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Results of studies by Raman spectroscopy of the structural features of carbon films obtained by elec-
tron-beam physical vapor deposition (EB-PVD) of graphite vapor flow depending on the substrate material
(Cu, Al, Ni) and the deposition time are described in this paper. Different carbon microstructures are effec-
tively formed in a wide range of conditions, therefore, various methods and approaches are used in their
synthesis. A feature of the method used by the authors for obtaining carbon films is a significant (by an or-
der) intensification of the evaporation process of graphite by using an intermediate bath of molten tung-
sten. Molten tungsten has higher temperature and lower vapor elasticity compared to carbon and provides
an intense and uniform carbon vapor flow. Above the crucible from which carbon evaporates, tungsten
plates are placed, which serve as a reflector of the vapor flow oriented in a plane at an angle of 45°, that
ensure maximum reflection of evaporated carbon on foil substrates made of different materials (Ni, Cu and
Al). The substrate material has a significant influence on the phase composition and structure of the de-
posited carbon films. The Raman spectra of carbon films deposited on aluminum and copper substrates are
similar, and the structural parameters of the resulting carbon films do not differ significantly depending
on the substrate material. Among the analyzed carbon films, the most advanced with the least number of
structural defects are the films obtained by deposition of the vapor flow on nickel substrates. The results of
the study confirm the possibility of graphene obtaining by EB-PVD of graphite evaporation through an in-
termediate bath of molten tungsten and subsequent condensation of the reflected flow on substrates made
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1. INTRODUCTION

In recent years, significant progress has been made
in the study and practical application of nanostructures,
in particular graphene, which provides a basis for a
deep understanding of the properties of the full range of
nanostructured carbon materials and composites with
their content. Today, graphene is one of the most prom-
ising materials in modern nanoelectronics [1]. The pro-
spects of its use for solar cells, supercapacitors, optoe-
lectronic devices, bio-sensors, SERS substrates and
nanofluids have already been demonstrated. Its funda-
mental properties are radically different from 3D mate-
rials [2]. The properties of graphene may differ depend-
ing on the method of its production, because it changes
the size of graphene flakes, the number of vacancies,
marginal and other defects. Beside this, the properties
of graphene are significantly affected by the character-
istics of the substrate [3] on which it was deposited.

Nowadays, in most cases, graphene is obtained by
methods of intercalation of graphite, CVD-epitaxial,
graphitization of SiC at high temperature, and others.
These methods currently do not guarantee to obtain a
material with a predetermined number of defects and
sizes, which is necessary for the use of graphene in the
manufacture of nano- and optoelectronic devices.
Therefore, the search, development and implementa-
tion of effective methods for obtaining graphene and
thin films based on it is currently an urgent scientific
and technological task.
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Widespread practical application of electron-beam
physical vapor deposition (EB-PVD) is primarily due to
the relatively high productivity of the processes and
opens up prospects for obtaining carbon materials with
different micro- (nano-) crystalline structure [4].

Raman spectroscopy has proven to be an effective
method for diagnosing carbon structures (graphite,
fullerenes, carbon nanotubes, carbine, diamond, gra-
phene) [3]. For each of these materials, there are char-
acteristic bands in the Raman spectrum, and the
shape, frequency and intensity of such bands allow
them to be quantified (Fig. 1) [6].

The use of Raman spectroscopy for the diagnosis of
carbon structures during their cultivation allows to
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Fig. 1 - Raman spectra of different carbon structures [6]
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control the formation of a modification or their mix-
tures and to analyze the influence of technological pa-
rameters on their properties.

2. EXPERIMENTAL

The aim of this work is to determine the effect of
the substrate material on the properties of carbon films
obtained by EB-PVD method. The paper presents the
results of research by Raman spectroscopy of carbon
films obtained by electron beam deposition of carbon on
Cu, Al and Ni substrates.

Since EB-epitaxy was used to grow graphene and
carbon films, a feature of our deposition method was
evaporation of graphite through a molten tungsten
bath. The presence of a tungsten melt with a lower va-
por pressure than carbon has provided an intense and
uniform vapor flow of carbon.

Carbon films for this research were formed by the
method of electron beam evaporation of carbon through
molten tungsten in vacuum and followed by condensa-
tion of the reflected vapor flow using a tungsten screen
[4]. For this purpose, MG-1 commercial graphite was
evaporated by an electron beam with a power of
24.2 kW, vacuum in the technological chamber during
deposition was (6-9)-10 -2 Pa. Cu, Al and Ni foils with a
size of 250 x 25 x 0.1 mm were used as substrates.
Technological time (duration) of formation of carbon
films was, respectively, 180 s (G1), 18 s (G2) and 2 s (G3).

The formed carbon films were examined by Raman
spectroscopy in a laboratory facility, which is a double
monochromator "DFS-52" equipped with a CCD camera
"Andor" for recording spectra and a microscope. To ob-
tain the spectrum, the radiation of a solid-state laser
with diode pumping (DPSS) of the visible (blue) spec-
tral range of coherent radiation (with a length of
457 nm) was used. The geometry of the experiment was
constructed in such a way that the exciting and scat-
tered laser radiation focused on the carbon films was
collected by a single lens.

3. RESULTS AND DISCUSSION

Fig. 3 shows the Raman spectra of carbon films de-
posited at different modes (G1, G2, G3) on Al, Cu and
Ni substrates, respectively, depending on the time of
their deposition.

To determine the parameters of individual bands,
the obtained experimental Raman spectra were decom-
posed into Gaussian components In/lg, and the average
sizes of nanocrystals in the carbon films were estimat-
ed. The obtained values are given in Table 1.

Table 1 — Structure parameters of the obtained carbon films

®D I' WG Ia
o o o | I/le | Bolle
cm cm cm cm

Gl Cu | 1356 | 127 | 1595 | 67 | 1.85 | 0.43 | 5.6
G1_Ni | 1352 46 1583 | 61 | 1.12 | 0.98 | 9.3
G1 Al | 1365 | 192 | 1590 | 90 | 1.563 | 0.43 | 6.8
G2_Cu | 1367 | 203 | 1588 | 109 | 1.36 | 0.66 | 7.6
G2_Ni | 1355 47 1589 | 71 | 0.59 | 1.13 | 17.6
G2_Al | 1368 | 241 | 1578 | 125 | 1.32 | 0.68 | 7.9
G3_Ni | 1376 | 175 | 1583 | 105 | 1.19 | 0.61 | 8.7
G3_Al | 1348 | 132 | 1581 | 110 | 0.59 | 0.74 | 17.6

samples L, nm|
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The number of defects in carbon films can be esti-
mated by the half-width (G) of the bands D and G, as
well as by the ratio of intensities Ip/IG.

Comparison of the obtained average sizes of nano-
crystals (Table 1) indicates an increase in the ratio of
intensities Ip/Ic with decreasing carbon crystal size,
regardless of the substrate material and deposition
time (see Fig. 2), which agrees satisfactorily with the
data of [7].

The structural parameters of the carbon films de-
pending on the substrate material and deposition time
are given in Table 2.

Table 2 — Structural parameters of the carbon films obtained
on Al and Ni substrates during different time of deposition

.. Al substrate Ni substrate
Deposition T To T o
time, s > & /s > | Inlla
cm-! | cm-! cm-! | cm-!
2 132 110 0.59 175 105 1.19
18 241 125 1.32 47 71 0.59
180 192 90 1.53 46 61 1.12

Comparison of the obtained data (Table 2) shows
that the ratio of intensities In/Ic decreases with de-
creasing thermal conductivity of the substrate material
and increases with increasing deposition time. The ra-
tios of intensities Ip/Ic for the carbon films deposited at
18 s on Cu and Al substrates are almost at the same
level (1.36 and 1.32, respectively).

Analysis of the results (Table 2) allows us to draw
the following conclusions:

* the most perfect carbon films (with the least num-
ber of defects) are formed on Ni substrate formed
within 18 and 180 s;

* the half-width (G) of the D and G bands for these
films is the smallest and is 47 and 71 cm —! and 46
and 61 cm ~ 1, respectively;

* the ratio of intensities In/Ic for these films is min-
imal and is 0.59 and 1.12.

Given the lower thermal conductivity of Ni com-
pared to Cu and Al and other similar technological pa-
rameters, the deposition of carbon films on Ni sub-
strate occurred at elevated temperatures, which had a
positive effect on the perfection of the structure of the
obtained carbon films [9].

It is known that for graphene, as well as for graph-
ite, the so-called G band (~ 15682 cm —1) is always mani-
fested in the first-order spectrum [8]. In the presence of
defects in the carbon structures, the so-called D
(~1350 cm—1) and De' (~ 1620 cm—1) bands appear in
the spectrum.
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Fig. 2 — Dependence of intensity ratio In/lc on size of carbon
crystallites L, nm
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The G-band is associated with the doubly degener-
ate symmetry mode E2g of the center of the Brillouin
zone and is the result of tensile oscillations of all pairs
of carbon atoms that have sp? hybridization and are
part of benzene rings [5]. The D-band is a manifesta-
tion of Alg modes (at K-point at the Brillouin zone
boundary) of sp2-hybridized carbon atoms in benzene
rings and is recorded in the Raman spectrum only for
samples with structural defects, because in defect-free
carbon structures it is prohibited by sampling rules [6].

Analysis of the obtained experimental Raman spec-
tra of carbon films (Fig. 3) deposited on Al and Cu sub-
strates shows that the D and G bands appear in the
first-order spectrum and the 2D band — in the second-
order spectrum. In this case, their Raman spectra are
similar; in particular, the frequency positions of all
bands coincide. The intensity of the 2D band is less
than the intensity of the G band, and with increasing
deposition time, the ratio of intensities I2p/Ic decreases
and is almost independent of the substrate material.

In the Raman spectrum of carbon films deposited on
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Ni substrate, D and G bands appear in the first-order
lines and 2D, D + D' and 2D' bands — in the second-
order spectrum; and both Raman spectra are quite sim-
ilar. In particular, the frequency positions of all bands
coincide, and the intensity of the D band in the samples
deposited at 180 s is slightly higher. This indicates that
with increasing deposition time (higher temperature),
more defects are formed in the film. The presence of
two components in the second-order 2D band in carbon
structures indicates the existing vertical ordering be-
tween the individual graphene layers in these struc-
tures [8].

From the obtained Raman spectra of carbon films it
is seen that the parameters of the characteristic D, G,
and 2D bands change significantly depending on the
substrate material and technological conditions of dep-
osition. In particular, in addition to temperature, the
deposition time also has a significant effect on the
structure of condensates. The most perfect carbon films
are formed by deposition on Ni substrate for 18 and
180 s and correlate satisfactorily with paper [9].

§,0x0°

40007 o

Intensity, ark. units

2,0¢10%

T T T T T T T
1100 1200 1300 1400 1500 1600 1700 1800

Raman shift,cm”

spectrum decomposition in the range of D and G bands into
components

2107

1107

T T
1200 1400 1600
X

spectrum decomposition in the range of D and G bands into
components

02023-3



V.0. OSOKIN, V.O. PANIBRATSKIY, Y.A. STEL'MAKH ET AL.

—— G1_Ni (»_=457nm)

Intensity, arb. un.

¢) Ni-substrate

1500 2000 2500 3000 3500
Raman shift, cm™

500 1000

J. NANO- ELECTRON. PHYS. 13, 02023 (2021)

41107

3107

%107 o

Intensity, arb. units

11107 4

T T T T
1300 1400 1500 1600

Raman shift, cm™

spectrum decomposition in the range of D and G bands into
components

Fig. 3 - Raman spectra of the carbon films deposited on Al (a), Cu (b) and Ni (c) substrates during 180 s

The evaluation of the sizes of the obtained graphite
nanocrystals indicates that the largest graphite nano-
crystallites were formed in the most perfect films,
which are G1_Ni and G2_Ni. The characteristics of
carbon films obtained from Raman studies indicate
possible ways to further improve the technological pro-
cess of graphene film formation: determination of opti-
mal deposition temperature, electron beam power, dep-
osition time of carbon films and substrate material, and
parameters of heat treatment (annealing) of carbon
films (temperature, time).

As noted above, graphene is characterized by the
ratio of band intensities I2p/Ig > 1. The results obtained
(Table 1) showed only in one case the ratio Iep/lc > 1 —
for the G2_Ni film. Thus, it can be summarized that the
most perfect of the studied samples is a carbon film ob-
tained by EB-PVD of graphite on Ni substrate for 18 s.
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PamaniBchbka giarHoCcTUKa BYIJIEI€BUX IUIIBOK, OTPUMAHUX €JIEKTPOHHO-IIPOMEHEBUM
ocamxeHHaM Ha migkaagkax 3 Cu, Al ra Ni

B.O. Ocoxinl, B.O. [Iamiopaupkuii3, d.A. Cremasmax?, I1.0. lllmak3, B.O. IOxumuyx?

L Inecmumym enexkmposeapiosanns im. €.0. Ilamona HAHY, syn. Kasumupa Manesuua, 11, 03150 Kuis, Yrpaina
2 ITncmumym ¢gpizuku nanienposionuxie im. B.€. Jlawrxapvosa HAHY, np. Hayru, 41, 03028 Kuise, Yikpaina
3 Tncmumym eyaneuesux nanomamepianis, eyi. Xmenvruuypke woce, 2, ogic 110, 21036 Binnuus, Yrpaina

¥ pobGoTi HaBeIeHO pe3yIbTaTH JAOC/IIKEeHb METOI0OM PaMaHIBChKOI CIIEKTPOCKOIIIT 0COOJIMBOCTEN CTPYK-
TypHU BYIJIEIIEBUX ILTIBOK, OTPUMAHMX €JIEKTPOHHO-IIPOMEHEBUM OCAKEHHAM IIapOBOr0 IIOTOKY Ipadiry B
3aseskHocTi Big marepiany migkiaanku (Ni, Cu, Al) ra vacy ocamskenus. PisHoMaHITHI Byryienesi CTpyKTypu
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e(peKTHBHO yTBOPIIOTLCS B IIMPOKOMY 1alla30Hl TEXHOJIOTIYHHX ITapaMeTpiB IX OTPUMAaHHS, TOMY IIpH IX
CHHTE31 BUKOPHUCTOBYETHCA 0AraTo pisHUX MeTOMiB Ta MmiaxomiB. OcoOJIMBICTIO BUKOPHUCTAHOIO METOIY OCa-
IJKeHHsA OyJia cyTTeBa (HA IOPSAIOK) IHTeHCH(IKAIA BUIIAPOBYBAHHS IpadiTy IIIJIAXOM BUKOPHUCTAHHS BaH-
HU-TIOCEPETHUKA 3 PO3IIIABJIEHOT0 Bosbdpamy. HasBHICTE po3IiaBy BOJIb(paMy 3 BUCOKOI TEMIIEPATYPOIO
Ta OLIBIT HU3BKOIO, HIK Y BYTJIEITIO, TIPYKHICTIO Taph 3a0e3meduye oOepKaHHs 1IHT@HCHUBHOTO 1 PIBHOMIPHOTO
TAapoBOr0 IIOTOKY ByTJielto. Haj Twriem, 3 sSIKOTO BUIAPOBYETHCS BYTJIEIlh, PO3TAIIOBYBaJM BOJIbMPaAMOBI
IJTACTUHU — BiI0MBaYa IIapoBOTo MOTOKY (pedIieKTop), IKUM OPIEHTYBaM B IJIOMIMHI T KyToM 45°, 1o 3a-
0e3mevuyBaIo MakCUMAaJIbHE BIOUTTS BUMAPYBAHOTO BYTJIEITIO HA ITIKJIAIKY 13 OJIBIH, BUTOTOBJIEHOI 3 Pi3-
aux marepiams (Ni, Cu ta Al). Marepiasn miggaaaky Mae CyTTEBUN BIUIUE HA (DA30BUN CKJIAJ TA CTPYKTYDPY
OCaTKYyBAHUX BYTJICIIEBUX ILTIBOK. PaMaHIBCHKI CIIEKTPH BYTJIEIIEBHUX ILTIBOK, OCA/KEHUX Ha AJTIOMIHIEBIH 1
MITHIT miarIagKax, € momioauvu. [Ipu mMpoMy CTPYKTYpHI TapamMeTpu Oep:KaHuX BYTJIEIIEBUX ILTIBOK CYyT-
TEBO HE BIJPISHAITHCSA B 3aJIEKHOCTI BiJ MaTepiasy minkiaakn. Cepen mpoaHai3oBaHUX BYIJIEIEBUX ILITi-
BOK HAHUOLIBIN JOCKOHAJIMMHA 3 HAWMEHINOH KLIBKICTIO CTPYKTYPHUX IedeKTIB € IUIIBKH, OTPUMAaHl oca-
JUKeHHSM TapOBOT0 TMOTOKY Ha MIKJIAIKAX 3 Hikeso. Pe3ysipraté mMpoBeIeHUX JAOCIIKEHD IITBE P IAIN
MOYKJIMBICTE OTpUMaHHs rpadeny cmocobom EB-PVD 3 BunmapoByBamHsaM rpadgity dyepe3 BaHHY-IIOCEPETHUK
3 HACTYIIHOI0 KOHIEHCAIIIEI0 BIIOUTOro IIapoBOro IIOTOKY BYTJIEINI0 Ha IIIKIAIKAX 3 00paHOro Marepiay.

Kmiouogsi cniosa: Byrirers, EnexrporHo-mipomerese ocamkerHs, PamaHiBebKa cekTpockomisi, CTpyKTypa.
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