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In this work, CuO and Cu,O thin-film heterostructures are fabricated on
Si/ZnO substrates using the magnetron sputtering technique under varying
substrate preparation conditions. The deposition process is performed in
three modes: without substrate heating, with heating at 600°C, and with
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heating at 600—-800°C followed by glow discharge ion cleaning. Comprehen-
sive characterization is carried out to investigate the crystallinity, phase
composition, surface morphology, and optical properties of the films. X-ray
diffraction (XRD) analysis reveals that high-temperature heating combined
with ion cleaning results in well-crystallized, dense, and smooth films with a
pure-phase composition. Particularly, Cu,O films grown on ion-cleaned sub-
strates at 800°C exhibited 100% crystalline-phase formation. Scanning elec-
tron microscopy (SEM) and energy-dispersive spectroscopy (EDS) confirmed
the uniform distribution of nanosize grains, while Raman spectroscopy vali-
dated the phase identification of CuO and Cu,0. The results indicate that
optimizing substrate temperature and surface pretreatment significantly
enhances the structural and optical quality of copper-oxide semiconductor
layers. The fabricated CuO/Cu,0 heterostructures demonstrate strong poten-
tial for use in efficient and environmentally friendly solar-cell devices.

Key words: CuO, Cu,0, thin films, magnetron sputtering, heterostructures,
crystallinity, SEM, Raman spectroscopy, solar cells.

¥ it pobori TorKomaiBKoBi rerepocTpyKTypu CuO i Cu,0 6yau BurorosiaeHi
Ha migkaaguEKax Si/Zn0O 3a JOIIOMOI00 METONM MATHETPOHHOTO HATIOPOIIIeH-
H 3a PiSHUX YMOB IiAATOTOBKY IMigKJIaguHKM. IIpoiec ocamkeHHS TPOBOAUBCA
Yy TPBOX peKuMax: 0e3 HarpiBaHHA MiAKJagUHKY, 3 HarpiBauHaM 10 600°C Ta
3 HarpiBaraaM 10 600—-800°C i3 moga bIIINM OUNIITEeHHAM HOHAMU KeBPiAHOTO
pospany. Byso mpoBeneso BcebiuHy XxapaKTepusalliio IJaa JOCTiKeHHI KPUC-
TaJiuHOCTH, ()a30BOTO CKJIAAY, MOP(OJIOrii IOBEPXHi I ONTUUYHUX BJIACTHUBOC-
Tel maiBok. PeHTreHiBCchbKa nudpakmiiina anaxiza (XRD) nmokasaJia, 1110 BUCO-
KOoTeMIlepaTypHUil HarpiB y MOEAHAHHI 3 HOHHUM OUYHUIIEHHAM IPUBOAUTH IO
dopMyBaHHS qJ0OOpPe KPUCTANi30BaHUX, IIJABHUX i TIaJKUX MJIiBOK i3 YMCTHUM
dasoBuM cKIagOM. 30KpeMa, miaiBKku Cu,0, BUPOIEHi HA OUUIIIEHNX HOHAMU
migkaaguakax 3a 800°C, mpogemoncTpyBaiu popmyBanua 100% wkpucramiy-
Hol dhasu. CKkaHyBaJbHa ejeKTpoHHA MiKkpockomis (CEM) Ta emepromguciep-
cifina cmexkTpockonia (EDS) migTBepauin piBHOMipHUH po3moAij HAHOPO3Mi-
PHUX 3epeH, a PamaHoBa CIEKTPOCKOIIiA BepudikyBasa (pasoBy imeHTH(iKa-
rifo CuO Ta Cu,0. PesyabraTu cBiguaTh, 110 ONTHUMi3allisd TeMIepaTypu TigK-
JaIuHKU Ta IolepeaHe 00po0IeHHS MOBEePXHi iCTOTHO IMiABUINYE CTPYKTYPHY
1 OONTUYHY AKiCTh HamiBIPOBiZHMKOBHUX ImIapiB okcuay Kympymy. CtBopeHi
rerepocTpyKkTypu CuO/Cu,O 1eMOHCTPYIOTH BUCOKUH TMTOTEHITiSA JJIsd BUKOPU-
CTaHHSA Y BUCOKOE(PEeKTUBHUX Ta €KOJOTiUYHO UYNCTUX COHAUYHUX eJIeMeHTaX.

Karouori cmopa: CuO, Cu,0, ToOHKiI mIiBKM, MarHeTpOHHE PO3IOPOIIEHHA,
reTepoCTPYKTypH, Kpuctaaiunicts, CEM, PamManoBa CIeKTPOCKOMisd, COHAYHI
€JIeMEeHTH.
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1. INTRODUCTION

In the modern era, the generation, storage, and efficient transmission
of energy remain among the most critical global challenges. Research
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efforts in this domain are largely focused on the development of cost-
effective and high-performance materials for energy producing, stor-
ing, and delivery systems.

Over the past several decades, copper (Cu) has been extensively em-
ployed in semiconductor technology as a contact metal. Replacing alu-
minium, which was previously dominant, copper has become an essen-
tial component in high-temperature-resistant semiconductor devices.
Notably, copper atoms possess a significantly higher diffusion coeffi-
cient in materials such as silicon and germanium [1].

Copper (I) oxide (CuO) has emerged as a promising candidate for so-
lar cell applications. This is attributed to its high optical absorption
coefficient, excellent chemical and thermal stability, nontoxic nature,
lower production cost compared to materials like Ni, Ag, and Au, nat-
ural abundance, and outstanding optical, electrical, magnetic, and
catalytic properties [2—5].

Although magnetron sputtering has previously been used to fabri-
cate CuO and Cu,O thin films [6—8], the present work reports, for the
first time, the growth of such films on Si substrates preheated to 600°C
and subjected to glow discharge ion cleaning prior to deposition. Cop-
per oxide thin films can be synthesized using various techniques, in-
cluding sol—gel, pulsed laser deposition, pyrolysis, chemical vapour
deposition, and magnetron sputtering (the latter being particularly
advantageous for achieving uniform surface morphology)[11-18].

In this study, CuO/Zn0O/Si and Cu,0/Zn0/Si heterostructures were
fabricated via magnetron sputtering, with the ZnO/Si substrates pre-
heated to 600°C and cleaned by glow-discharge ion bombardment. The
effects of thermal treatment and gamma irradiation on the structural
and morphological characteristics of the heterostructures were exam-
ined using x-ray diffraction phase analysis, scanning electron micros-
copy, and complementary characterization techniques.

2. EXPERIMENTAL/THEORETICAL DETAILS

The effect of thermal treatment on the electronic properties of
Cu,0/Zn0 heterostructures grown by the magnetron sputtering meth-
od was investigated. In the heterojunction, ZnO was employed as a p-
type and Cu,0O as an n-type semiconductor. To achieve surface uni-
formity and smoothness, an optimal regime was developed for heating
the Si substrate to 600°C followed by cleaning under glow-discharge
ion bombardment. The samples were deposited using a direct-current
magnetron sputtering system, with a copper (Cu) target in an Ar-0,
inert gas mixture (Fig. 1).

In this study, CuO and Cu,O thin films were deposited onto Si/ZnO
substrates under three different experimental conditions in an Ar-0,
inert gas atmosphere using a Cu target:
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Fig.1l. Schematic diagram of the magnetron sputtering system: 1—
magnetron, 2—target, 3—ionizer, 4—solenoid valve, 5—fore pump, 6—gas
cylinder, 7—diffusion pump, 8—cooling system, 9—vacuum chamber.

Condition 1—direct deposition without any pre-treatment of the sub-
strate;

Condition 2—deposition after heating the substrate to 600°C;
Condition 3—deposition after heating the substrate to 600°C and per-
forming glow discharge ion cleaning.

The crystallographic structure of the thin films prepared under
these three conditions was examined using x-ray diffraction (Rigaku),
while the degree of crystallinity and crystallite size were determined
by x-ray phase analysis. Surface morphology, layer formation, and
emission characteristics were studied using scanning electron micros-
copy (SEM). Structural changes and material characteristics were fur-
ther analysed via Raman spectroscopy [19]. In addition, the electrical
and optical properties of the films were systematically evaluated.

3. RESULTS AND DISCUSSION

In this study, a single-layer epitaxial structure KDP 0.5-1bk 2(III)
standard silicon substrate was used. The x-ray phase analysis of this
substrate is shown in Fig. 2, where characteristic diffraction peaks
corresponding to silicon were observed at diffraction angles 20 = 28.5°,
48.2°, 57.3°, 69.8°, and 76.7°, with interplanar spacings d,;,,;=3.13 A,
1.91A,1.63A, 1.85A, and 1.24 A, respectively, corresponding to Mil-
ler indices (hkl) of (111), (202), (311), (400), and (313).

From these results, it can be concluded that the absence of addition-
al phase peaks confirms the high purity of the silicon substrate. Initial-
ly, the Si substrate was heated to 300°C, and under identical deposition
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Fig. 2. X-ray phase analysis of the Si substrate sample.

conditions, three identical thin ZnO layers were grown on its surface
using the magnetron sputtering method. The x-ray phase analysis of
the ZnO-coated sample is shown in Fig. 3, while the SEM images are
presented in Fig. 4 (a—c), and the EDS analysis in Fig. 5.

The x-ray phase analysis in Fig. 3 shows that in the Si/ZnO sample,
the diffraction peaks of the Si phase were observed at 20 =~ 28.5° and
69.2°, corresponding to interplanar spacings d,,;=~3.13 A and 1.36 A,
with Miller indices (111) and (400), respectively. The ZnO phase exhib-
ited diffraction peaks at 26 =31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.8°,
66.4°, 68.0°, 69.1°, and 77.0°, corresponding to d,,, = 2.81 A, 2.60 A,
2.47A,1.91A,1.24A,1.48A,1.41A,1.38A, 1.24 A, and Miller indi-
ces (100), (002), (101), (012), (110), (013), (200), (112), and (202), re-

1000

I. imp.

1000 1

1000 {
10.00 20.00 30.00 40.00 50.00 60.00 70.00
20

Fig. 3. X-ray phase analysis of the ZnO thin film grown on the Si substrate
under identical deposition conditions by magnetron sputtering.
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Fig. 4. SEM micrographs: a—=Si substrate; b—Si/Zn0O grown at 300°C; c—
Si/ZnO grown at 600°C.

spectively.

Figure 4 (a—c) presents the SEM images of Si/ZnO samples grown
under three different conditions: without heating, heated to 300°C,
and heated to 600°C prior to ZnO deposition. In Figure 4a, correspond-
ing to the unheated Si substrate with a ZnO thin film, the surface ap-
pears smooth and uniformly arranged. In Figure 4b, representing the
sample grown at 300°C, the SEM image shows that ZnO nanoparticles
are irregularly shaped and unevenly distributed over the surface. In
contrast, Fig. 4c, corresponding to growth at 600°C, reveals a well-
ordered surface morphology with good adhesion, where dense, spheri-
cal structures are formed. The surface is fully covered with uniformly
distributed, pure-phase ZnO nanoparticles of similar size.

This observation is further supported by the EDS analysis in Fig. 5,
which shows that the surface composition for ZnO is approximately: 35
at.% O and 65 at.% Zn, corresponding to mass percentages of 11.6% O
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Fig. 5. EDS spectrum of the ZnO thin film grown on the Si substrate.
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and 88.4% Zn.

The x-ray quantitative phase analysis of the Si/ZnO structure
(Fig. 6a) revealed elemental contents of 74.6% Zn, 18.2% O, and
7.2% Si. As shown in Table 1, the average crystallite size, calculated
using the Debye—Scherrer equation, was found to be approximately
28-35 nm. These results indicate that heating the substrate to 600°C
prior to ZnO nanolayer deposition via magnetron sputtering is the
most favourable condition. Under this regime, the substrate surface
becomes well ordered, exhibits strong adhesion, and develops dense
spherical structures, leading to complete coverage by a pure-phase ZnO
thin film.
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Fig. 6. XRD patterns of CuO and Cu,0 thin films grown on Si/ZnO substrates

under different conditions: (a) without heating, (b) heated to 500°C, and (c)
heated to 800°C with pre-cleaning by glow discharge ions.

TABLE 1. Quantitative phase and elemental composition of thin films grown
on Si/ZnO under different conditions.

" Elemental composi- . o, y| Crystallite
Sample/Condition tion (%) Phase composition (%) size (nm)
Si/ZnO (sub- Zn — 74.6,0 — 18.2, B
strate) Si—-17.2 Zn0 —100 28-35
Si/Zn0O/CuO0, Cu—4.5,Zn — 56.9, CuO —1, Cu,0 —4.6, ~14
no heating 0—14.9,81i —23.6 ZnO — 70.9,Si — 23.6 -
Si/Zn0O/CuO0, ~
800°C Cu—179.9,0 — 20.1 CuO — 100 ~14
Si/Zn0/Cu0, ¢, _g88.8,0—11.2 Cu,0 — 100 ~14

800°C
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The main objective of this study was to deposit a thin copper oxide
layer on the Si/ZnO surface prepared under the above conditions and to
investigate its potential application in solar cells. To achieve this goal,
the following experiments were conducted: CuO and Cu,O thin films
were grown on Si/ZnO samples under three different conditions, as
shown in Fig.6: a—without heating, b—heated to 500°C, and c—
heated to 800°C. The x-ray phase analysis of the CuO and Cu,0 samples
was used to determine their interplanar spacings, Miller indices, aver-
age crystallite sizes, quantitative and qualitative phase compositions,
and degrees of crystallinity and amorphousness.

When CuO and Cu,O thin layers were deposited on the Si/ZnO film
surface without heating (Fig. 6a), the resulting layers were weakly
bonded to the substrate, and numerous ZnO peaks were still visible in
the XRD pattern. For the CuO sample grown at 800°C (Fig. 6b), the
diffraction peaks were observed at 20=32.5°, 35.5°, 38.7°, 48.8°,
53.4°, 58.2°, and 61.6°, corresponding to interplanar spacings
d,,=2.75A,2.52A,2.832A,1.86A,1.71A,1.58 A, and 1.50 A, respec-
tively. For Cu,0O (Fig.6c), the diffraction peaks were found at
20=29.6°, 36.2°, 42.4°, 52.6°, 61.5°, and 69.8°, with d,,, values of ap-
proximately 3.01 A, 2.46 A, 2.13 A, 1.74A, 1.50 A, and 1.85 A, respec-
tively. In addition to peak identification, the amorphous—crystalline
phases, quantitative phase composition, and qualitative phase analysis
of CuO and Cu,0 are presented in Fig. 7.

Figure 7 shows the quantitative and qualitative phase analyses for:
a—the Si/ZnO substrate, b—CuO and Cu,0 films deposited on Si/ZnO
without heating, ¢c—CuO films grown at 800°C, and d—Cu,O films
grown at 800°C. When CuO and Cu,O were deposited without substrate
heating (Fig. 7b), the quantitative analysis revealed elemental compo-
sitions of 4.5% Cu, 23.6% Si, 56.9% Zn, and 14.9% O. The qualitative
phase analysis showed 1% CuO, 4.55% Cu,0, 70.9% ZnO, and 23.6% Si.
In contrast, when the substrate was heated to 800°C, the CuO sample
(Fig. 7c) had a quantitative composition of 79.9% Cu and 20.1% O,
with 100% CuO phase purity. Similarly, the Cu,0 sample (Fig. 7d) had
a quantitative composition of 88.8% Cu and 11% O, with 100% Cu,O
phase purity (Table 1).

For the CuO thin films grown on Si/ZnO, the crystallite size was
found to be approximately 14 nm, indicating the formation of
nanostructured layers. When the samples were heated to 500°C and
600°C, the surface roughness gradually decreased, resulting in a
smoother morphology. At 600°C, a uniformly ordered thin film com-
posed of homogeneously distributed nanoparticles was successfully
obtained.

Analysis of the spectrum in Fig. 9 obtained using the Raman spec-
troscopy method reveals three peaks corresponding to CuO at vibra-
tional frequencies of 301, 363, and 623 cm™. In addition, peaks char-
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Fig. 7. Quantitative phase composition analysis of (a) Si/ZnO, (b) Si/Zn0O/CuO
and Si/Zn0/Cu,0, (¢) CuO, and (d) Cu,0.

a

Fig. 8. SEM micrographs of: (a) CuO grown without substrate heating, (b)
CuO grown at 500°C, and (¢) Cu,0 grown at 800°C after glow-discharge ion
cleaning of the substrate.

acteristic of Cu,O at vibrational frequencies of 114, 141, 165, and 218
cm ! are observed, which are associated with changes in microstruc-
ture or phase transitions induced by heating. The maximum positions
of these peaks correspond to reported values for CuO [16], confirming
that the chemical composition of the investigated element matches
CuO. The peaks appearing after heating copper oxide to 800°C may be
related to modifications in the crystal structure of CuO and Cu,O, and
indicate the coexistence of crystalline and amorphous-crystalline
phases, as also shown in Fig. 10 and Table 2.

When the grown thin films of CuO and Cu,O were examined sepa-
rately using a Rigaku Oxford diffraction system (XtaLLAB Synergy-i),
the crystallographic structures and lattice parameters were deter-
mined as follows: for CuO, monoclinic C12/c1 with a=4.6832A,
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Fig.9. Raman spectrum of copper oxide grown on the Si/ZnO surface via

magnetron sputtering.

Fig. 10. X-ray structural analysis of CuO and Cu,0O thin films grown on the

Si/ZnO surface.

TABLE 2. Crystallographic parameters of CuO and Cu,O thin films grown on

Si/ZnoO.
Material Crystal | Space |Lattice param-|Main diffraction |Raman active
system | group eters (A) peaks (26, °) modes (cm™?)
a=146832,  oo>3>%
CuO Monoclinic C12/¢1 b=3.4288, G 301, 363, 623
c—5.1297 53.4, 58.2,
o 61.6
29.6, 36.2,
Cu,0 Cubic Pn-3m a=4.2580 424,526, G000
61.5,69.8 ’
Pn-3m with

b=3.4288A, and ¢=5.1297A; for Cu,0, -cubic
a=

4.2580 A.
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4. CONCLUSION

In this study, CuO and Cu,O thin-film heterostructures were fabricat-
ed on Si/ZnO substrates using the magnetron sputtering method. Ex-
periments were carried out under three different conditions: without
heating, with substrate heating at 600°C, and with heating at 600—
800°C followed by surface cleaning using glow discharge ions. The
crystallinity, phase composition, morphology, as well as the electro-
physical and optical properties of the obtained layers were thoroughly
investigated. The analyses revealed that substrate preheating at high
temperatures combined with ion cleaning significantly enhanced crys-
tallinity, resulting in smooth, dense structures with a pure phase com-
position. In particular, for Cu,0 layers grown on ion-cleaned surfaces
at 800°C, a 100% crystalline phase was achieved. SEM and EDS anal-
yses, along with Raman spectroscopy, confirmed these findings. The
results demonstrate that appropriate temperature control and surface
pretreatment can substantially improve the quality of copper oxide
semiconductor layers. Consequently, the fabricated CuO/Cu,0 hetero-
structures can be proposed as promising materials for the development
of efficient and environmentally friendly solar cells.
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