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FORMATION AND MORPHOLOGY
OF Cu NANOFILMS USING DC AND RF
MODES OF A MAGNETRON SPUTTERING DEVICE

In this paper, we provide detailed information on the mechanism of formation of thin cop-
per films in different modes of magnetron sputtering on the surface of single-crystal silicon
by the solid-phase ion-plasma method. The dependence of the sputtering rate of Cu/Si films
obtained by the direct current magnetron method and the radio frequency magnetron method
on the sputtering time and the distance between the target and the substrate was studied. The
surface morphology and electrophysical properties of thin copper films were analyzed. At a dis-
tance between the base and the target of 90 mm, the sputtering rate had a mazimum value
of 21 A/sec. Polycrystalline films with a thickness of 90 nm and 110 nm were formed in the
DCMS and RFMS modes in 2.5 minute. It was found that the DCMS mode is the optimal
method for forming polycrystalline copper films. The REMS mode can be used to form copper
silicide films. These studies will serve as a basis for the formation of copper nanofilms used in
the field of nanoelectronics in the future.
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1. Introduction

At present, the physical properties of nanoscale films
and their alloys are of great interest, because the

Citation: Dovranov K.T., Abrayeva S.T., Yorqulov R.M.,
Mustafoeva N.M., Buzrukov T.O., Jurayeva Sh.A., Ami-
nov A.A. Formation and morphology of Cu nanofilms using
DC and RF modes of a magnetron sputtering device. Ukr.
J. Phys. 71, No. 1, 65 (2026). https://doi.org/10.15407/
ujpe71.1.65.

© Publisher PH “Akademperiodyka” of the NAS of Ukraine,
2026. This is an open access article under the CC BY-NC-ND li-
cense (https://creativecommons.org/licenses/by-nc-nd/4.0/)

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 1

interconnection of electronic devices plays a leading
role in the future of nanotechnology. Among some of
the properties, the electrical resistance of nanoscale
metal films can be highlighted, which mainly depends
on the thickness and preparation conditions [1, 2]. In
particular, metal alloys are of great importance for
industrial applications due to their high corrosion
resistance and mechanical properties [3]. The effect
of film thickness and substrate temperature on the
electrical and structural properties of copper films
deposited by DC magnetron sputtering, as well as
the effect of sputtering power and deposition pres-
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sure on the surface morphology have been reported in
the literature [4]. The results show that the electrical
and structural properties of copper films are gener-
ally improved with an increase in the film thickness
and substrate temperature during the deposition pro-
cess. Regarding the dependence of deposition power
and deposition pressure, higher sputtering power and
lower deposition pressure develop the microstructure
of Cu films. In this research work, we will investi-
gated the effect of argon pressure in DC magnetron
sputtering on the crystal size of copper thin films de-
posited on p-type silicon (Si) substrate at room tem-
perature. Furthermore, we discuss the conductivity of
Cu film depending on Ar pressure in this paper. The
effect of Ar pressure on the growth of Cu films on
glass substrates has been reported recently, and this
paper [4] focuses on the effect of Ar pressure on Cu
thin films deposited on silicon substrates.

High-power  pulsed  magnetron  sputtering
(HiPIMS), radio frequency magnetron sputtering
(RFMS), and direct current magnetron sputtering
(DCMS) are solid-phase ionized plasma physical
vapor deposition (PVD) methods [5-8]. Although the
use of high pulsed ion current provides the desired
film properties, one of its major drawbacks is that
it typically has a lower deposition rate than RF and
non-reactive DCMS. This is because the sputtered
ions return to the target [9]. It has been previously
reported that, for copper targets, this decrease in
the deposition rate is in the interval of 25-65%
[10-12]. The deposition rate of DCMS is significantly
higher than that of HIPIMS. In addition, as the power
increases, the voltage must be increased. The weak-
ened magnetic “trap” of the magnetron is located far
from the ionization zone of the target. As the voltage
increases, the potential difference for ion extraction
also increases, making manipulation of the magnetic
“trap” ineffective. If the ion ionization is high, more
energy is required to escape from this “trap”, resulting
in a decrease in the deposition rate. In this study,
we used three different methods to determine the
copper ion deposition rate. First, the film thickness
was determined by measuring the difference in the
initial and subsequent mass of the substrate. The
second was measured using an Inficon SL-AQE00
quartz sensor (measurement accuracy 0.1) placed in
a magnetron sputtering chamber and monitored on
its monitor. Film thickness was measured using SEM
to improve the accuracy of the obtained samples.
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2. Preparation of Samples

Thin Cu films were deposited on the surface of a
Si(111) single crystal from a copper target using the
solid-phase ion-plasma method. The pressure in the
sample deposition chamber was 1 x 10~° Torr. The
purity of the copper badges was 99.9999%, the di-
ameter was 76.2 mm. The bases can be heated at
room temperature to 400 °C. Ar (99.9%) was used as
a working gas. The surface morphology of the films
was studied using an Olympus LEXTTMOLS5100
laser confocal microscope. Due to its advanced optical
components, this microscope provides high-quality
three-dimensional imaging, as well as fast and accu-
rate measurements of surface shape and morphology
at the submicron level. The thickness and elemental
composition of the samples were measured using a
SEC ALPHA scanning electron microscope. This mi-
croscope is a scientific scanning electron microscope
with SE and BSE detectors, equipped with an EDS
system from Oxford Instruments. The influence of de-
position rate, thickness, sputtering current, deposi-
tion time and target-substrate distance on the ob-
tained films was studied.

3. Results and Their Discussion

The deposition rate of copper films obtained by dif-
ferent sputtering methods is shown in Fig. 1. The de-
position rate of copper atoms was determined using
a radio-frequency magnetron sputtering setup with a
pulse current mode of D = 70% and a frequency of
100 kHz. A parabolic change in the immersion rate
is observed as the distance between the target and
the base increases. The distance between the target
and the substrate is equal to the maximum deposition
rate of 80 A/sec at d = 88 mm. The RFMS depo-
sition rate varies depending on the distance between
the substrate and the target and is used in the forma-
tion of thin films of copper silicide. It can be seen that
the deposition rate of Cu ions from a copper target
by the direct current magnetron sputtering method
is almost the same in a wide interval from 33 mm to
142 mm (Fig. 1). At the same time, the data on the
deposition rate of a copper target as a result of high-
power pulsed magnetron deposition are presented in
the work of Jake McLane [13] and others, and the dis-
tance between the substrate and the target is 6.2 cm
and 12 cm, the rate is constant and equal to 42 A /sec
(Fig. 2).
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A comparison of the current-voltage curves for the
standard magnet stack and the linear triple magnet
stack is shown in Fig. 3. The n = 6 configuration pa-
rameter is seen for the standard magnet stack, which
is in the typical range [14]. The linear tripack has
n = 3 configuration parameters, which is less than
the standard magnet array, which is a desirable de-
sign feature since more electrons are required to es-
cape the magnetic “trap”. It can be seen that the HiP-
IMS increases rapidly with increasing voltage due to
ion trapping. It was observed that at the top of the
current-voltage curve there is a current limitation up
to the average current limitation of the power sup-
ply [13].

Copper and copper silicide thin films of different
thickness were deposited on a single-crystal silicon
substrate by direct current and reactive frequency
pulsed magnetron sputtering using a pure copper
target in the presence of argon. The morphology of
the films formed in different modes was studied by
atomic force microscopy, electrical properties by four-
point probe measurements, and the effect of silicide
film formation with increasing thickness was stud-
ied by X-ray diffraction, respectively. The structural
and electrical properties of the Cu films were sys-
tematically investigated as a function of temperature
and substrate condition, showing that both param-
eters strongly affect the properties of the Cu thin
films. Significant changes in the surface morphology
of the films were also observed, caused by the film
growth mechanism due to the change in film thick-
ness. The promising physical properties of the cop-
per thin films indicate their application in contact
parts of thin-film solar cells and similar optoelec-
tronic devices. Copper nanofilms of different thick-
ness were formed by magnetron sputtering for 2.5
minutes at 250 °C in a vacuum of 10~° Torr using the
DCMS and RFMS methods. It showed that a 110 nm
thick copper nanofilm was formed in the radio fre-
quency mode, and a 90 nm thick copper nanofilm
was formed in the direct current mode (Figs. 4 and
5). The SEM analysis showed that the DCMS mode
produced higher quality nanofilms than the RFMS
mode. The energy dispersive spectrum results for this
sample (Fig. 6) confirm that a Cu nanofilm was de-
posited on the silicon surface. The SEM results are
shown in Table for the percentage of atomic number
and mass of copper nanofilms formed on the silicon
surface.
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Fig. 1. Dependence of the copper target pollination rate ob-
tained by different methods on the distance from the base to
the target
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Fig. 2. Dependence of sputtering time on sputtering rate in
different modes of magnetron sputtering
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Fig. 3. Current-voltage curves of the standard and linear
triple magnetron sputtering methods [13]

Elemental composition of Cu/Si nanofilm

Element mass. % o, mass.% atom. %

Si 0.34 0.02 0.76

Cu 99.66 0.02 99.24

Summa 100.00 100.00
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Fig. 4. SEM image of copper nanofilm formed by RFMS method
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Fig. 5. SEM image of copper nanofilm formed by DCMS
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Fig. 6. Energy-dispersive spectrum of Cu/Si nanofilm
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Fig. 7. 2D and 3D images of a Cu/Si (111) thin film
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Fig. 8. Cu/Si film morphology measured by AFM. Texture, waviness and roughness

The surface morphology of the film obtained by
magnetron sputtering with variable reactive fre-
quency was studied. Figure 7 shows 2D and 3D im-
ages. It was found that a 110 nm thick Cu film was
formed on the Si(111) surface as a result of constant
power magnetron sputtering for 2.5 minutes. As a re-
sult of studying the morphology of the Cu/Si(111)
film, it was found that its surface texture, wavi-
ness and roughness, are compatible with each other
(Fig. 8).

AFM study of copper samples (10 x 12 ym) clearly
showed that their surface morphology is strongly af-
fected by the dependence of the magnetron sputter-
ing mode. AFM images show that amorphous cop-
per films are formed after radio frequency magnetron
sputtering for 2.5 minute, which is consistent with
the XRD results. Polycrystalline copper films were

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 1

! .
*
8 . - 3. DC mode (Ar-95%, U=252 V, 1=479 mA)
“ weeee REF mode (D=70%, £=100 kHz)
. \
- ¥
g 6 e
g "'~._.\\
E R
> 4 “y
£ N
2 5
ﬁ 2 s \\0..
*~a - -‘-——'-u*-‘—
0 >
10 20 30 40 50 60 70
Thickness (nm)
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Fig. 10. Dependence of sputtering power on the thickness of
the copper film formed in the constant current mode of the
magnetron sputtering device

uniformly formed on the silicon surface after direct
pulsed magnetron sputtering for 2.5 minute. The for-
mation of films on the Si(111) surface by magnetron
sputtering from a copper target by different meth-
ods is evidenced by the fact that it also depends to a
sufficient extent on the substrate heating mode.

The dependence of the formed copper nanofilms
on the film thickness was studied (Fig. 9). It was
found that the specific resistance of Cu nanofilms
in the DCMS mode does not change from 50 nm
(Fig. 10). The dependence of the specific resis-
tance of a thin Cu/Si (111) film on the sputter-
ing power is shown. p = 2 pOhm - cm =const, P =
= 2.8 Vt/cm?. The DCMS and RFMS methods are
effective methods for the manufacture of integrated
circuits, microsystems and multilayer materials. In-
tegrated circuits are used in almost all electronic de-
vices. These methods have many advantages: high
deposition rate, high purity and homogeneity of the
resulting films, high viscosity and high accuracy
of thickness or grain size control of the resulting
films. The main objective of this study is to deter-
mine the influence of various parameters of the cop-
per metallization process on the parameters that have
decisive consequences in electronic applications.

4. Conclusion

In this work, the formation of copper thin films from
a copper target on the surface of monocrystalline
silicon using radiofrequency and constant modes of
the magnetron sputtering device, as well as the
dependence of the sputtering rate on the distance
between the target and the substrate, are investi-
gated. At a distance between the base and the tar-
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get of 90 mm, the sputtering rate had a maximum
value of 21 A /sec. Polycrystalline films with a thick-
ness of 90 nm, 110 nm are formed in 2.5-minute
DCMS and RFMS modes. It is found that the DCMS
mode is the optimal method for the formation of poly-
crystalline copper films. The surface morphology and
electrophysical properties of copper thin films are an-
alyzed. The RFMS mode can be used in the formation
of copper silicide films. These studies will serve as a
basis for the formation of copper nanofilms used in
the field of nanoelectronics in the future.
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BUTI'OTOBJIEHHA TA MOP®OJIOT'TA MIJTHIUX
HAHOII/IIBOK 3 BUKOPUCTAHHAM ITPUJIA/IIB
HA TTIOCTIMHOMY CTPYMI TA PAJTIOYACTOTAX
AJ19 MATHETPOHHOT'O PO3IIUJIEHHA

Hapnaerbcss nerasnbHa indopMalisi mpo MexaHi3M CTBOPEHHS
roukux (90 Ta 110 HM) MizHMUX IUIBOK Ha IIOBEPXHI MOHO-
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KPHCTaJIa KPEMHIIO B DI3HUX MOJaX MarHeTPOHHOI'O HAIIMJIEHHS
TBepA0da3HUM 10HHO-IIJIA3MOBUM MeTomoM. JlocizKeHo 3ate-
>KHiCTh mBHAKOCTI HammieHHs mwiiBok Cu/Si, orpumannx Ma-
THETPOHHUM METOJIOM ITOCTIHOTO CTPYMY Ta PaJiio49acTOTHUM
MarHeTPOHHUM METOJIOM, BiJl 4acy HaIMJIEHHs Ta BiacTaHi Mix
MillleHHIO Ta mijaKaaauakoio. [IpoanasizoBano MopdoJIoriio 1mo-
BEPXHI Ta eJIeKTPOdi3nYHI BJIACTUBOCTI TOHKUX MiIHUX ILTIBOK.
st BizicTasi Mi2k OCHOBOIO Ta MilteHHI0, piBHOKO 90 MM, IIBUI-
KiCTh HaIlMJIEHHS MaJla MaKCHMaJibHe 3HaueHHd 21 A/C ITouri-
KpucraaivHi Bk ToBmmHO© 90 HM Ta 110 HM 6yiiu cdhopmo-
Baui B pexkumax DCMS ta RFMS 3a 2,5 xpununau. Busasieno,
o pexkxum DCMS € onrumasbHIM MeTOZOM sl POPMYBAHHST
nosikpucrasiivaux Migawmx miaisBok. Pexxum RFMS moxe 6yTu
BUKOPUCTAHUH Jij1s1 pOpMyBaHHs IIIBOK cuinumay Miai. IIi go-
CJILIPKEHHSI CIIyT'yBaTUMYTh OCHOBOIO IJIsi (POPMYBAHHS MiZHIX
HaHOILIIBOK, 1110 BUKOPUCTOBYIOTHCSI B rajly3i HAHOEJIEKTPOHIKN

B MaiibyTHBOMY.
Kawwosi nocTiftHuit

CcA06a: MAarHeTpOHHE HAIWUJICHHHA,

CTPYM, paJiiodacTora, Mi/iHI HAHOILIIBKH.
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