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This work studies the effect of post-growth annealing on the structural and optical properties of copper oxide
films. Thin films were obtained by 3D printing on glass substrates using ink based on a suspension of CuO
nanoparticles. To optimize their structural characteristics and optical quality, the samples were subjected to
thermal annealing for 30 min in an argon environment at different temperatures from 250 °C to 500 °C. The
obtained samples were studied by scanning electron microscopy, X-ray diffraction, energy dispersive X-Ray,
Raman, optical and photoelectric spectroscopy. Based on the obtained results, the main structural and sub-
structural characteristics of the films were established, such as lattice parameters, unit cell volume, texture, sizes
of coherent scattering regions, and the level of microdeformation, as well as their dependence on the annealing
temperature. In addition, the nature of optical absorption, band gap energies for various types of electronic
transitions, and the optical quality of the studied nanostructured copper oxide films were determined. It was
shown that CuO films annealed at 350 °C have the best crystalline and optical quality. It was established that at
an annealing temperature above 400 °C, a phase transition from the tenorite phase to the cuprite phase is
observed. At the same time, a change in the films’ substructural characteristics is already observed at T, =
400 °C. Optimal thermal annealing conditions of Cu,O films for effective control of their phase composition have
been established.

1. Introduction Cuy0) with hole-type conductivity. It should be noted that CuzO oxide is
characterized by a small effective mass of charge carriers and, accord-

Among oxide semiconductors, copper oxide is of particular interest ingly, relatively high mobility, which is equal to 100 cm?V~!s™! or

due to its unique electrical and photovoltaic properties, widespread
availability, and low cost of components [1]. Copper, being multivalent,
forms several oxides, among which CuO and CuyO are well-known
p-type semiconductor materials [2]. Depending on the phase and
growth method, their measured band gap is (1.3-2.1) eV for CuO and
(2.1-2.6) eV for Cuy0O. The p-type conductivity in these oxides arises
from negatively charged Cu vacancies [3]. It should be noted that the
optical band gap of CuO corresponds to the Shockley-Queisser optimum
for the efficiency of solar cells [4]. At the same time, copper dioxide
belongs to a small group of known wide-gap compounds (NiO, MoxOy,
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higher [5].

CuxO films are widely used in various electronic devices, such as thin
film transistors, photoconverters, smart windows, IR detectors, gas de-
tectors, optical filters, etc. [6]. In addition to traditional vacuum
methods such as pulsed laser deposition, CVD, magnetron sputtering,
etc. [71, copper oxide films have recently been deposited using low-cost
non-vacuum methods, including spray pyrolysis, spin coating, printing,
etc. [8].

The research on developing electronic devices and their elements
using different printing techniques is actively developed [9]. 2D and 3D
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printing methods, which belong to the category of chemical methods,
are an economical, available, flexible, and waste-free technology that
significantly simplifies the procedure for production such devices and
reduces their cost [10]. For 2D printing, conventional inkjet printers can
be used. The ink is replaced by nanoinks containing a suspension of
nanoparticles (NPs) of metals or semiconductors placed in an environ-
mentally safe organic or aqueous medium [11]. The 3D printers allow us
to develop three-dimensional elements of electronic devices of various
shapes on different substrates, including human skin [12].

Usually, films obtained by chemical methods, including printing,
subsequently require thermal annealing to remove chemical impurities
that are part of the precursors used to synthesize NPs and inks and
improve their structural characteristics [13,14]. It is known that
different annealing conditions cause the formation of a mixed phase of
copper oxide with other physical properties. Recent studies show that
annealing of CuO in a vacuum (with conversion to Cu0 at 500°C) im-
proves the optical (transmission coefficient) and electrical (mobility of
charge carriers) characteristics of thin films [15]. Thus, the analysis of
literature data shows, by changing the annealing temperature and time,
it is possible to improve the characteristics and effectively control the
composition of copper oxide films. It opens up the possibility of creating,
for example, isotypic p-Cuz0/p-CuO heterojunctions suitable for use in
flexible electronics or with a versatile technology to obtain films of Cu,O
for use in flexible high-performance electronics [16].

At the same time, obtaining chemically deposited CuyO films on
transparent substrates (for example, glass) with controlled composition,
high optical transparency, and hole mobility (as required when using
them as active layers of electronic devices) is still an issue. It should be
noted that the effect of post-growth annealing on such films’ charac-
teristics is an open subject that need more studies in order to deep on it.

The purpose of this work is to study the influence of temperature
annealing (T, = (300-500) °C) in an argon environment on the struc-
tural and optical characteristics of films obtained by 3D printing using
inks based on a suspension of CuO nanoparticles to obtain single-phase
oxide or dioxide copper films with controlled characteristics.

2. Materials and methods

The polyol-based synthesis carried out the synthesis of CuO NPs in
the environment of distilled water. Salt Cu(CH3COO),-H20 weighing
1.2 g was dissolved in 100 ml of distilled water and 4.5 g of PVP (pol-
yvinylpyrrolidone) when heated in a 250 ml three-necked flask. A pre-
cipitant solution was prepared separately in a beaker by dissolving 0.72
g of sodium hydroxide in 20 ml of distilled water. Then the obtained
hydroxide solution was slowly added to the copper acetate solution.
After that, the resulting mixture was heated to a temperature of 70 °C
and kept for 60 min without overheating, with intensive mixing. The
resulting product was separated from the solution by centrifugation for
10 min at 5000 rpm followed by triple washing with distilled water.
Then, the resulting precipitate was diluted with distilled water until 4 ml
were obtained and, finally, 1 ml of acetone was added. As a result,
nanoinks based on copper oxide NPs were obtained.

Then nanostructured CuO films have been 3D printed onto a cover
glass substrate with dimensions of 5 cm x 2 cm x 125 pm, by using the
previously synthesized nanoink. To clean the substrate surface, the
cover glass was placed in a beaker with isopropyl alcohol and sonicated
for 10 min. A layer of nanoink was deposited to the dried substrates and
dried in an oven for 5 min. Finally, the resulting films were annealed in
an argon atmosphere at the following temperatures: 250 °C, 300 °C,
350 °C, 400 °C, 450 °C and 500 °C for 30 min. Thereafter, the samples
were cooled up to room temperature naturally to prevent thermal stress
cracking of the films. For comparison of samples, one sample was not
annealed.

X-ray diffractometer DRON 4-07 was used to determine the struc-
tural properties of the deposited films. The analysis was carried out in
Ni-filtered K,-radiation of a copper anode. Diffractograms were
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recorded in continuous recording mode (speed - 16°/min, step 0.1°) in
the range of 26 angles from 20° to 80°, where 26 is the Bragg angle. The
obtained results were processed using the DifWin program. Bragg-
Brentano X-ray configuration was used. The obtained diffractograms
were normalized to the intensity of the (111) peak of the monoclinic
phase of the compound. The phase analysis was carried out by
comparing the diffraction angles from the studied samples and the
diffraction angles according to JCPDS data (CuO - No. 00-048-1548,
Cuz0 No. 00-005-0667 [17,18]).

The lattice constants a, b, and ¢ of the CuO monoclinic phase were
calculated using the UnitCell software, which makes it possible to
calculate them from the position of all diffraction lines from the material
[19].

X-ray diffraction method was also used to determine the average size
of the coherent scattering regions (CSR) L and the level of micro-
deformation ¢ in the copper oxide films by the full width at half
maximum (FWHM) and width (o) of the diffraction lines, by using the
equations [20,21]:
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Calculations were performed based on the FWHM of reflections from
crystallographic planes (20-2), (202) and (11-3) of the CuO phase, and
(111), (200) and (220) of the Cuy0 phase. The reflections from copper
oxide were chosen because they do not overlap with other reflections,
which would complicate the interpretation of the results.

The morphology and chemical composition of copper oxide films
were studied using an SEO—SEM Inspect S50-B scanning electron mi-
croscope equipped with an AZtecOne energy-dispersive spectrometer
with an X-MaxN20 detector (manufactured by Oxford Instruments plc).

Raman spectra from the films were studied in the frequency range of
100-700 cm™! using a Renishaw InVia 90V727 spectrometer at room
temperature. Lasers with emission wavelengths of 1 = 532 nm and 1 =
785 nm were used as excitation radiation sources. The spectrum of each
sample was measured 20 times with a time delay of 5 s. The measuring
device calibration took place according to the position of the mode of
oscillations of 520 em™! from a silicon crystal. Decomposition of the
experimental spectra into components was carried out by representing
individual peaks with a Gaussian function, which made it possible to
accurately determine their position according to the frequency and
FWHM of the peaks. In more detail, methods of researching oxide films
are given in works [22-24].

The optical characteristics of the films were measured using a Jasco
V-650 spectrophotometer in the wavelength range 4 = (200-900) nm at
room temperature. The spectral dependences of the optical trans-
mittance T(1) and reflectance R(4) of thin films and their absorption
were determined. The absorption spectra of the films needed to calculate
Eg were found from these spectra using the equation [25,26]:

1, (=R [a-R'
a,—aln 7t D +R 3)

To determine the optical band gap E; of materials from their ab-
sorption spectra, we used the following relationship [25,26]:

ahy =Ao (hv — E,)" Q)

where Ay is a constant that depends on the effective mass of charge
carriers;

hv is the photon energy; n is an exponent that depends on the
mechanism of photon absorption b\y the semiconductor. In the case of
direct and indirect allowed band-to-band transitions, the value n is equal
to 1/2 and 2, respectively.

It follows from this that the extrapolation of the linear section of the
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graphs (ahv)? — hu, (ahu)l/ 2 _ hv on the energy axis makes it possible to
determine the band gap for direct and indirect band-to-band transitions,
correspondingly. In the case of direct forbidden band-band transitions it
is necessary to use linearizing coordinates (ahz/)z/ 3 _ hw to determine the
band gap [25-27]. Additionally, the value E; was also determined by the
absorption coefficient first derivative method [28].

3. Results and discussions
3.1. Structural and microstructural properties of Cu,O films

Fig. 1 shows electron microscopy images of nanoparticles (a) used to
create the ink and the surface of CuO films annealed at a temperature of
300 °C (b). The energy dispersive X-ray (EDX) spectrum of the annealed
films can be seen on the inset of the SEM images, which ascertain the
presence of copper and oxygen. As a result of research, it was established
that both, particles and films, were nanostructured and contained cop-
per and oxygen atoms. As shown in Fig. 1, nanoparticles are needle-like
(narrow, long, and pointed). Their average length and width correspond
to D; = 117 nm and D, = 23 nm, respectively.

The results of X-ray diffraction (XRD) analysis of annealed CuO films
are shown in Fig. 2.

It was established that the diffractograms or samples annealed at
temperatures T, in the range (250-400) °C contain reflections from
crystallographic planes (11-1), (111), (20-2), (202), (11-3), (31-1),
(113) and (004), which correspond to the single-phase monoclinic
structure of CuO (JCPDS No. 48-1548). Reflections from the (11-1) and
(111) planes are dominant in the diffractograms. As the analysis shows,
with an increase in the annealing temperature from 400°C to T, in the
range of (450-500) °C, the diffractograms change their appearance.
Reflections from the following planes: (110), (111), (200), (220) and
(311) correspond to the cubic phase of Cu,0 (JCPDS No. 05-0667). This
indicates that the argon annealing process can effectively convert CuO to
Cuy0 when the annealing temperature is increased to 450 °C and above.
Similar behavior was observed by the authors of [15].

when the annealing temperature in a vacuum was increased to
20107 Torr for 2 h from 500 °C to 600 °C for CuO films obtained by the
spin-coating method on SiO/Si substrates.

The authors of [29] found that the process of formation of crystals of
the Cup0 phase in the CuO matrix for films deposited by cathode sput-
tering upon annealing with an electron beam in a vacuum begins already
at 450 °C. At the same time, the growth kinetics of the new phase is
determined by the diffusion of oxygen along the grain boundaries of the
original phase. The work [30] shows the phase diagram of the
CuO—Cuy0 transition, which evidences that this temperature depends
on the oxygen pressure during annealing and increases with its in-
creases. At low oxygen pressures, this temperature is equal to 450°C,
which corresponds to the data obtained in this work. However, it was
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Fig. 2. Diffractograms of copper oxide films on a glass substrate, annealed in
argon at different temperatures.

shown by RBS (Rutherford backscattering spectrometry) and X-ray
diffraction in Ref. [30] studies, that the transition from one phase to
another begins to occur even at an annealing temperature of 350 °C, and
the coexistence of two phases is still observed at an annealing time of 12
h in vacuum. At the same time, individual grains of CupO appear in the
finely dispersed CuO matrix, and then their sizes grow linearly with the
annealing time. Thus, the beginning of the transition from one oxide
phase to another begins already at annealing temperatures T, = 350 °C.

According to Refs. [15,30], the phase transition process from CuO to
Cuz0 can be described as a desorption of oxygen from the compound
into vacuum. The change in the phase composition of the films is caused
by the migration of the phase boundaries between the oxides, which is
due to the diffusion of oxygen in the reaction 4CuO—2Cuz0 + O along
the moving phase boundaries. High annealing temperature provides
high kinetic energy and increases the mobility of atoms. As a result, a
small increase in the annealing temperature (about 50 °C) becomes
effective for the transformation of the monoclinic phase into the cubic
one. The authors [15] did not observe peaks from the pure copper phase
in the diffractograms, which indicates that the reduction of Cu!" ions to
Cu® during annealing did not occur.

Calculations by the method of inverted pole figures allowed us to
detect the [002] axial growth texture in the CuO films (Fig. 3a), while
the [111] texture is observed in the CuyO films (Fig. 3b). The depen-
dence of the orientation factor f on the annealing temperature T, shown
in the inset of Fig. 3, indicates the effect of this temperature on the
texture quality of the samples. As can be seen from Fig. 3, the texture of

AT

Fig. 1. (a) Surface of nanoparticles and (b) the surface of CuO films annealed at a temperature of T, = 300 (°C). Inset: results of the chemical analysis of this film

using EDX method.
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Fig. 3. Dependence of the pole density P; from the angle ¢ between the texture axis and the normal to the reflecting plane for CuO (a) and Cu,O (b) films. T, (°C): as-
deposited sample (1), 250 (2), 300 (3), 350 (4), 400 (5), 450 (6), 500 (7). Dependence of the orientation factor f from the annealing temperature T, of samples (on

the inset).

the annealed films slightly deteriorates compared to the as-deposited
one when the T, temperature is increased to 300 °C (Inset in Fig. 3). At
higher temperatures, the texture quality of the films rapidly improves,
which is obviously associated with the beginning of material recrystal-
lization processes and the beginning of the formation of CuyO phase
grains. At the same time, the process of transforming the monoclinic
phase into a cubic phase leads to a change in the texture axis of the
samples from the [002] texture to the [111] texture.

A change in the orientation of the texture axis [022] of CuO films
obtained by the spin-coating method on SiOy/Si substrates and subse-
quently annealed in a vacuum at a temperature of 400 °C to [002] when
this temperature was raised to 500 °C was observed by the authors [15].
At higher temperatures (T, = 600 °C), it was established that the CuO
phase transitioned into Cuy0, which at a temperature of T, = 700 °C had
a texture [111]. At the same time, the growth of the cubic CuzO phase
occurred through the growth of the (111) crystallographic plane with
the lowest surface energy. We also observed a similar texture in copper
dioxide.

However, it should be noted that the authors [15] determined the
direction of the sample texture by the presence of the most intense line
on the diffractograms.

To evaluate the effect of annealing in argon on the crystal lattice of
copper oxide films, its lattice parameters (a, b, ¢, ) and the volume of
the unit cell (V), the size of the CSR (L) and the level of micro-
deformation (¢) in the samples were calculated. The obtained results are
shown in Table 1.

The lattice parameters (a, b, c, f) of the films annealed at tempera-
tures T, < 400 °C, calculated using the UnitCell program, turned out to
be sufficiently close to the reference values of CuO (JCPDS No.
00-48-1548) with the tenorite phase. It has been established that at the

annealing temperature of T, = (250-300) °C the values of these con-
stants increase, but with further increase of T, = 350°C, a sharp decrease
of these values is observed. This indicates the beginning of the structural
rearrangement of the crystal lattice of the material at these tempera-
tures. It is worth to note, that at T, = 300°C, the angle of the unit cell of
the compound becomes the closest in value to the tabular one. It should
be noted that at temperature.

T, = 350°C we observed the beginning of improvement in the quality
of the texture of the material. With a further increase in the temperature
T, above 350 °C, parameters a, b, ¢ begins to grow again. In a similar
way, the volume of the unit cell of the oxide behaves when the annealing
temperature changes.

After increasing the annealing temperature to (450-500) °C, the
values of the lattice parameters of the material and the unit cell volume
(a, V) change significantly and become close (¢ = (0.42724-0.42741)
nm, V = (77.99-78.08) x 1073 nm?) to the reference data Cuy0 (card
No. 00-05-0667, a = 0.42696 nm, V =77.83 x 102 nm®) with a cuprite
phase. A further increase in the annealing temperature at the same time
leads to an increase in these parameters.

As indicated above, the substructural parameters of CuO films in the
directions [20-2], [202] and [11-3] of the crystal lattice of the mono-
clinic phase were calculated by reflections from the crystallographic
planes (20-2), (202) and (11-3). After changing the structure of the films
to the cubic Cuy0 phase with an increase in the annealing temperature,
the parameters of their substructure were calculated in the [111], [200]
and [220] directions of the crystal lattice (by reflections from the (111),
(200) and (220) planes). Table 1 shows the results of the CSR values and
the level of microdeformation of the films immediately after deposition
and after the annealing process.

As can be seen from Table 1, the studied films contained regions of

Table 1
Structural and substructural (using the UnitCell program) characteristics of films, corresponding to different annealing temperatures in an argon atmosphere.
Sample, T, (°C) A (nm) B (nm) C (nm) VAQ) Vewo (10° nm®) L (nm) £ (x10%)
(20-2) (202) (11-3) (20-2) (202) (11-3)
CuO
As-deposited 0.47079 0.34216 0.51283 99.25 81.53 7.5 6.4 6.2 4.8 5.6 5.8
250 0.47399 0.34233 0.51329 99.84 82.06 6.8 7.2 6.6 5.3 5.0 5.5
300 0.46866 0.34279 0.51276 99.54 81.23 7.2 6.6 7.5 5.1 5.5 4.8
350 0.46872 0.34117 0.51340 99.70 80.92 10.4 8.4 9.5 3.5 4.3 3.8
400 0.46990 0.34212 0.51354 99.69 81.37 7.1 7.2 7.1 5.1 5.0 5.1
JCPDS 48-1548 0.46880 0.34230 0.51320 99.51 81.22
Cu,0
(111) (200) (220) (111) (200) (220)
450 0.42724 - - 77.99 7.4 7.5 8.1 4.9 4.8 4.4
500 0.42741 - - 78.08 7.4 7.5 8.2 5.6 5.6 4.4
JCPDS 05-0667 0.42696 - - 77.83
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CSR that did not exceed L = (6.2-7.5) nm in size. Up to the annealing
temperature of 300 °C, this size remains practically unchanged, but
when T, is increased, it begins to grow significantly in all crystallo-
graphic directions, reaching L = (8.4-10.4) nm. At the same time, the
increase in size in different crystallographic directions occurs unevenly,
L increases the most in the (20-2) direction, reaching 10.4 nm. At the
temperature T, = 400°C, there is a sharp decrease in the middle size of
the CSR to (7.1-7.2) nm, which indicates the beginning of the process of
formation of a new phase in the films. However, this is not yet detected
by X-ray diffraction, as new peaks on the spectra.

The studied thin films were characterized by a fairly low level of
microdeformation ¢ = (4.8-5.8) - 1073, which slightly decreases up to
the annealing temperature of 300°C. An increase of this temperature to
350°C leads to a sharp decrease in the level of microdeformation to
(3.5-4.3) - 1073, The situation changes dramatically at T, = 400°C,
when the level of microdeformation increases to ¢ = (5.0-5.1) - 1073,

At an annealing temperature of 450 °C, as shown by X ray diffrac-
tometry, the crystallographic phase in the material changes from CuO to
Cuy0. At the same time, there is a slight increase in the size of the CSR in
the films up to (7.4-8.1) nm, while microdeformation decrease slightly.
A further increase in the annealing temperature leads to an increase in
the size of the CSR, first of all, in the [220] direction, while in other
directions this size even decreases somewhat. That is, the growth of
substructural elements is selective, which determines the appearance of
the growth texture in the films. This process is accompanied by an in-
crease in the level of microdeformation, primarily in the [111] and
[200] directions.

The results of determining the chemical composition of annealed
copper oxide films are shown in Fig. 4. It was established that the initial
films contained 54.34 at. % oxygen and 45.66 at. % copper, that is, they
were enriched with oxygen compared to the stoichiometric composition
of the material (y = Ccu/Co = 0.84).

The annealing of thin films leads to a rapid decrease in oxygen
concentration and an increase in copper concentration. At T, = 300 °C,
they contained more copper (51.14 at. %) than oxygen (48.86 at. %),
and the ratio of these concentrations was y = 1.05. These films were the
closest in composition to the stoichiometric material. A further increase
in the annealing temperature leads to a slight increase in the concen-
tration of copper in the films (Ccy = 52.53 at. %, Co = 47.47 at. %, y =
1.11 at T, = 400 °C).

The situation fundamentally changed at the annealing temperature
T, > 400 °C. Such films were significantly copper-enriched (Ccy =
(62.52-63.22) at. %), which confirms the X-ray analysis data on the
CuO—Cup0 phase transition. At the same time, an increase in the
annealing temperature leads to an improvement in the stoichiometry of
the films (y = 1.72 at T, = 500 °C). However, such films were depleted of
oxygen relative to the stoichiometric composition of the material, which
obviously indicates that they contain, in addition to Cuy0, a small
amount of the CuO phase. The chemical composition of the films
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annealed at a temperature of T, > 450 °C correlates well with the data of
the work [26].

3.2. Raman scattering of Cu,O films

Raman spectroscopy is a powerful method for studying the structural
characteristics of films and identifying different oxide phases due to
changes in the polarization of their chemical bonds [31]. Unlike dif-
fractograms, different copper oxides show significantly different Raman
spectra since the vibrational properties of these materials depend on
their crystal symmetry [32]. That is why this method was used to study
the effect of annealing on the structural characteristics of the samples.

The study of the Raman spectra of the films was carried out at room
temperature in the frequency range (100-700) cm ™!, The corresponding
dependencies are presented in Fig. 5. It is known that the CuO com-
pound belongs to the C3, space group with two molecules in the prim-
itive cell.

The optical phonon modes of this oxide relative to the center of the
Brillouin zone are given by the expression I'ra = 4A, 4 5By + Ag + 2Bg,
where I' is the degree of freedom of oscillations, A, and By correspond to
infrared modes; Ag and Bg are Raman modes. Thus, we have six active
infrared modes (3Ay + 3B,), three of which are acoustic (A, + 2By
modes), and three are Raman (Ag + 2B; modes) [33]. As can be seen
from Fig. 5, the spectrum of the as-deposited sample has an intense peak
at 298 cm-1 and weak peaks at 347 cm™! and 620 cm™!, which corre-
spond to phonon modes Ajg, Big, and Byg of the crystal structure of
monoclinic CuO, respectively. These frequencies correlate well with

9
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those given in the literature. The authors [34-39] observed peaks with
frequencies of (296-298), (346-350), (621-636) em™! belonging to
copper oxide (see Table 2).

During the annealing of the films to a temperature of 7, < 400°C, the
appearance of the Raman spectra did not change significantly. It was
established that the most intense peak of the A;g phonon mode mono-
tonically decreases its FWHM compared to the as-deposited film (6 =
16.6 cm™ 1) up to the temperature 7, = 350°C (¢ = 13.5 cm’l), and then
the FWHM slightly increases (¢ = 15.0 cm’l). At the same time,
annealing leads to a shift in the position of this peak relative to the initial
position (298 cm™Y), first in the direction of increasing frequency (299
cm 1) and with further increase of this temperature in the direction of
decreasing frequencies (297 cm™!). It is known that the intensity of
Raman peaks and their FWHM depend on the grain size and the quality
of the film structure. Therefore, with an increase in the annealing tem-
perature, the structural quality of the films improved up to 7, = 350°C
and then slightly deteriorated, which indicates the beginning of the
processes of restructuring the crystal lattice. The frequency shift of the
peaks for different samples indicates a change in the level of microstress
in the material, which corresponds to the results of X-ray structural
studies [6].

When the annealing temperature is increased to 450°C, peaks with
frequencies (297-299) cm ™}, (344-347) ecm ™Y and (620-628) cm ™! in
the Raman spectra disappear, and new ones at other frequencies are
formed instead. According to the theoretical analysis, the Raman spec-
trum of an ideal Cuy0 crystal should contain one phonon peak corre-
sponding to the threefold-degenerate Ty; symmetry (the threefold-
degenerate Tog mode). However, the typical copper oxide Raman spec-
trum is much richer. It contains several signals attributed to various
single-phonon scattering processes and the background associated with
two-phonon scattering. This is because vibrational modes, which were
forbidden for an ideal crystal, can become Raman modes due to the
symmetry reduction caused by the presence of a large number of point
defects [45].

We identified four Raman active phonon modes. Their frequencies
correspond to (110-111) em™!, (149-150) cm’l, (216-218) cm ™" and
(628-633) cm~!. The most intense peak at the frequency (216-218)
cm~ ! is characteristic of the Cuy0 phase [40]. The high intensity of the
peak indicates the film’s highly ordered crystalline structure. This is one
of the forbidden Raman modes of the Cuy0 phase, which becomes active
due to violation of the selection rules. It arises due to the allowed Raman
scattering of the second-order 2I'7> mode of CuyO. Along with the

Table 2
Raman shift of copper oxide peaks and their interpretation.

T, (°C) Raman shift (cm™) References
CuO As-deposited 298 347 620 This study
250 299 346 620
300 297 344 626
350 297 346 624
400 297 345 628
Cu,0 450 111 150 216 628
500 110 149 218 633
CuO 298 347 591 [34]
296 346 631 [35]
283 330 616 [36]
273 321 606 [37]
296 346 631 [38]
293 341 628 [39]
CuyO 218 523 623 [34]
149 218 417 630 [40]
525 625 [41]
150 528 623 [42]
155 220 410 500 630 [43]
Cu(OH), 490 [34]
292 488 [44]
460 [41]
293 488 [45]
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intense peak at the frequency (216-218) cm’l, peaks at (110-111)
cm_l, (149-150) cm~ ! and (628-633) cm~! reflect the existence of
copper material in the volume with the oxidation state of Cu™ [46]. The
peak at (110-111) cm ™! should be inactive, but becomes active due to a
large number of defects in the lattice, possibly due to oxygen vacancies,
while the peak around 148 cm™! is due to Raman scattering on phonons
of F1, symmetry. The broad peak around (628-633) cm™! cannot be
attributed to a certain phase since both the CuO and Cu,0 phases have
spectral features at this wave number.

3.3. Optical absorption spectra of Cu,O films

Fig. 6 shows the spectral dependences of the reflection coefficients R
(4) of CuO films annealed at different temperatures. It can be seen that
the as-deposited film has the lowest reflection coefficient. As the
annealing temperature increases, this coefficient also increases. The
increase in the reflection coefficient becomes especially noticeable at T,
> 450°C. A similar effect may be caused by a decrease in the roughness
of the film surface. This confirmation is supported by the observation of
interference pattern for R(4) spectra, which is characteristic of samples
annealed at temperatures (450-500) °C. Taking into account the posi-
tion of the interference maxima and minima of the spectra, the thickness
of the films was precisely determined, which turned out to be equal to d
= 0.443 pm.

The optical absorption of semiconductor materials is characterized
by the appearance of a steep absorption edge caused by the appearance
of optical transitions between the valence band and the conduction band
[47]. In order to calculate the absorption coefficient a of the investigated
films, the corresponding dependences of R(1) and T(1) were used.

Fig. 7a (curve 1) shows the spectral dependence of the coefficient
absorption of freshly obtained nanostructured copper oxide films pre-
pared at room temperature on a glass substrate, which indicates that the
absorption edge for the films starts at about 1.40 eV. Taking into account
the peculiarities of the band structure of this material [48,49], it should
be assumed that the absorption in the long-wavelength spectrum region
is obviously due to optical indirect allowed transitions since the value of
Egin the case of such transitions is about 1.4 eV. In the short-wavelength
region of the spectrum (>1.5 eV), the steepness of the absorption edge
increases.

significantly, which indicates the presence of absorption due to
other, namely, direct optical transitions. As is known [49], the E; value
for direct optical transitions for CuO is 1.91 eV.

It is well known [50] that to obtain semiconductor materials,
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especially nanomaterials of high optical quality, they are annealed at
high temperatures in various atmospheres. Such annealing will affect
the nature and concentration of various defects in nanomaterials. And
therefore, in this case, it becomes possible to optimize the chemical and
technological conditions for obtaining nanomaterials with given phys-
ical properties. Thus, similar studies of the absorption edge were also
carried out for copper oxide films obtained on glass substrates at
different annealing temperatures (from 250°C to 500°C) and annealing
time for 30 min, which also shown in Fig. 7 (curves 2-7). The obtained
results indicate that when the annealing temperature increases, the
absorption edge shifts to the long-wavelength region of the spectrum. It
should be noted that the change in the steepness of the absorption edge
may be caused by a change in the crystalline quality of the films or may
reflect the different contribution of the two crystalline phases (CuO and
Cuy0) to the shape of the absorption edge.

As can be seen from Fig. 7a the absorption edge of films annealed at a
temperature (250-400) °C shifts to the long-wavelength side with
increasing annealing temperature in relation to the results obtained for a
freshly prepared sample. In addition to the long-wavelength shift, there
is also an increase in the steepness of the absorption edge. An increase in
the size of the crystalline grains of the investigated films can cause the
nature of the long-wavelength shift of the absorption edge. It should be
noted that this result is consistent with the data presented in Table 2,
where for the crystallographic direction (20-2) the size of coherent
scattering, i.e., the value of L increases from 6.8 nm to 10.4 nm when the
annealing temperature increases from 250°C to 350°C ed. Further in-
crease the annealing temperature up to 400°C causes decrease in the
value L to 7.4 nm, that can be caused by the formation of CuyO phase.
Thus, we assume that the low energy shifts of the absorption edge at T,
= 400°C are also due to this case. It should be noted that nano-
crystallites, as a rule, have a certain dispersion of their sizes, including
those sizes for which the quantum-size effect can be manifested.
Therefore, the absorption of such nanocrystallites should be caused by
optical transitions involving nanoparticles with a slightly larger band
gap than that of the bulk material. Thus, the shape of the absorption
edge of an ensemble of nanoparticles of different sizes is determined by
the superposition of their relative contributions. Therefore, with a
decrease in the contribution of small-sized nanoparticles, which can
occur with an increase in the average size of nanoparticles in the process
of high-temperature annealing of films, the absorption edge of the films
will shift to the long-wavelength side of the spectrum. Since the steep-
ness of the absorption edge of the films increases with increasing
annealing temperature from 250°C to 350°C, this also indicates an
improvement in the crystalline and optical quality of the studied films in
comparison with freshly prepared films. The results also show that the
temperatures of 350°C are the most optimal for obtaining films with the
largest average value of the size of crystalline nanograins. Thus, the
films obtained at 350°C also is characterized by better optical quality.
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This result agrees with the data presented in Table 2, where it was shown
that the level of microdeformation ¢ is minimum for T, = 350°C for the
different crystallographic directions.

The results of the study of the absorption edge for films annealed at a
temperature of 450°C is quite different from the results obtained for
other copper oxide films. Here, the absorption edge is strongly shifted to
the short-wavelength side. At the same time, the value of absorption in
the spectral region (<2.0 eV) is significantly reduced. There is a
noticeable increase in the absorption coefficient in the longer wave-
length spectral region (<1.5 eV). This, most likely, is due to the dete-
rioration of the crystalline and optical quality of films annealed at
temperatures of 450°C. One of the reasons that can cause such a dete-
rioration of the crystal structure of copper oxide films may be the for-
mation of a mixture of two crystalline phases, namely CuO and Cu3O.
This is also consistent with the results of structural studies presented in
Table 2, which indicate the formation of a crystalline phase of Cuz0 for
the films annealed at temperatures of 450°C and 500°C, which is a less
stable compound than CuO. The presence of such a mixture of phases
can lead to an increase in the amount of scattered light, which,
accordingly, will increase the absorption background in the region of
transparency of the films. On the other hand, Cuz0 nanoparticles have a
larger value of the direct allowed band gap (about 2.4 eV) than the
similar value for the CuO compound (1.9 eV). Thus, the presence of
these phases should lead to the appearance of an additional absorption
in the spectral region above 2.0 eV.

In this work, we used a simple method to determine the band gap
energy based on analysis of the absorption coefficient first derivative
(ACFD), taking into account the various dependencies of this value on
the energy at different absorption edge [51-53]. This method can be
effectively used to determine the band gap for the direct and indirect
semiconductors and for ternary semiconductor alloys to evaluate their
average band gap. Thus, studying the absorption spectrum of semi-
conductors allows us to obtain valuable information about the band
structure of semiconductors.

Fig. 7b shows the ACFD values for a freshly prepared film (curve 1)
and the films annealing at different temperatures (curves 2-6). The
ACFD spectrum of a freshly prepared film (curve 1) contains the struc-
ture. In particular, two maximum of the spectrum is observed at 1.63 eV
and 1.91 eV. In addition, a strongly tightened high-energy edge of the
ACFD spectrum up to 2.6 eV was also detected. This indicates the
presence of various electronic processes that lead to the formation of the
absorption edge [51]. We assume that the appearance of the first
maximum at 1.63 eV is obviously due to indirect allowed band-to-band
transitions. It is known the energy of such transition for CuO corre-
sponds to (1.1-1.7) eV [54]. The second maximum at 1.91 eV can be
attributed to direct band-to-band transitions since its energy coincides
with the value obtained theoretically in Ref. [49]. The high-energy
ACFD edge in the spectral region of (2.2-2.6) eV is obviously caused
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Fig. 7. Spectral dependence of the coefficient absorption (a) and the absorption coefficient first derivative (b) of the CuyO thin films obtained at different annealing
temperatures (curves 1-7) correspond to as-deposited film and annealed at T, (°C): 250, 300, 350, 400, 450 and 500, respectively.
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by electronic processes characteristic of the CupO compound. So, this
result indicates a small amount of CuO phase for the freshly prepared
film. The temperature annealing of the films causes the following
changes in the ACFD spectra. It should be noted that the ACFD spectrum
obtained for the films annealed at the temperature of 250°C is similar to
that for the freshly prepared films. However, in this case, the relative
intensity of the first maximum of the ACFD spectrum at 1.62 eV in-
creases. The energy position of the second maximum shifts to the
low-energy region and corresponds to 1.88 eV. An increase in the
annealing temperature to 300°C causes a significant decrease in the
intensity of the ACFD spectrum in the spectral region (2.0-2.6) eV. The
energy position of the first and second maxima correspond to 1.65 eV
and 1.77 eV, accordingly. A further increase in the annealing tempera-
ture to 350°C leads to a substantial narrowing of the ACFD spectrum and
the observation of only the first maximum at 1.59 eV. As can be seen
from Fig. 7b, the films annealed at T, = 400 °C contain two maxima at
1.66 eV and 1.86 eV and also show a prolonged high-energy edge of the
ACFD spectrum. It should be noted that the second maximum is more
intense than the first maximum. The ACFD spectrum of films obtained at
450°C is significantly different from other spectra. It covers the spectral
region from 1.8 eV to 2.8 eV and also observes maxima at energies of
1.87 eV, 2.17 eV, and 2.41 eV.

The change in the ACFD spectrum for films annealed at different
temperatures can be explained by assuming the presence of direct
forbidden band-band transitions for the CuO compound at an energy of
approximately 1.90 eV. The observation of these optical transitions can
be due to the violation of the selection rules as a result of the presence of
the Cuy0 phase for CuO films. In this case, local deformation of nano-
particles occurs. Increasing the annealing temperature leads to a
decrease in the absorption intensity caused by these optical transitions
as the relative contribution of the Cu0 phase decreases. Thus, the Cu,O
films’ annealing improves the investigated films’ crystal and optical
quality. It should be noted that the films annealed at a temperature of
350°C have the best optical quality, for which the crystalline phase of
Cuy0 is practically absent. A further increase in the annealing temper-
ature to 450 °C causes the formation of the CuyO phase, which becomes
the determining factor. In this case, the maximum weak intensity at
1.86 eV can be associated with direct forbidden transitions that appear
for the CuO phase. At the same time, other maxima at 2.17 eV and 2.41
eV correspond to direct forbidden and direct allowed transitions since
these energies practically coincide with the values (2.17 eV and 2.62 eV,
correspondingly) presented in Ref. [48]. It should be noted that the
obtained results based on measuring the absorption spectra of the
studied Cu,O films agree very well with the results of structural studies.
In particular, the obtained results of studying the optical properties of
the films correlate well with the data of their X-ray structural and Raman
studies, which indicate a phase transition from the CuO to CuyO phase
just above the temperature of 400°C. In this work, we also used Tauc’s
method to determine the band gap energies [55]. In this case, the
spectral dependence was constructed in Tauc’s coordinates ((xhv)l/ 2_
hv, (ahv)?® — hw as well as (ahv)? — hy, and the linear section of the
graphs was extrapolated to the energy axis. The values of the band gap
obtained ACFD and Tauc’s methods are presented in Table 3.

3.4. Photoconductivity spectra of Cu,O films

In order to obtain additional information about the band structure of
copper oxide films, studies of their photoelectric properties were carried
out. In this case photoconductivity spectra were measured for the
investigated films. Fig. 8 shows the spectra of photoconductivity at T =
300 K for the films annealed at T, = 400°C (curve 1) and 450°C (curve
2). The photoconductivity spectrum (curve 1) exhibits a broad
maximum at 500 nm (2.48 eV), as well as a feature in the form of an
inflection at 618 nm (2.01 eV), which is marked by an arrow. The energy
of the photoconductivity maximum is quite close to the value of the
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Table 3
Values of band gap energies of Cu,O films annealed at different temperatures for
various band-band transitions.

Type of the band-band
transitions/Annealing
temperature.

T, (°Q)

As- 250 300 350 400 450
deposited

Indirect allowed band gap 1.63 162 165 159 166 -
(eV).
ACFD method (CuO).

Direct forbidden band gap 1.91 1.88 177 - 1.66 1.87
(eV).
ACFD method (CuO).

Direct forbidden band gap - - - - - 2.17
(eV).
ACFD method (Cu,0).

Direct allowed band gap - - - - - 2.41
(eV). ACFD method
(Cuz0).

Indirect forbidden band gap  1.63 1.50 150 1.46 151 -
(eV).
Tauc’s method (CuO).

Direct forbidden band gap 1.81 1.75 167 1.55
(eV).
Tauc’s method (CuO).

1.2

10} T=300K
0.8}
0.6}
04}

0.2

00F

Photoconductivity intensity (arb.units)

2 1 " 1 2 1 "
200 400 600 800
Wavelength (nm)

1 1
1000 1200

Fig. 8. Photoconductivity spectra of films annealed at 400 (°C) (curve 1) and
450 (°C) (curve 2).

direct band gap of the CuyO compound (Eg = 2.41 eV). Therefore, it can
be assumed that this photoconductivity maximum is associated with
direct band-to-band transitions of the crystalline phase of Cuy0. At the
same time, the appearance of the peculiarity of the photoconductivity
spectrum at 618 nm (2.01 eV) may be associated with the direct band-to-
band transitions of CuO phase since the energy of such transitions
correspond to 1.91 eV. Photoconductivity spectrum obtained for a film
annealed at.

a temperature of 450°C (curve 2), is significantly different in shape
from the photoconductivity spectrum represented by curve 1. In
particular, the intensity of photoconductivity significantly decreases in
the spectral region above 600 nm. According to the results of absorption
measurements, photoconductivity in this spectral region can be caused
by direct and indirect band-to-band transitions associated with the CuO
phase. It indicates that the intensity of photoconductivity in the long-
wavelength range of the spectrum (>650 nm) is much smaller in com-
parision with the films annealed at 400°C. Thus, this means that for the
films annealed at 450°C, there is a relatively small contribution of the
crystalline CuO phase compared to that for the Cuy0 phase. It should be
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noted that the obtained results agree very well with the results of
measurements of absorption and Raman scattering spectra, as well as
data of structural studies.

4. Conclusion

This work studies the effect of post-annealing in argon environment
at temperatures from 250 °C to 500 °C on the structural, microstructural,
optical, and photoelectric characteristics, as well as the chemical
composition of Cu,O films deposited on glass substrates by 3D printing.
It is shown that the layers annealed at (250-400) °C have a monoclinic
structure. Increasing the annealing temperature to (450-500) °C induces
a transition to the cubic Cuy0 phase. This phase transition is accompa-
nied changes in the size of crystalline grains and the level of micro-
strains. It was established the energies of direct and indirect band-to-
band transitions of the CuO and Cu,0 phases and their dependence on
the annealing temperature.

We believe that copper oxide films obtained by a simple and inex-
pensive 3D printing method can be considered as a promising material
for use in modern optoelectronics, flexible electronics, and especially in
the development of efficient and environmentally friendly third-
generation solar cells. Our further work involves obtaining multilayer
structures based on copper oxide films for use in such devices.
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