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STRUCTURAL AND OPTICAL PROPERTIES OF COPPER
OXIDE THIN FILMS PREPARED BY NOVEL «IN SITU CVD» METHOD

Thin films of copper oxides were obtained by novel «in situ CVD» method on glass substrates using
copper monocloride as precursor. Films were synthesized both in the air atmosphere and in the air-
argon atmosphere. The X-ray diffraction patterns showed a change in the phase composition of the films
obtained in air during the synthesis. Phase transitions CuO-Cu2O-CuO are characteristic for samples
synthesized at 400 °C. A sample of 1 min had a monophasic CuO structure. The first transition from the
CuO to Cu,O occurs in the narrow time interval between 1 and 2 minutes of pyrolysis. The second tran-
sition from the Cu,O phase to the two-phase form of CuO + Cu,O occured between 3 and 5 minutes of
synthesis. On the sample 10 minutes only a small amount of Cu,0 was observed. And, finally, a sample
synthesized in 20 minutes had a monophasic CuO structure. The phase restructuring is related to the
kinetics of the film synthesis process and is determined by the ratio of the rates of supply of copper and
oxygen atoms to the interface of the substrate-the growing layer. Films obtained under oxygen deficiency
conditions were identified as monophasic Cu,O at the synthesis time of up to 20 minutes. The increase
in time led to the formation of mixed phases. The Cu,O films obtained at 500 °C for 1 minute had high
transparency with a transmission maximum of 80% at a wavelength of 600 nm. The FWHM values ob-
tained from XRD patterns of the films indicates a high ordering of the crystal structure.

Key words: Copper oxide, XRD, Phase composition, CVD.
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«In situ CVD» )kaHa dAiCiMeH aAbIHFaH
OKCHA, MbICbIHbIH, KYPbIAbIMADIK, XKOHE ONMTUKAAbIK, KaCUeTTepi

[NpeKkypcop peTiHAE MbICTbIH MOHOXAOPUAT KOAAQHY aPKbIAbI LLIbIHbI TOCEMAE MbIC OKCUMAIHIH, >KYyKa
KabblkLwaAapbl xaHa «in situ CVD» aaicneH aabiHFaH. KabbikiaAap aya atMocdepacbiHAa XoHe aya-
aproHAbI Kocrnaaa cuHTesaeAreH. CMHTE3 yakbITbiH ©3repTKeH Ke3A€e ayaAa aAblHFaH KabbiKLIaAapAbIH
peHTreHorpamMmmasapbiHAa hasabik, KypambiHbiH e3repreHi 6aikasabl. 400°C kesiHAe CMHTE3AEAreH
yariaep ywiH CuO-Cu,O-CuO asanbik aybiCybl ToH. 1 MUH iwiHAe aAbiHFaH YAri CuO MoHoda3anbIk,
KypblAMFa ne 6oAabl. Exichasanbik, CuO + Cu,O Typre CuO-paH Cu,O-re aeitin GipiHwi aybicy 3 >KeHe
5 MMHYT CMHTe3 apachiHAA oTTi. 10 iwiHAe cuHTesaeAreH yariae Tek a3 FaHa Cu,O caHbl 6aiikasAbl.
XKoHe, coHbiHAR, 20MMHYT apaAbiFbiHAa cuHTe3aeAreH yAri CuO MoHOMa3aAbIK, KYpPbIAbIMFA e GOAADI.
Makanaaa kabbikwaHblH has3aablK, KanTa KypblAy Npoueci KabblKaHblH CUHTE3AeY KMHETUKAChIMEH
JKOHE TeCEM MEH YAEMeAi KabaT apaAblfblHA LEeKapa arblpbIFbiHA Kapait MbIC MEH OTTeri aTOMAAPbIHbIH,
OTY >KbIAAAMADBIFbIMEH aHbIKTaAaTbIHbl KepceTiAreH. CHTe3 yakbiTbl 20 MMHYTKA A€MiH oTTeri AenunT
Ke3iHAe aAblHFaH Kabbikluarap MoHoasabl Cu,0O peTiHAe KapacTbipblAAbL. YaKpITThl acbipy KesiHae
apaAackaH pasasap namaa 60AyblHA 8KeAAil. OTKi3yi MakcuMyMbl 80% GOAFaHAQ TOAKbIH Y3bIHAbIFbI
600 HM KypanTbiH 500 °C KkesiHae aablHFaH Cu,O KabbiKlarap 1 MUHYT yakpIT illiHAE XKOFapbl
MOAAIPAIriHe ne 60Aabl. KabbiKlarap peHTreHorpaMmanapbiHaH aabiHFaH FWHM mMeHaepi oAapAbiH
KPUCTAAABIK, KYPbIAbIMbIHbBIH, KXOFapbl PETTIAINH KOpCeTeAi.

Ty#iH ce3aep: MbIC OKCUAI, peHTreH Andpakumscbl, dasabik, Kypam, CVD.
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CTpyKTYypHbIe U ONTHUYeCKHe CBOMCTBA TOHKUX MAEHOK OKCMAQ MEAM,
MOAYY€EHHbIX HOBbIM METOAOM «in situ CVD»

TOHKME MAEHKM OKCMAOB MeAM ObIAM MOAyYEHbl HOBbIM METOAOM «in situ CVD» Ha CTEKASIHHbIX
MOAAOXKAX C MCMOAb30BaHMEM MOHOXAOPUAA MEAM B KaueCTBe rnpekypcopa. [MAeHKM CMHTe3npoBaAm
Kak B BO3AYLIHOM aTMOCPepe, Tak 1 B BO3AYLIHO-aproHOBOIM cMecu. Ha peHTreHorpammax HabAI AQAOCh
M3MeHeHne ()a30BOro CoCTaBa MAEHOK, MOAYUYEHHbIX Ha BO3AYXE MPU M3MEHEHUW BPEMEHU CHHTe3a.
Ans 06pasuos, cuHTesnpoBaHHbiX npu 400°C, xapakTepHbl hasosble nepexoabl CuO-Cu,0-CuO.
O6paseL, MoAyYeHHbIn 3a 1 MUH nmeA MoHodasHyto cTpyktypy CuO. lMepsbiin nepexoa ot CuO k
Cu,O HabAIDAAACS B Y3KOM MHTEpBaAe BpemeHM MexkAy 1 1 2 MuHyTamm nupoamnsa. Bropoit nepexoa
ot (asbl Cu,O k aByxdasHon opme CuO +Cu,0O NponcxoAnA MexAy 3 M 5 MMHyTamn CUHTe3a.
Ha o6pasue, crHTeaMpoBaHHOM B TeueHre 10 MUHYT HabAIOAAAOCh TOALKO HEOOABLLOE KOAMYECTBO
Cu,0. M, HakoHel, obpasel, CUHTE3MPOBaHHbIM 32 20 MUHYT, MMeA MoHodasHylo cTpykTypy CuO.
[NokazaHo, 4TO (hbas3oBas MnepecTporika OMPeAEeAseTCs KMHETMKOM rfpolecca CUMHTe3a MAEHKU M
OTHOLLEHMEM CKOPOCTEN MOAXOAQ aTOMOB MEAM M KUCAOPOAQ K FPaHMLIE pa3AeAa MeXAY MOAAOXKKOM
M pacTyLlmMM cAoeM. [TAeHKM, MOAyYeHHble B YCAOBMAX AeduumTa KMCAOPOAQ 3@ BPeMS CMHTe3a A0
20 MUHYT, OblAM MAEHTUDULMPOBaHBI Kak MoHOMa3HbIn Cu,O. YBeAnueHre BpeMeHn NpuBOAMAO K
o6pazoBaHunio cmelaHHbix has. Maenkn Cu,O, noayueHHble npu 500 °C B TeueHne T MUHYTbI, UMEAM
BbICOKYIO MPO3PayHOCTb C MAaKCMMyMOM nponyckannsa 80% npu AAMHe BOAHbI 600 HM. 3HauyeHus
FWHM, noayuyeHHble M3 peHTreHorpamm MAEHOK, YKasblBAlOT Ha BbICOKYID YMOPSAOYEHHOCTb MX

KPUCTAAAMYECKOM CTPYKTYPbI.

KAroueBble cAOBa: OKCMA MEAM, PeHTreHoBCKas Andpakumsd, pasosbiri coctas, CVD.

Introduction

In recent years, a large number of publications
devoted to the use of films of copper oxides to cre-
ate a number of semiconductor devices: solar cells
[1-4], various sensors

To date, the increased interest in obtaining cop-
per oxide films is due to the prospects for using this
semiconductor material for the environmentally
friendly production of cheap solar cells [1-4], recti-
fying diodes [5], various sensors [6,7].

Various physical, chemical and electrochemical
methods for the preparation of CuO and Cu,O thin
films have been proposed. Each of them has advan-
tages and disadvantages. In most of the earlier stud-
ies, mixed phases consisting of Cu, CuO and Cu,0
were obtained, which is the main problem when us-
ing synthesized layers as an active component of so-
lar cells [8]. In [9], the first results on the synthesis
and study of CuO films obtained by a new method
of catalytic decomposition of copper chloride using
a powder source were presented and the possibil-
ity of obtaining monophase CuO films was demon-
strated. This investigation is aimed at studying the
conditions for the production of Cu,O films and the
accompanying phase transitions in the CuO-Cu,0O
system.

ISSN 1563-0315

Results and discussion

According to the technique described in [9] thin
films in the CuO-Cu,O system were obtained on glass
substrates. The synthesis regimes were experimental-
ly determined depending on the temperature, time and
fractional composition of the copper chloride powder
source, the thickness of which in all the experiments
was 0.8 mm. The synthesis was carried out on sub-
strates measuring 24x24 mm?2 with a thickness of
0.15-0.17 mm. The thickness of the films was within
the range of 0,1-3,0 um and increased with increasing
temperature and synthesis time. Optimum conditions
were found under which layers of monophasic ma-
terial were formed. The temperature interval for the
synthesis of Cu, O films was 400-500°C for powders
of 200 mesh fraction and 450-550°C for powders of
100 mesh. In the first case, the time interval of mono-
phasic growth of Cu,O films was 2-4 min, whereas in
the second case, 1.5 + 3 min. Beyond these synthesis
times, either two-phase Cu,0-CuO layers or mono-
phase CuO layers have grown.

Measurement of the films characteristics was
carried out on analytical equipment: X-ray diffrac-
tometers «D8 ADVANCE»and «DRON-3», Raman
spectrometer «Solver Spectrum» and two-channel
spectrometer «Shimadzu UV-3600».

Recent Contributions to Physics. Ne2 (61). 2017 5



Structural and optical properties of copper oxide thin films prepared by novel “in situ CVD” method

900
800
700
n
s 600
=)
o
© 500
2
£ 400
8
RS
300
200 MMWMJ\NMWMWV
MM#WMMMM
100 wwﬁww A~ .«MW
oy A A Al - N |
1 . . " MRS | ) | MR e N | Mt e
0 \\\\\‘\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
31 40 50 60 70 8
2 Theta, degrees
W1 min W10 min [11/04-0836 (*) - Cu
W2 min W20 min
kA3 min [1]48-1548 (*) - CuO
W5 min [L177-0199 (C) - Cu20

Figure 1 — Results of X-ray diffraction patterns of copper oxides films synthesized
at 400C for different times in the air atmosphere

Figure 1 shows the diffractograms of films
synthesized in air at different times. It can be seen that
for the samples obtained after 2, 3 and 5 min, a phase
transition is observed twice. The first transition from
the CuO to Cu,O occurs in the narrow time interval
between 1 and 2 minutes of pyrolysis at 400°C.
A sample of 1 min had a monophasic structure. It
consisted of CuO phase only (the first two strongest
doublets). For samples 2 and 3 min, four peaks of
Cu,0 and traces (one peak) of CuCl are observed,
which are related to insufficient cleaning of the
film surface from the source powder residues. The
second transition from the Cu,O phase to the two-
phase form of CuO + Cu,O occured between 3 and
5 minutes of synthesis. On the sample 10 minutes
only a small amount of Cu,0 was observed. And,
finally, a sample synthesized in 20 minutes had a
monophasic CuO structure. Fig. 2, obtained from
the analysis of X-ray patterns, demonstrates the
change in the phase composition of these films. An
important result of X-ray spectra analysis is that in
films grown for 2 and 3 minutes there was no CuO
phase, in spite of the fact that all samples undergo a
one-minute annealing step, on which a CuO phase
is formed.

Our explanation of this phenomenon is based on
the possibility of creating thermodynamic conditions
for the transformation of copper (II) oxide into
copper (I) oxide in the process of continuous layer

growth under conditions of oxygen deficiency at the
interface between the film and the powder source. In
this case, oxygen atoms can be formed as a result of
the decomposition of copper (1) oxide molecules by
the reaction:

2Cu0 => Cu,0 +1/2 0,

Such a transformation is characteristic for
synthesis from powders of 200 and 300 mesh, while
at the same temperature for 100 mesh powders
monophasic CuO films are formed at any synthesis
times. The high rate of decomposition of copper
chloride from a powder source and the insufficiently
intensive diffusion of air oxygen into the reaction
zone ensures the formation of Cu,O layers at this
temperature and short synthesis times. Further
transition to a two-phase composition region and
then to a single-phase CuO is explained by the
depletion of the powder source by copper chloride,
which leads to a decrease in the rate of formation of
the oxide phase (as occurs at the initial stage of the
synthesis within 1 minute). The amount of oxygen
diffusing to the growth boundary becomes sufficient
for the oxidation of the previously formed Cu,0O
layer to CuO and for the further formation of CuO,
until the source is completely depleted. According
to the foregoing, copper oxide films at long growth
times should be monophasic CuO, which is observed
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experimentally. When the synthesis temperature
increases, the Cu,O phase forms in a shorter time.
Reduction of the synthesis temperature to 350°C
leads to the formation of monophasic CuO at any
times of heat treatment, since at low temperatures
the decomposition of copper chloride is less intense
and the concentration of diffusing air oxygen be-
comes sufficient for complete oxidation of copper.

400 C
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Figure 2 — Change in the phase composition of copper
oxides films synthesized at 400C for different times in an air
atmosphere

It is important to note that if at low times and
low synthesis temperatures oxide phases are formed
by surface reaction at the atomic level, then at high
temperatures and long times the formation of cop-
per (II) oxide occurs as a result of solid-phase reac-
tion in the already formed copper (I) oxide film with
transformation of a cubic structure of Cu,O into a
monoclinic structure of CuO. This process is not
spontaneous in nature and can proceed for a suffi-
ciently long period.

Based on the above-proposed phase transforma-
tion mechanism, a technique was developed for the
production of Cu,O films of optical quality with a
thickness of 10 nm to 1 um. Synthesis was carried
out under conditions of oxygen deficiency. A flow
quartz reactor was used for the experiments with an
argon-air mixture (70 vol% Ar). The blowing rate
was 4 cm?/s. The growth kinetics of the films are
shown in Fig. 3, where the thombic markers show
the film thickness as a function of the synthesis time
for 500 pm powder source thickness of and square
markers for 1 mm thickness. In both cases, the 100

ISSN 1563-0315

mesh fraction powders were used, and the tempera-
ture was 400°C.

It is seen from Fig. 3 that with a smaller thick-
ness of the powder source, the growth rate and the
thickness of the films synthesized in the interval
from 5 to 20 min are higher. This effect is explained
by the fact that with a smaller source thickness, air
oxygen diffusion to the substrate surface is faster
and oxidation of copper ions is intensified. At syn-
thesis times of 3-5 minutes, the thickness of Cu,O
films obtained from a thin source is only slightly
higher than the value for a thicker source with the
same slope of the curves, which is caused by tran-
sient processes associated with the initial heating
of the source to a predetermined temperature and
activation of the decomposition of copper chloride
throughout thickness of the source. Figure 4 shows
photographs of Cu,O films synthesized at 400C on
glass substrates measuring 24x24 mm? using the
procedure described in [9]. The synthesis was car-
ried out in an air atmosphere for 3 minutes from a
200 mesh 3mByk source (a) and in a flow system
with reduced oxygen content for 8 minutes from a
100 mesh powder source (b). In the first case, the
film thickness was 14 um. It is characterized by a
strong surface roughness indicating a high growth
rate under these conditions. The film obtained in the
second case showed high transparency, as evidenced
by photo (b), where the inscription located under the
substrate with the film has practically the same con-
trast with the uncovered areas. The film thickness in
this case was 400 nm.

600
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5 300

200 a

100 -——SSDL

0
0 5 10 15 20 25

Figure 3 — Dependence of Cu,O film thickness
on the synthesis time

The obtained samples of optically transparent
films were studied by X-ray phase analysis, Raman
scattering and atomic force microscopy.

X-ray study of the films was performed on an
automated diffractometer DRON-3 by using X-ray
radiation tube with a Cu anode. Mode of operation

Recent Contributions to Physics. Ne2 (61). 2017 7



Structural and optical properties of copper oxide thin films prepared by novel “in situ CVD” method

of the tube: 35 kV, 30 mA. Diffractograms were
recorded in the range of angles 26 = 4 — 80°, step
0,02°, with 1 s measurement time. Figures 5 and 6
show X-ray diffraction patterns obtained from films
synthesized under conditions of oxygen deficiency
at a temperature of 400°C for 2 and 4 minutes, re-
spectively.

(a)

Figure 4 — Samples of Cu,O films synthesized in air (a)
and in the argon-air atmosphere (b)
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Figure 5 — XRD pattern of Cu,O film synthesized in 2 min

Along with XRD studies, the phase composition
of films synthesized in an argon-oxygen medium
was identified by Raman scattering and atomic force
microscopy. Figure 7 shows the Raman spectrum
obtained from a film synthesized at 400°C for 10 min
under oxygen deficiency conditions. This spectrum
is identical to the spectrum of copper (I) oxide from
the mineral database RRUFF [10].

In Fig. 8 shown scans of 2x2 pum of the surface
area of the film synthesized at a temperature of 400°C
for 10 minutes. The height of the relief (a) in this case
was about 50 nm with uniformly distributed clusters
of the order of 200 nm, which makes it possible to
obtain optically transparent films of this material.

The spectra have a pronounced peak (111),
stronger for 4 min of synthesis, over which the
FWHM was calculated equal to 0.414° for 2
minutes and 0.419 for 4 minutes. These values of
the FWHM indicate a high degree of ordering of
the crystallites in the films. The cell parameters
were determined to be 4.2868A for 2 minutes
of growth and 4.2892 A for 4 minutes and the
crystallite size was 21.089 nm and 15.895 nm for 2
and 4 minutes, respectively. According to the Cu,0
database, the card number 78-2076 (ASTM base)
is a cubic cell with a parameter of 4.258A. For both
samples, the deviation from the standard is 0.0288
A or 0.67% for 2 min. And at 0.0312A or 0.73%
for 4 minutes. Thus, the peak (111) is shifted in the
diffractograms relative to the reference position,
which indicates the existence of a solid solution
containing a non-stoichiometric number of oxygen
and copper atoms.
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Figure 6 — XRD pattern of Cu,O film synthesized in 4 min

The size of the clusters determined from
the AFM measurements is much greater than
that calculated from the X-ray spectra using the
Scherrer formula, the applicability of which has
a dimensional limitation. Therefore, the results
obtained by the AFM method should be considered
reliable, especially since they agree with the
results of electron microscopic research. On the
scan (b) is shown the image of the same surface
area in the phase contrast mode. The presence
of decoration at the boundaries of clusters may
indicate the presence in the intercluster space of
another phase, in particular, of amorphous copper
oxide.
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Figure 7 — Raman spectrum of a sample of copper oxide synthesized in argon-air medium

am

3.1 1FPhaset

116

114

12

108

@

(©)

Figure 8 — AFM scan of the Cu,O film obtained at 400C for 10 min
(A) —relief, (b) — phase

An investigation of the optical transmission
spectra of samples synthesized using a 100 mesh
powder source under different temperature-
time regimes also showed that their composition
corresponds to copper (I) oxide. Figure 9 shows the
transmission spectra of Cu,O films characterized by
high transmission in the visible and near infrared

ISSN 1563-0315

regions of the spectrum (samples 1-3). The increase
in the growth time leads to a decrease in transmission,
mainly due to the growth of light scattering on the
surface relief (sample 4). The transmission spectra,
along with reflection spectra (not shown) were used
to determine the width of the forbidden band by a
film.
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Figure 9 — Transmission spectra of copper oxide samples
taken in the range from 185 to 3300 nm
1-500°C, 1 minute; 2 450°C, 2 min; 3-450°C, 5 minutes;
4 450°C, 20 min

For the films in Fig. 8, the values of the
forbidden band width were obtained: 1 min -3.00
eV, 2 min —3.00 eV, 5 min — 2.52 eV, 20 min — 2.54
eV. A slight increase in the Eg of the last film may
be due to the partial post-oxidation of Cu,O at large
synthesis intervals. The Eg values for films obtained
in 5 and 20 minutes are consistent with the literature
data [11]. At the same time, for 1 and 2 minutes of
growth, Eg had an abnormally high value, which

can be due to a violation of stoichiometry, as follows
from x-ray measurements.

Conclusions

A new method for obtaining thin copper oxide
films using an air or an argon-air atmosphere, called
«in situ CVDy, is proposed.

The performed studies have shown the
possibilities of the developed method for the
synthesis of copper oxide films over a wide range
of thicknesses using a copper chloride powdered
source at relatively low temperatures.

A mechanism is proposed for a mutual transition
from copper oxide (I) to copper (II) oxide and back,
taking into account the kinetics of copper chloride
decomposition processes and oxygen diffusion to
the substrate-growing interface.

The results obtained can be used in the
development of various sensors and optical filters.

The work was done under grant 3225/GF4 of the
Ministry of Education and Science of the Republic
of Kazakhstan «Development of a new economical
technology for obtaining coatings from copper oxide
of various functional purposes».
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