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PLASMA-ENHANCED THERMAL GROWTH OF COPPER OXIDE
NANOSTRUCTURES ON ANODE OF GLOW DISCHARGE SETUP

Plasma-enhanced growth of copper oxide nanostructures is widely explored in science and manufacturing,
since it provides the flexibility, productivity, and cost-effectiveness necessary to meet the growing demands of
customers. However, in the field of growth of metal oxide nanostructures, thermal methods still prevail in
plasma methods in spite of long production time up to ten hours. Radiofrequency and microwave plasma
sources were applied to grow CuO nanostructures, which are of high interest in various branches of industry,
and allowed obtaining a large variety of the nanostructures, and nanowires in particular. At that, high price of
the equipment limits the implementation of the results and urges to find cheaper plasma-enhanced method of
growth. For this purpose, a common glow discharge plasma setup was engaged to grow the nanostructures in
an oxygen atmosphere on surfaces of samples installed on the anode of the electric circuit designed to sustain
the glow discharge. An additional heater was mounted under the anode. The proposed combination allowed
conducting the growth process under conditions of the delivery of the necessary heat flux and removal the ex-
cessive ion flux that can destroy the growing nanostructures because of sputtering. In the first set of experi-
ments, the additional heater was not used, and the observed nanostructures were presented by grains (2D) of
about 370 nm in diameter and 80 nm in thickness. This structure is supposedly formed because of action of the
internal stresses in the oxide layer. After turning on the heater, the nanowires (1D) were the only nanostruc-
tures observed in the experiment, and since no nanowires were found in a case of heating the anode without

plasma ignition, one can consider the plasma as a factor determining the nanowire growth.
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Introduction

Metal oxide nanomaterials are considered as prom-
ising material in the scientific community due to their
outstanding size and morphology dependent properties.
Among the nanomaterials, copper (1) oxide nanostruc-
tures are the most studied; at that, 1D nanostructures
called nanowires, are of considerable interest. The rea-
sons are explained by their high surface-to-volume ratio
and perfect crystallinity, which were useful in catalysis
[1] and photocatalysis [2-4], field emission [5], optoe-
lectronics [6], gas sensing [7-9], and energy conversion
[10] application, to mention but a few. Among various
methods of synthesis [11], thermal growth appears to be
the most employed as it follows from the literature
analysis. Large number of experimental and theoretical
results is reported on this topic yet the growth mecha-
nisms are not clear up to now. Copper oxide nanowires
usually exhibit bi-crystalline structure with twin bound-
ary, however single crystalline nanowires have also
been reported [12]. At it follows from the reports, there
are different temperatures at which the nanowires grow,
but most commonly nanowires are grown between
400 °C and 700 °C [13] at atmospheric pressure.

A mechanism of the growth is another controver-
sial issue, and the only indisputable statement is about

the growth of the nanowires on their tops [14-16].
However, two main assumptions on copper diffusion to
the top prevail in the reports: (i) diffusion, where Cu
ions diffuse along the side surface of a nanowire [14]
and (ii) diffusion through twin boundary [15, 16]. The
later fact was observed by in-situ TEM study [16]. Con-
centration of oxygen in the surrounding gas phase was
also found to play a critical role in the growth, the opti-
mal concentration depends on the temperature in the
processing chamber. Initial roughness of the copper
substrate is another factor influencing the density of the
nanowire arrays [17] with higher densities of nanowires
grown on rougher surfaces.

Despite of the facts that thermal methods were the
tool to collect the abundant database on the nanowire
formation, high cost-efficiency and simplicity, their
practical implementation is limited by the treatment
time that usually reaches the values between 5 to 10
hours. The necessity to decrease the time lap in order to
increase the total productivity of the equipment urges
engineers and scientists to search other possibilities.
Chemical [18], thermo-chemical [19], and plasma-
enhanced [20] methods were developed as a result of
this search. Filipi¢ et al. reported [21] about the growth
of CuO nanowires in a reactor provided with inductively
coupled (ICP) plasma source, while Altaweel et al. suc-
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cessfully applied micro-afterglow of microwave (MW)
plasma for the purpose [22]. However, these technolo-
gies imply the necessity of using the expensive equip-
ment like ICP and MW plasma sources; the cost can be
as high as 20,000 euro per source. That is why the
search for the new methods of the nanowire growth is
still pressing.

Formulation of the problem

Plasma-based, or plasma-enhanced methods are
widely applied in modern industry to sputter, etch, mod-
ify a surface or deposit a layer of new material on it
[23]. High flexibility, productivity, and controllability
of these methods are explained by the high chemical
activity of a matter in plasma state, since plasma is
composed on ions, electrons, excited molecules, radicals
and other species. At that, unlike the matter in neutral
charge state, plasma can be a subject to electro-
magnetic control [24] to create wide or focused fluxes,
or control the ion-to-neutral ratio in the fluxes [25, 26].
The chemical activity is also enhanced by the function-
alization of the treated surface caused by ion bombard-
ment, when large number of defects like vacancies and
dislocations is generated on the surface and changes the
energies of adsorption of the species from the plasma, as
well as the energies of their diffusion and associa-
tion [27]. However, the ion bombardment causes also
the negative effects when dealing with the growth of
surface structures, since the defects are generated in the
lattice of the growing structure, and, generally, the
nanostructure can be wiped out by the ion flux.

That is why in this research the copper samples
were put on the anodic side of the electric circuit re-
sponsible for the glow discharge ignition. At that, the
anode was heated by use of a heater to provide the addi-
tional heat flux to the growing nanostructures. The main
idea was to combine the heat flux with the fluxes of
charged particles extracted from the remoted plasma
whose highest density region was located near the cath-
ode.

Experimental part

To perform the experiments on the growth of cop-
per oxide nanostructures, a plasma reactor utilizing the
glow discharge plasma was used. The diameters of the
anode and cathode were 20 mm, the discharge gap was
set to 16 mm. Copper samples with a diameter of 8 mm
and a height of 5 mm were put on the anode and ex-
posed to the action of plasma with ions passed a rela-
tively low anode voltage drop of a few volts. The elec-
trodes were installed in the cylindrical vacuum chamber
with the outer diameter 310 mm, inner diameter

300 mm, and height of 350 mm. The chamber was filled
with oxygen, and the pressure was maintained in the
range of 160 to 460 Pa. A schematic of the experimental
setup is shown in Fig. 1.
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Fig. 1. A schematic of the experimental setup

To ignite plasma, a negative potential of a few
hundred volts was supplied to the cathode, with respect
to the grounded anode and chamber walls. At that a
common glow discharge was set with a bright glow re-
gion near the cathode, and even faint plasma column
near the anode, as it is shown in Fig. 2.

Fig. 2. A photograph of the plasma discharge

The elements of the copper electrodes exposed to
the plasma, undergo quick oxidation exhibited by
changing their colour from red to black. After the plas-
ma oxidation, the samples were stayed in the chamber
for 30 min, and then were passed to the scanning elec-



Texnonozia eupodoHuymea nimanvHux anapamis

25

tron microscopy (SEM) to study the effect of the plasma
treatment to the surface of the sample.

Results and discussion

In the first set of experiments, the anode was not
heated additionally. Fig.3 shows SEM images of a
sample exposed for 1 h to the action of the glow dis-
charge maintained at the pressure of 240 Pa. The dis-
charge voltage and current were 590 V of 0.06 A, re-
spectively, and the discharge power was 36 W. In this
experiment, the nanostructure was presented by the
grains (2D) of about 370 nm in diameter and 80 nm in
thickness. This structure is supposedly formed as a re-
sult of the internal stresses in the oxide layer.
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Fig. 3. SEM image of a sample treated on anode for 1 h
in oxygen plasma (240 Pa, 590 V and 0.06 A).
Here the nanostructures are presented by the 2D grains
with the sizes of about 370x80 nm

During the next stage of the research, the second
set of experiments was conducted in the conditions
similar to those used before yet the anode was addition-
ally heated. For the purpose, a heater shown in Fig. 1
was used for the whole time of the plasma treatment.
The temperature of the sample measured at the ambient
air conditions without plasma action was 160 °C.
Fig. 4, a illustrates the results obtained for a sample
treated in plasma for 2 hours in oxygen maintained at
the pressure of 160 Pa. The glow discharge was sus-
tained at a voltage drop of 600 V between the elec-
trodes, and the discharge current of 0.06 A. The sample
was cooled at the same pressure for 30 min after the
plasma treatment.

As it can be seen, even at such low discharge pow-
er (36 W) the additional heating drastically changed the
growth process, since the nanowires (1D) are the only
nanostructures observed in the experiment (Fig. 4, b). It
should be mentioned that no nanowires were found in a

case of just heating the anode without plasma ignition,
so one can consider the plasma as a factor determining
the nanowire growth.

Fig. 4. SEM images of a sample treated on a heated
anode for 2 h in oxygen plasma (160 Pa, 600 V
and 0.06 A): a — copper oxide bubbles covered by 1D
nanowires; b — magnified view of the nanowires
showing their sizes of about 1 um in length
and 100 nm in diameter

Next sample studied by use of SEM (Fig. 5) was
additionally heated during the plasma treatment for
30 min (the temperature of the sample measured prelim-
inary in ambient air was 160 °). The voltage drop and
the discharge current were 600 V and 0.1 A, respective-
ly, at the oxygen pressure of 460 Pa.

In this experiment, the additional resistive heating
also resulted in formation of short nanowires while they
were not observed at the same heating mode without
plasma (Fig. 5, a). Thus, the plasma treatment with the
discharge power of 60 W is beneficial for the nanowire
growth. A cylindrical shape and small length of the
nanowires speaks in favour of this conclusion, since the
thermally-grown nanowires usually exhibit the shape of
the uniformly long and thin needles, or relatively short
nanocones. The magnified view demonstrates rather



26 . ISSN 1727-7337 (print)
ABIAIIMHO-KOCMIYHA TEXHIKA I TEXHOJIOT'ISI, 2021, Ne 6(176)  ISSN 2663-2217 (online)

short nanowires of 1 um in length and 150 nm in diame- The same conditions were applied for the next
ter, as shown in Fig. 5, b. SEM observation confirm that ~ sample (30 min, additional heating of the anode, 600 V)
the area of the buckling of the copper oxide promotes  Yet at the decreased oxygen pressure of 300 Pa, which
the growth of the nanowires (Fig. 5, ¢). Although the  resulted in the current decrease to 0.065 A. The mor-
nanowires are not long, their density is large — of about ~ phology of the surface structures is shown in Fig. 6.

20 um?2,
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Fig. 6. SEM images of a sample treated on a heated
anode for 30 min in oxygen plasma (300 Pa, 600 V
and 0.065 A): a — CuO nanowires grown on the treated
surface; b — grass-like dense array of the nanowires;
¢ —magnified view of the nanowires with a length
of about 2 um and diameter of about 60 nm; the density
of the nanowires is about 10 um2

Fig. 5. SEM images of a sample treated on a heated
anode for 30 min in oxygen plasma (460 Pa, 600 V
and 0.1 A): a — nanowires of CuO grown on the surface;
b — magnified view of the nanowires with a length
of 1 um and diameter of 150 nm; ¢ — abundant yield
of the nanowires with the density of about 20 um2
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At that the nanowires found on the surface
(Fig. 6, a) are also produced in a large number yet their
appearance more corresponds to the thermally-grown
nanostructures (Fig. 6, b), since their average length
reaches the value of 2 um at the diameter of 100-
200 nm. Among them, even thinner nanowires can be
observed as it is shown in magnified view of the nan-
owires with a length of about 2 um and diameter of
about 60 nm; the density of the nanowires is about
10 pm (Fig. 6, c).

Application perspectives

Up to now, the density of arrays of copper oxide
nanowires grown in plasma, was reported to be about
1 um?. At that, rather expensive equipment was em-
ployed like inductively coupled or microwave plasma
sources. In this study the density of the arrays reached
the value of about 20 um, so it increased by 20 times,
and the applied technique, namely glow discharge plas-
ma setup, can be considered as very cost-efficient solu-
tion. By taking into account the fact that the glow dis-
charge implies an even distribution of plasma along a
treated surface, its possible application is beyond any
doubts. However, an introduction of a magnetic field in
the discharge gap can be beneficial in obtaining a sepa-
rate control of the discharge current and voltage, which,
in turn, can expand the application perspectives of the
proposed method.

Conclusions

In this paper a method to grow an abundant yield
of copper oxide nanowires is reported. Plasma-enhanced
thermal growth of the nanowires on samples mounted
on an anode of a glow discharge plasma setup proved to
be a reliable, flexible and highly productive tool to in-
crease the productivity of the growth process by about
10 times, as compared with common thermal method
where the duration of the process is about 5 to 10 hours.
In addition, the density of the nanowires on the sample
surfaces was twenty-fold increased with respect to the
results shown by use of radiofrequency and microwave
discharges.
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CTUMYJBOBAHE IIVIASMOIO TEPMIYHE 3POCTAHHA HAHOCTPYKTYP OKCHUY MIJI
HA AHOAI IPUCTPOIO JIA TJITIOYOI'O PO3PSAAY

A. O. Bpeyc, C. JI. Abawmun, 1. M. J/Iykawos, 0. JI. Cepoiwx, O. O. bapanos

3pocTaHHsI HAHOCTPYKTYP OKCHJY Mifli 32 IOTIOMOTOIO TUIa3MH IIMPOKO JOCITI/PKYETHCS B HAyIli Ta BUPOOHUII-
TBI, OCKUJIbKM BOHO 3a0e3Ieuy€e THy4KiCThb, IPOJIYKTHBHICTh Ta €KOHOMIYHY e(peKTUBHICTb, HEOOXiHI AJIsI 338710BO-
JICHHS 3pPOCTA0UMX 3aluTiB KIi€HTiB. [IpoTe B 0ONACTI BHPOIIYBaHHS HAHOCTPYKTYP OKCHIIB METaJiB TEPMidHi
METOJM BCE IIle TePEeBaXKAIOTh HaJl TUNIA3MOBHUMHM, HE3Ba)XKAalOUM Ha Ty)Ke TPUBAIMH Yac BUPOOHHUITBA — JIO AECITH
roauH. PagiouacToTHI Ta MIKpOXBHJIBOBI JUKepena Iula3MHu OyJiM 3aCTOCOBaHI JJISi BHPOILYBAaHHS HaHOCTPYKTYP
CuO, sKi IpeaCTaBISIOTh BEJIUKHUI 1HTEPEC Y Pi3HUX Taly3sX MPOMHUCIOBOCTI, Ta JO3BOJIMIN OTPUMATH BEJIHKY pi3-
HOMaHITHICTh HAHOCTPYKTYp, 30KpeMa HaHoIpoTiB. [Ipn 1iboMy BucoKa IiiHa 00naaHaHHs 00MeKye BIPOBAKEHHS
Pe3yNBTATIB 1 CIIOHYKAE JI0 MOMIYKY JICIIEBIIOro IIa3MOBOIO METOAY BHUpOIIyBaHHsA. B poOori Oyna 3amisHa 3BH-
YaifHa IJIa3MOBa YCTAaHOBKA TIHIOYOTO PO3PSAY AJIS BHPOIILYBAaHHS HAHOCTPYKTYpP B aTMocdepi KHUCHIO Ha TTOBEpX-
HSX 3pa3KiB, BCTAHOBJICHMX HAa aHOJI €IEKTPHUYHOTO KOJa, MPH3HAYEHOTO JJIS MATPUMKH TIIii09oro po3psry. Ilin
aHoJIoM OyB BCTaHOBJICHHI JTOJIaTKOBHUI HarpiBad. 3amporoHOoBaHa KOMOiHAIliS T03BOJIMIIA TPOBOJAMUTH MIPOIIEC POC-
Ty 32 YMOBH IIOCTa4aHHs HEOOXITHOTO TEIUIOBOTO IMOTOKY Ta BUJIAJIICHHS HAJJIHMIIKOBOTO IMOTOKY 1OHIB, KU MOXe
pyWHYBaTH 3pOCTal0di HAHOCTPYKTYPH B Pe3yJbTaTi pO3MWICHHS. Y TEpIIil cepii eKCIIepUMEeHTIB JOJaTKOBUH Ha-
rpiBad HE BHKOPHUCTOBYBABCS, a CIIOCTEPEKyBaHI HAHOCTPYKTYypH Oynm mpejacTaBieHi 3epHamu (2D) miamerpom
6mm3pko 370 HM 1 ToBHMHOIO 80 HM. IMOBIpHO, LIl CTPYKTypa YTBOPIOETHCS B PE3YJIbTATI Jii BHYTPIIIHIX Hampy-
XKeHb B okcuaHoMmy mapi. [Ticns BkiroueHHs HarpiBada HaHonpotu (1D) Oynu €IMHMMH HaHOCTPYKTYpaMmH, sIKi
CHOCTEpIirajucsi B eKCIepUMEHTI, i OCKUIbKM HaHOAPOTH He OyiM 3HaiiJieHi Yy BUIIAJKy NTPOCTOrO HarpiBaHHS aHOJA
0e3 IIa3MOBOT'0 3aNIOBAaHHSI, MOJKHA PO3IIIAIATH IUIa3My SIK (JaKkTop, 10 BU3HAYA€ 3POCTAHHS HAHOAPOTY.

KarouoBi ciioBa: ruazma; Tiitounii po3ps; OKCHJ Mijli; HAHOTEXHOJIOTis; OKCHJIHI HAHOCTPYKTYPH.
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CTUMYJIMPOBAHHBI II1A3MO#M POCT HAHOCTPYKTYP OKCHJIA MEJIU
HA AHOJIE YCTPOMCTBA J1J151 TJIEIOLLETO PA3PSIIA

A. A. bpeyc, C. JI. Abawun, H. H. Jlykawes, A. JI. Cepoiok, O. O. bapanos

PocT HaHOCTPYKTYp OKCHAA MEIM C MOMOIIBIO IUIA3Mbl IIMPOKO HCCIEAYETCs B HAyKe U NPOHM3BOJICTBE, II0-
CKOJIBKY OH 00€ecCIieunBaeT THOKOCTh, IPOU3BOAUTEILHOCTD H SKOHOMUYECKYO 3P PEeKTHBHOCTD, HEOOXOIUMBIE IS
YIOBJICTBOPEHUS PACTYIIUX IOTpeOHOCTEll KiMeHToB. OfHAKO B 00JIACTH BHIPAIMBAHUS HAHOCTPYKTYD OKCHIOB
METaJUIOB TEPMHYECKIE METOBI BCe elle peolialafoT Hal INIa3MEeHHBIMH, HECMOTPSI Ha OYEHb JI0JIT0€ BpeMs IIPo-
M3BOACTBA — JI0 IECATH 4acoB. PagrodacTOTHEIE H MHUKPOBOJIHOBBIC HCTOYHUKH IUIa3MbI OBUTH PUMEHEHBI VIS BBI-
pamuBaHus HaHOCTPYKTYp CuO, KOTOpBIE NMPECTaBISIOT OOJIBIIONW MHTEPEC B PA3IMYHBIX OTPACISX IPOMBIIUICH-
HOCTH W TO3BOJIMJIM IOJYYHUTh HIMPOKUH CIIEKTP HAHOCTPYKTYP, B YACTHOCTH HAHOIPOBOJOKY. [Ipy 3TOM BBICOKast
LeHa o0oOpyIOoBaHUSI OTPaHMYMBACT BHEIpPEHHE pPe3y/IbTaToB M MOOYXJaeT McKaTh Oojee JeIIeBbIH I1a3MEeHHbIH
MeToJ BhIpaliuBaHus. B pabote ucnosp3oBaack 00bIYHAs MIa3MEHHAsl yCTAaHOBKA TIICIOIIETrO pas3psijia Ui BbIpa-
LIMBaHMs HAHOCTPYKTYP B aTMOc(epe KHCIopo/ia Ha MMOBEPXHOCTIX 00pa3loB, YCTAHOBIICHHBIX Ha aHOJE AJIEKTPH-
YeCKOW Ieru, MpeAHa3HauYeHHON JUIs NoAJiepKaHus Tuerolero paspsizaa. [log anoqom ObLT yCTaHOBIICH JOTOJIHU-
TeNbHBINA o0orpeBaTenb. I[IpemnokeHHas KOMOMHAIMS TO3BOJIMIIA NIPOBECTU TIPOLECC POCTA MPU YCIOBHHU IOJAYH
HEO0XOJMMOT0 TEIUIOBOTO MOTOKA M yIAlIeHHS H30BITOYHOTO MOTOKA HOHOB, CHOCOOHOTO paspylINTh PacTyIHE
HAaHOCTPYKTYPHI B pe3yJbTaTe paclbUICHHSA. B NepBoil cepuH SKCIEpUMEHTOB TOIOJHHUTEIBHBIA HAarpeBaTeNlb He
UCIIONB30BAJICS, U HaOI0JaeMble HAHOCTPYKTYPBI OBLIH MpencTaBieHsl 3epHamu (2D) nuamerpom okono 370 HM u
tonmuHoi 80 HM. [Ipeanonaraercs, 4To 3Ta CTpyKTypa o0pasyercs B pe3ylbTaTe ACHCTBHS BHYTPEHHUX HaIpsDKe-
HHUI B OKCHIHOM cioe. [locie BKIFOYEeHUs HarpeBaTelss HaHONPOBOJIoKkH (1D) ObUIM eIMHCTBEHHBIMU HAHOCTPYKTY-
pamu, HaOJIIOAaeMBIMH B DKCIIEPUMEHTE, U, IOCKOJIBbKY HAHOIIPOBOJIOKK HE ObUTH OOHapy>KEHbI B CIIydae IpPOCTOTO
Harpesa aHoJa 0e3 moJAep kaHus MIa3Mbl, MOXKHO PacCMaTPHUBaTh IJIa3My Kak (JaKTop, ONpeies oMUl poCcT HaHO-
HPOBOJIOKH.

KoaroueBble ciioBa: miasma; TICIOIIUI pa3psil; OKCUIl MEAH; HAHOTEXHOJIOTHSI; OKCHUHBIE HAHOCTPYKTYPBHI.
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