder diffraction file database,
and n is the total number of planes considered. The TC was
calculated using CuO diffraction peaks detected in each
sample, considering only reflections with sufficient
intensity for reliable analysis. Both the experimental
intensities and the standard reference values from PDF 00-
045-0937 were normalized with respect to the sum of the
selected peaks. A TC=1 corresponds to a randomly
oriented polycrystalline material, whereas TC > 1 indicate
preferred  orientation along  the  corresponding
crystallographic direction, while values less than 1 suggest
under-representation compared to a randomly oriented
standard. The TC values calculated for the isothermal
insertion protocol are shown in Fig. 1 b. The (111), (020),
and (311) planes exhibit TC values greater than unity,
indicating that these orientations were favored during CuO
growth. Notably, although the (111) reflection shows a high
absolute intensity, the (311) plane exhibits the highest TC
value (= 1.89), demonstrating that peak intensity alone is not
sufficient to accurately assess a preferred orientation.
Structural parameters, including crystallite size (D),
microstrain (¢), and dislocation density (J), were estimated
to evaluate lattice imperfections in the CuO layers [15]. The
crystallite size was estimated by the Scherrer equation:
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where D is measured in nm; K is the shape constant (0.9); 4

is the CuK radiation (0.15406 nm); f is the full width at half

maximum (in radians); @ is the diffraction angle (in radians).
The g was of 0.15 ° (0.003645 rad) for the isothermal

insertion protocol sample. The micro-strain was calculated

using the relation:
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The dislocation density was determined using the
formula:
3 @
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where n is a factor, which gives the minimum dislocation
density when is equal to unity. The D was then of an average
value of 56.11 nm for the isothermal insertion protocol. The
corresponding ¢ and & were of 18.7x10* and
3.18 x 10 nm2, respectively (Table 1). Fig. 1 ¢ shows the
XRD diffractogram of the CuO layer obtained using the
continuous ramp heating protocol. Diffraction peaks located
at 20 =32.18, 35.21, 38.46, 48.48, 58.03, 61.16, 65.68,
66.06, 67.77, and 72.26° correspond to the (—110), (002),
(111), (202), (202), (—113), (022), (-311), (113), and (311)
planes of monoclinic CuO, respectively. In addition to these
reflections, a weak peak observed at 26 ~ 73.27° is assigned
to the (311) plane of Cu2O (PDF 00-005-0667), indicating
incomplete oxidation of Cu under the continuous ramp
protocol. Although both samples were oxidized at 900 °C
for the same duration, the appearance of the Cu,O phase in
the continuous ramp sample suggests that the thermal path
followed during heating plays a role in phase evolution.
During gradual heating from room temperature, Cu passes
through a temperature range (~ 200—500 °C), where Cu20
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Fig. 1. XRD diffractograms and TC of the CuO layers:

formation is thermodynamically favored. The subsequent
transformation to CuO at higher temperatures may be
kinetically hindered by the Cu.O layer that limits oxygen
diffusion [16]. The TC wvalues corresponding to the
continuous ramp protocol are shown in Fig. 1 d. While the
(202) plane exhibits a TC value close to unity (= 1.12), the
(—202) plane shows a markedly higher TC value of 4.17,
indicating a strong preferential orientation along this
direction. In contrast, the (002) plane (typically the most
intense reflection in the standard CuO powder pattern),
shows a significantly reduced TC value (= 0.12), indicating
suppression of this orientation. The occurrence of preferred
orientation in CuO layers has been previously reported and
is known to be highly sensitive to the growth conditions. For
instance, some workers have shown that the preferred
orientation in sputtered CuO layers can be adjusted by
varying the oxygen flow rate, where low oxygen flow rates
promote a (111) preferred orientation, whereas higher flow
rates favor the development of a (—111) texture [17].
Additionally, other workers indicate that CuO layers
deposited by spray pyrolysis predominantly exhibita (—111)
orientation [18]. In this context, the preferential orientations
observed in the present thermally oxidized CuO layers
suggest that the heating protocol plays a role analogous to
other process parameters (such as oxygen partial pressure),
in determining the crystallographic texture. Specifically, the
isothermal insertion protocol yields moderate TC values
(>1) distributed among the (111), (020), and (311) planes,
indicating a mixed but non-random texture, whereas the
continuous ramp protocol produces a markedly stronger and
more localized preferential orientation along the (—202)
plane, with a TC value of 4.17, accompanied by the
suppression of the (002) orientation.
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Table 1. Crystallite size, micro-strain and dislocation density of the CuO layers obtained by thermal oxidation of Cu in two different

heating protocols

Heating protocol D, nm ex10* 6 x 10 nm2
Isothermal insertion 56.11 18.7 3.18
Continuous ramp 79.20 10.7 1.59

These results demonstrate that, even under identical
oxidation temperature and time, variations in the heating
protocol can lead to substantial differences in the
crystallographic texture. The structural parameters derived
for the continuous ramp sample are summarized in Table 1.
Compared to the isothermal insertion protocol, the
continuous ramp protocol results in a larger crystallite size
(79.20 nm) as well as lower microstrain (10.7 x 10™#) and
dislocation density (1.59 x 10 nm™), indicating improved
structural order and enhanced grain growth. However,
despite the apparent improvement in crystalline quality, the
presence of the Cu.O diffraction peak suggests that the
continuous ramp protocol may be less effective in achieving
complete oxidation of Cu under the conditions investigated.

Following the structural analysis by XRD, Raman
spectroscopy and PL measurements were employed to
further probe local lattice distortions, defect-related states,
and microstructural effects induced by the different heating
protocols. Fig. 2 shows the Raman and PL spectra of the
continuous ramp and isothermal insertion samples. In the
Raman spectrum shown in Fig. 2 a, the CuO layer grown
under the continuous ramp heating protocol exhibits three
well-defined bands centered at 295, 345, and 631 cm™. For
monoclinic CuO, group theory predicts a total of twelve
vibrational modes at the Brillouin zone center of the
primitive cell, described by the irreducible representation
(4Au + 5BuU + Ag + 2Bg). Of these modes, six are infrared-
active, three correspond to acoustic vibrations, and three are
Raman-active (Ag + 2Bg). Previous Raman studies of

_Intensity, a.,u.

monoclinic CuO report three Raman-active phonon modes
located at approximately 297, 344, and 629 cm™ at room
temperature, corresponding to the Ag and Bg symmetries
[19]. Experimentally, the Raman band observed at 295 c¢cm™
is attributed to the Ag mode, while the bands appearin at 345
and 631 cm™ are associated with the Bg modes. The
observed positions are close to the values reported in the
literature, with slight deviations that may be associated with
microstructural effects commonly observed in thermally
grown CuO layers. The presence of these characteristic
Raman bands confirms the formation of monoclinic CuO as
the dominant phase in the analyzed region. In the Raman
spectrum of the CuO layer grown under the isothermal
insertion heating protocol (Fig. 2 d), three well-defined
vibrational modes are observed at approximately 299, 346,
and 629 cm™'. The observed peak positions are also in good
agreement with previously reported Raman data for bulk
and polycrystalline CuO, confirming the formation of the
tenorite phase in the sample obtained by isothermal
insertion. The presence of sharp and well-defined Raman
bands indicates a good degree of local structural order in the
CuO layer. A closer inspection of the Raman spectra reveals
that the peak positions for both heating protocols are nearly
identical, with differences below 1.5 cm™ for all observed
modes, indicating a similar local bonding environment in
the CuO layers. The full width at half maximum (FWHM)
values show slightly broader Raman bands for the
isothermal insertion sample compared to the continuous
ramp sample (Table 2).
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Fig. 2. Raman and photoluminescence, PL, spectra of CuO layers grown under different heating protocols: a, b—Raman and PL spectra
for the continuous ramp protocol; ¢, d—PL and Raman spectra for the isothermal insertion protocol.



Table 2. Raman and photoluminescence peak positions and FWHM of CuO layers grown under continuous ramp and isothermal insertion

heating protocols

Heating protocol Raman peaks, cm! FWHM PL peak, nm FWHM
295 7.789
Continuous ramp 345 9.0615 880 154
631 12.764
299 9.361
Isothermal insertion 346 10.021 887 153
629 13.746

This modest increase in the FWHM suggests a
somewhat higher degree of local lattice distortion or strain,
in good agreement with the microstrain values derived from
XRD analysis. Despite these minor differences, the overall
Raman response confirms that the local structural
characteristics of CuO remain largely preserved under both
heating protocols. Fig.2b and ¢ show the
photoluminescence (PL) spectra of the CuO layers obtained
under 633 nm excitation for the samples processed using the
continuous ramp and isothermal insertion protocols,
respectively. The sample processed under the continuous
ramp protocol (Fig. 2 b) exhibits an emission maximum
centered at 880 nm with a FWHM of 154 nm (Table 2),
whereas the isothermal insertion sample (Fig. 2 ¢) shows a
slight red shift, with the emission maximum located at
887 nm and a very similar FWHM of 153 nm. The large
FWHM values, close to 150 nm, are consistent with PL
dominated by defect-related recombination mechanisms, as
broad emission bands are commonly associated with
radiative transitions involving localized states in
semiconducting oxides. In particular, near-infrared
photoluminescence in CuO has been attributed to
recombination processes involving oxygen vacancies,
where electrons bound to donor-like defect states recombine
with free or weakly bound holes, giving rise to emission
bands in the 850-870 nm range [20].Despite these slight
differences, the overall spectral shape remains essentially
unchanged, indicating that the thermal protocol does not
introduce additional radiative pathways but rather slightly
modulates the energetic distribution of existing defect
states. This behavior is consistent with the Raman analysis
discussed above, where changes in peak widths and spectral
definition were also associated with microstructural effects
rather than with phase transformations.

The electrical properties of the CuO layers grown under
the two heating protocols were evaluated by Hall effect
measurements at room temperature. Both samples exhibited
p-type conductivity, as indicated by the positive sign of the
Hall coefficient, which is consistent with the intrinsic defect
chemistry of CuO, where copper vacancies and oxygen-
related defects act as acceptor states [21]. Table 3
summarizes the hole concentration (p), Hall mobility (un),
and electrical conductivity (o) obtained for the samples
processed using the isothermal insertion and continuous
ramp protocols. For the isothermal insertion protocol, a hole

concentration of 7.188 x 10'* cm™ was obtained, along with
a Hall mobility of 48.26 cm? V™! s, resulting in an electrical
conductivity on the order of 5.557 x 1072 (Q c¢cm)~'. Similar
values were obtained for the continuous ramp protocol, with
the electrical parameters remaining within the same order of
magnitude. Despite the marked differences observed in
crystallographic texture and microstructural parameters
between the two heating protocols, as revealed by XRD
analysis, the electrical transport properties show only minor
variations. In particular, the strong preferential orientation
along the (—202) plane observed for the sample obtained in
the continuous ramp protocol (characterized by a texture
coefficient of 4.17), does not lead to a significant
enhancement or degradation of carrier concentration or
mobility when compared to the isothermal insertion sample,
which exhibits a more distributed texture across multiple
crystallographic planes. This behavior suggests that, under
the present oxidation conditions, charge transport in
thermally grown CuO layers is governed primarily by
intrinsic point defects rather than by crystallographic texture
or grain orientation effects. Although the continuous ramp
protocol results in larger crystallite size and reduced
microstrain and dislocation density, these improvements in
crystalline quality do not translate into a substantial
modification of the macroscopic electrical properties.
Furthermore, the presence of a weak Cu,O phase in the
XRD diffractogram of continuous ramp sample does not
appear to significantly affect charge transport, likely due to
its low volume fraction. Overall, the Hall effect results
indicate that while the heating protocol plays a decisive role
in controlling the microstructural characteristics and
crystallographic texture of CuO layers, its influence on
room-temperature  electrical transport properties is
comparatively limited. This decoupling between texture
evolution and electrical behavior highlights the robustness
of the p-type conduction mechanism in thermally oxidized
CuO under the conditions investigated.

4. CONCLUSIONS

CuO layers were obtained by thermal oxidation of Cu
sheets at 900 °C using isothermal insertion and continuous
ramp heating protocols. XRD analysis demonstrates that the
heating protocol strongly affects the crystallographic texture
of the resulting CuO layers.

Table 3. Electrical properties of CuO layers determined by Hall effect measurements

Heating protocol Hole concentration, cm

Hall mobility, cm?/V-s

Electrical conductivity, Q*-cm

Isothermal insertion 7.188 x 10%°

48.26 5.557 x 102

Continuous ramp 7.973 x 101

41.04 5.242 x 10




The isothermal insertion protocol yields a distributed
preferential orientation, whereas the continuous ramp
protocol promotes a strong texture along the (—202) plane
and enhanced grain growth, although traces of Cu,O are also
detected under gradual heating. Raman spectroscopy and
photoluminescence measurements indicated that the
differences induced by the heating protocol are mainly
associated with microstructural features and defect-related
states rather than phase transformations. Hall effect
measurements confirm p-type conductivity for all samples,
with similar electrical properties for both protocols,
indicating that charge transport in thermally oxidized CuO
is weakly affected by texture and defect-related variations.
The heating protocol therefore provides an effective means
to tailor crystallographic texture while preserving stable
electrical behavior.
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