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STRUCTURAL AND MORPHOLOGICAL
PROPERTIES OF NANOMETER CARBON FILMS
OBTAINED BY ELECTRON BEAM
SPUTTERING OF GRAPHITE

Nanometer-thick carbon films on metal (copper, steel) and silicon substrates are obtained by
the electron sputtering of graphite. The substrate temperature was varied from 350 to 600 °C
with an increment of 50 °C, and the sputtering time from 1 to 10 s. The produced carbon
films are studied using Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), atomic
force microscopy, and electron paramagnetic resonance (EPR) spectroscopy. From the analysis
of Raman spectra, it is found that, at the temperatures of metal substrates below 550 °C,
the carbon films formed on them are amorphous and have a graphite-like structure at higher
substrate temperatures. At the same time, the films formed on silicon substrates at temperatures
below 600 °C are amorphous. The results obtained from the Raman spectra correlate with
the XPS data. It is shown that both the temperature and the substrate material (metal or
silicon) affect the film morphology. As the substrate temperature increases from 350 to 600 °C,
the average size of surface irregularities increases for carbon films on both the metal and
silicon substrates. The EPR studies show that the available structural film defects, which are
responsible for the manifestation of the so-called defect bands (D and D’ ones) in the Raman
spectra, are not paramagnetic.
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1. Introduction

Interest in the research of various types of carbon
materials permanently grows [1-5]. This occurs due
to their wide application in electrocatalysis, elec-
trosynthesis, and graphene nanoelectronics, as well
as when creating protective coatings and giving spe-
cial properties to base materials, when carbon films
are deposited on them; in particular, this concerns
the anti-reflection coating of solar cells, the cre-
ation of a superhard or/and heat-resistant surface
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shell, and so forth [1-7]. Nowadays, challenging re-
mains the issue of producing thin (nanometers) car-
bon films with predetermined properties on various
substrates. Depending on the deposition methods, as
well as the technological parameters and characteris-
tics of substrates, carbon films with various structures
can be formed, e.g., films with amorphous carbon [8],
graphite films [9], and films with a high content of car-
bon atoms with sp>-bonds, the so-called diamond-like
films (DLFs) [10]. The latter are intensively used for
coating various materials, because they are character-
ized by a combination of such physicochemical prop-
erties as the high hardness, wear resistance, chemical
inertness, wide band gap, low friction coefficient, bio-
compatibility, and so on [11,12].

After the discovery of graphene [13], the inter-
est in obtaining carbon films with sp?-bonds has in-
creased substantially because, by varying the num-
ber of carbon layers, it is possible to obtain both
single- and multilayer graphene films, which are char-
acterized by properties important for applications. As
is known, graphene is a two-dimensional layer com-
posed of benzene rings. It attracts high attention due
to its specific and unusual properties, in particu-
lar, the quantum electron transport, a tunable band
gap, an extremely high charge carrier mobility, and
others [13].

All the above forms a basis for the creation of new
technologies or the improvement of available ones for
producing carbon films with predetermined proper-
ties. The purpose of this work is to find how the tech-
nological parameters of the electron beam sputtering
of high-purity graphite and the substrate parameters
affect the structural and morphological properties of
ultrathin (nanometers) carbon films.

2. Experimental Technique

An electron beam installation UE-142 was used to
deposit carbon films on substrates. The process of
graphite sputtering followed by the carbon film de-
position is schematically shown in Fig. 1.

A high-purity graphite rod with a tungsten washer
on its upper end was arranged in a water-cooled cop-
per crucible. The electron beam heated tungsten to
the melting temperature (3422 °C). At this tem-
perature, carbon atoms and clusters evaporated from
the graphite and, when passing through the molten
tungsten layer, were separated by size. As was shown
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Fig. 1. Schematic diagram describing the production of car-
bon films on substrates of various types

in work [14], the flow of carbon vapor that passed
through the tungsten bath consisted of nanoclusters
with dimensions of about 1-2 nm.

The next factor that affected the parameters of the
carbon vapor flow was a molybdenum reflector heated
to the temperature T, ~ 1696 °C. When interacting
with the heated reflector surface, carbon nanoclus-
ters either can play the role of the formation centers
of a carbon coating on it (at the reflector tempera-
tures lower than T, ), or they can be reflected from its
surface (at temperatures higher than 7T¢,). By chang-
ing the inclination angle of the reflector heated above
Ter, it is possible to control the carbon flux and con-
dense it on substrates of various types. As the lat-
ter, copper, steel, and silicon plates were used, whose
temperature was varied from 350 to 600 °C with an
increment of 50 °C. The substrates were arranged on
a copper plate, which was heated by the electric cur-
rent or cooled by running water to maintain the re-
quired temperature. The vacuum level in the tech-
nological chamber was 1.33 x 10~2 Pa, the electron
beam current in the tungsten bath was I, = 0.42 A,
the electron acceleration voltage was U = 20.0 kV,
and the duration of the film sputtering process was
varied from 1 to 10 s.

The deposited carbon films were studied with
the help of Raman spectroscopy, X-ray photoelec-
tron spectroscopy (XPS), atomic force microscopy
(AFM), and electron paramagnetic resonance (EPR)
methods. The Raman spectra were excited using the
radiation emission from a solid-state laser with a
wavelength of 457 nm, and they were registered
on an MDR-23 single-stage spectrometer (LOMO)
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Fig. 2. Raman spectra of carbon films: formed on copper substrates at deposition temperatures of 350 (a):
(1), 385 (2), and 550 °C (8); and formed on copper, steel, and silicon substrates at a deposition temperature of
550 °C (b). The deposition time was 10 s for all films. Asterisks (*) mark the band induced by the scattering of a

non-fundamental lasing mode

equipped with a cooled CCD detector (Andor iDus
420, UK). In order to prevent heat-induced modifi-
cations of the specimens during their research, the
power density of laser radiation at the specimens
was maintained lower than 10 W/cm?2. The spec-
tral resolution of the spectrometer was determined
by the width of the phonon band from the silicon
monocrystalline substrate and was evaluated to equal
3 cm~!. The frequency position of the phonon band
from Si (521.0 cm™1) was used as a reference to deter-
mine the frequency positions of other Raman bands.

The surface morphology of the films was studied on
the Atomic Force Microscope NanoScope IITa (Digital
Instruments) in the Tapping Mode. Before and after
the measurements, the probes were tested to control
the tip shape. The measurements were made using
the probes with a high symmetry degree, and whose
cross-section radius at a distance of 10 nm from the
tip did not exceed 6 nm.

The XPS analysis was performed on a PHI 5600
LS spectrometer using a monochromatic Al K(alpha)

Elemental composition of films

Speci C, O, N, Cu, Mo, Si,
pecimen

at.% | at.% | at.% | at.% | at.% | at.%
Carbon film,
550 °C, on Cu | 91,95 | 6.6 0.18 | 0.14 | 0.26 | 0.88
Carbon film,
350 °C, on Cu | 92.94 | 6.74 - 0.18 | 0.14 -
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X-ray source. The peak positions were adjusted in
accordance with the metal gold peak Au 4f 7/2
(Ep = 84 €V), and the scale linearity was adjusted
according to the positions of the peaks Au 4f 7/2
(Ey, = 84 ¢V) and Cu 2p 3/2 (E, = 932.6 ¢V). The
review spectra were registered with an energy win-
dow of 93.9 eV and with an increment of 0.4 €V in an
energy interval of 0-1400 eV.

The determined elemental composition of the films
is quoted in Table. Note that the total percentage of
elements can differ from 100% because of the data
rounding made by the applied software.

3. Results and Their Discussion

In Fig. 2, a, the Raman spectra of the carbon films
formed on copper substrates are depicted. One can
see that the spectra of the films formed at temper-
atures below 550 °C (curves 1 and 2) correspond to
that of a structure typical of amorphous, highly defec-
tive or tetrahedrally coordinated (with a high content
of the sp3-phase) carbon films [15, 16], whereas the
spectrum of the film formed at 550 °C (curve 3) cor-
responds to the spectrum of a graphite-like structure
with the predominating bonds of the sp?-type [15,16].

Figure 2, b exhibits the Raman spectra of the car-
bon films formed on copper, steel, and silicon sub-
strates at a temperature of 550 °C. The figure makes
it evident that not only the temperature, but also
the substrate material affect the structure of carbon
films. Really, the spectra of the films formed on cop-
per and steel substrates are quite similar and typical
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of a graphite-like structure, whereas the spectrum of
the film formed on a Si substrate is typical of an amor-
phous carbon structure. It seems that one of the im-
portant substrate parameters affecting the film struc-
ture is the thermal conductivity of the film.

In Fig. 3, the Raman spectra of the carbon films
formed on copper (1) and Si (2) substrates at a tem-
perature of 550 °C and on a copper substrate at a
temperature of 350 °C (3) are shown in the inter-
val of vibrational modes of the first and second or-
ders. One can see that the second-order bands 2G,
D+ G, 2D, and D + T clearly manifest themselves
only in the spectrum of the carbon film formed on a
copper substrate at 550 °C. This fact testifies to the
formation of a carbon film with a predominant con-
tent of the sp?-phase (a graphite-like structure). At
the same time, it is worth noting that the carbon film
contains structural defects in this case as well, which
is evidenced by a high intensity of D-band.

Note also that the aforementioned defects are not
paramagnetic centers, which was evidenced by radio
spectroscopic studies of all those films. As a rule, dur-
ing the carbon film deposition, nanoclusters nucleate
first. As time goes, depending on the technological
conditions of the film growing, they can overlap due
to the increase of either their size or their number to
form a continuous film.

The number of defects observed in carbon films
depends on many factors, including the size of
formed carbon nanoclusters. Indeed, the films with
a graphite-like structure can contain defects of var-
ious types. In particular, these are the Stone—Wales
defect (the substitution of benzene rings in graphene
layers by two “pentagon + heptagon” pairs), the de-
fect “vacancy + atom with a broken C-C bond”, and
nanocluster boundaries, which can also be considered
as defects [17].

To estimate the size of the formed carbon nano-
clusters, the Raman spectra were resolved into sepa-
rate components described by the Gaussian or Lo-
rentzian functions, as is shown in Fig. 4. In all cases,
the Raman spectra were resolved into five separate
bands [18]:

1) the band corresponding to the vibrations of oleic
chains;

2) band D corresponding to the “breathing” modes
of benzene rings, with defects in the graphite crys-
talline structure at points K and K’ of the Brillouin
zone mandatory participating in this process;
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Fig. 3. Raman spectra of carbon films formed on copper (1)
and Si (2) substrates at a temperature of 550 °C, and on a
copper substrate at a temperature of 350 °C (8); the spectra
were measured in the spectral interval of the first- and second-
order vibrational modes

3) the band corresponding to amorphous carbon;
the latter may consist of disordered chains and clus-
ters with sp3-, sp?-, and sp'-bonds;

4) band G corresponding to the stretching vibra-
tions of the pairs of carbon atoms; this mode corre-
sponds to the center of the Brillouin zone and, unlike
the D-band, does not require the mandatory presece
of benzene rings in the structure;

5) band D’ corresponding to vibrational modes
that, similarly to the D-band case, appear only in
the presence of film defects taking part in the scat-
tering to “provide” the preservation of the total mo-
mentum sum during the Raman scattering process;
however, unlike band D, band D’ is activated by the
intra-valley scattering process [17].

Using the results of the spectral resolution (Fig. 4),
the integral intensities of the bands D and G were de-
termined. Later, they were used to evaluate the av-
erage sizes of carbon nanocrystals according to the
formula [19]

560  [Ip\ "
La = 71 T P
[nm)] Ez4 X (IG>

where L, is the average size of nanocrystals in
nanometer units, E; is the photon energy of the excit-
ing laser radiation (in our case, it is equal to 2.71 V),
and I'p/I¢ is the ratio between the integral intensities
of bands D and G. As a result of calculations, it is
found that L, ~ 4.9 nm for the film formed at 350 °C,
and L, ~ 5.6 nm for the formed at 550 °C. Thus, the
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Fig. 4. Raman spectra of carbon films formed on copper substrates at temperatures of
350 (a) and 550 °C (b) and their resolution into components

Fig. 5. AFM images of the surfaces of carbon films formed on Si substrates at temperatures
of 350 (a) and 550 °C (b) and on Cu substrates at a temperature of 500 °C (c). Surface

roughness (RMS) in Fig. 5, a, b, ¢ is 1.2, 10.3, and 33.5 nm, respectively

average sizes of carbon clusters did not differ substan-
tially, which was a result of a small difference between
the substrate temperatures at which those films were
formed.

At the same time, the sizes of the inhomogeneities
formed on the surface of the films deposited on Si
substrates at 350 and 550 °C (Figs. 5, a and 5, b, res-
pectively) and on a copper substrate at a temperature
of 550 °C (Fig. 5, ¢) differ considerably. As one can
see from Fig. 5, the increase of the silicon substrate
temperature gave rise in the size of inhomogeneities
both in height and in lateral directions. Moreover, the
surface morphology of carbon films is also influenced
by the parameters of the substrate itself. Under the
same technological deposition conditions, grains with
larger sizes and different shapes were formed on a
copper substrate (Fig. 5, ¢) as compared with the
silicon substrate case (Fig. 5, b).

Hence, besides the substrate temperature, other
substrate parameters are important, e.g., its ther-
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mal conductivity, the presence of an oxide layer on
the substrate surface, the presence of impurities and
others. Indeed, a lot of works were devoted to the
study of how impurities affect the structure of car-
bon films. In particular, it was shown that higher iron
contents in carbon films change their electrical, elec-
trochemical, and structural properties [20], and the
growth of the silicon content brings about structural
changes in them [21].

In Table, the elemental compositions of carbon
films formed on copper substrates at temperatures of
350 and 550 °C are presented. The presence of oxy-
gen and nitrogen impurity atoms in the films can be
a result of their capture by the carbon vapor flow
from the residual atmosphere in the installation. As
for the available Mo, Si, and Cu impurities, they could
be in both the tungsten bath and the molybdenum
screen. As was marked above, the Raman spectra of
those films differ substantially (see Fig. 4). According
to XPS diagnostics, silicon (0.88 at%) and nitrogen
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Fig. 6. XPS spectra of carbon films formed on copper substrates at temperatures of 550 (a) and

380 °C (b)

(0.18 at%) were contained in the film formed at a
higher temperature, but they were absent in the film
formed at 350 °C. Although the content of those ele-
ments is insignificant, this fact should be taken into
account, because the matter concerns nanometer-
thick films, and the presence of those elements in car-
bon films can also affect the formation of their struc-
ture. However, in order to draw quantitative conclu-
sions about their impact, the additional research will
be performed in the future.

It is well known that if carbon films are excited
by laser radiation in the visible spectral interval, the
main contribution to Raman scattering spectra is
made by structures with sp?-bonds [10, 16]. This oc-
curs, because the energy of laser radiation photons
must be higher than 5 eV for the effective excitation
of structures with sp>-bonds. Nevertheless, the influ-
ence of the sp?/sp3-bond ratio quantitatively mani-
fests itself indirectly in the Raman spectra excited by
radiation in the visible spectral interval via the varia-
tion in the frequency positions of D and G bands,
their half-widths and intensities. For carbon films
formed on copper substrates at temperatures of 350
and 550 °C, the Raman spectra shown in Figs. 4, a
and 4, b correspond to amorphous films and graphite-
like films, respectively. At the same time, it was im-
portant to determine the absolute contents of the
phases with sp?- and sp3-bonds. For this purpose, the
XPS characterization of the above-mentioned films
was carried out.

The XPS spectra were measured with a high res-
olution (with an energy window of 11.75 eV and
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an increment of 0.05 eV) in the spectral interval of
peak Cls. The obtained spectra were resolved into
five components:

1) the main peak corresponding to the C=C sp?-
bonds (284.4 eV);

2) the peak related to the C-C sp®-bonds
(285.2 eV);

3) the peak corresponding to the C-OH/C-O-C
bonds (286.2 £ 0.1 eV);

4) the peak related to the C=0O bonds (288.5+
+0.1 eV);

5) the peak induced by the plasmon excitation (r —
— m*-satellite, 290.2 &+ 3 €V).

The resolution of the main peak was carried out
using the Shirley function, described the background
of the spectrum, and used Gaussians and Lorentzians
to describe the shapes of other peaks. The content of
the sp3-phase was determined by analyzing the main
peak, and it was found to equal 9% for a carbon film
formed on a copper substrate at 550 °C (Fig. 6, a),
and 20% for a carbon film formed on a copper sub-
strate at 350 °C. The obtained XPS results correlate
well with the results of Raman studies.

4. Conclusions

In this work, the comprehensive study of nanometer
carbon films formed on substrates of various types
(copper, steel, silicon) and at various temperatures
and time has been carried out. It is found that the
most important technological parameter governing
the formation of carbon films with a predominant
content of the graphite phase is the substrate tem-
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perature, which should be equal to or higher than
550 °C. It is shown that the substrate properties also
substantially affect the structure of the films. In par-
ticular, a temperature of 550 °C is sufficient to form
carbon films with the predominant content of the
graphitic phase on metal substrates. At lower sub-
strate temperatures, the fraction of the sp3-bonds
in the films increases, and films with the amorphous
phase are formed. It is found that, besides the sub-
strate temperature, an important parameter affecting
the film structure is the thermal conductivity of the
substrate: films with graphitic structure are formed
on substrates with a high thermal conductivity, and
carbon films with the predominant content of the
amorphous phase are formed on substrates with a
lower thermal conductivity (in particular, on silicon
substrates).

It is shown that the substrate temperature also sub-
stantially influences the film morphology. The tem-
perature growth from 350 to 550 °C makes the lat-
eral dimensions of surface inhomogeneities of car-
bon films formed on silicon substrates approximately
1.5 times larger. The same tendency with increasing
the temperature is observed for films formed on cop-
per substrates, although the absolute values of lat-
eral inhomogeneities in the latter case are shifted to-
ward larger sizes. On the other hand, it is shown that
the growth of the substrate temperature from 350 to
550 °C does not substantially increase the average
size of nanocrystals (coherence regions). According to
the estimates made using Raman spectroscopy, the
average size of carbon nanocrystals increases from
4.9 to 5.6 nm.
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CTPYKTYPHI TA MOP®OJIOI'TYHI
BJIACTUBOCTI HAHOMETPOBUX BYTJIEITEBUX
IIVIIBOK, OTPUMAHUNX PO3IINJIEHHAM
TPAQITY EJEKTPOHHUM ITPOMEHEM

MeTomoM eIeKTPOHHOrO PO3IUICHHS rpadiTy OTPUMAaHO HAHO-
METpPOBI ByTJIeleBl IUTIBKY Ha MeTajleBuX (MIJHUX, CTAJIEBUX) Ta
KPeMHI€BUX NiJIK/IaInHKax. TeMmepaTypa i KaIaJuHOK Bapiro-
BaJstacs Big 350 mo 600 °C 3 kpokom 50 °C, a yac HAIUJIEHHS —
Bix 1 go 10 c. OrpuMani ByryieneBi IUIBKHA XapaKTePU3yBaJIK-
CsI METOZAMHU PaMaHIBCBKOI CIleKTpOcKoImil, X-mmpomenesoi ¢do-
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ToesleKTpoHHoI crekrpockonii (XPS), aromuo-criioBol Mikpo-
ckomil Ta eJeKTpoHHOro napamarsitHoro pesonancy (EPR). 3
aHaJIi3y paMaHiBCbKUX CIEKTPIB BCTAHOBJIEHO, IO IIPH TEMIIe-
parypax merajeBux migkiaauHok g0 400 °C, chopmoBani Ha
HUX BYIVIENEBi IUIIBKM € aMOp(MHUMH, [IPX BHUINUX TEMIIEPATY-
pax MaroTbh rpadirononiony crpykrypy. Ha kpemuieBux -
KJIaIMHKaX MpH BCix Temmneparypax g0 600 °C dbopmyrooTbes
amopdui Byruenesi miiBku. Orpumani pe3yabTaTé 3 paMaHiB-
CBKHUX CIHEKTPIB KopesooTh 3 ganuMu XPS. ITokazaHo, 1mo Ha
MopdosIorito IIiBOK BINIMBAE SK TEMIEPATypa IIiIK/IaJUHOK,
Tak i IxHilt Tun (MeraseBa Unm KpeMmHieBa). 3i 36iiblIeHHAM
TeMrepaTypu miakiaauHok Big 350 mo 600 °C cepenni pos-
Mipu HepiBHOCTE#l Ha IOBEPXHI BYIVIEIEBUX IIJIIBOK 3POCTAIOTH
SK Ha MeTaJIeBUX, TaK 1 Ha KpeMmHieBiil minknaguakax. EPR
JOCJII?KEeHH ITOKa3aJIH, 1[0 HasBHI B IUIIBKaX CTPYKTYPHI Je-
dekTH, sKi 3yMOBJIIOIOTH IIPOsiB Y PaMaHiBCbKHUX CIEKTPaxX TaK
3Banux gedekrnux cmyr (D ra D’), € He napaMarsiTHAMA.

Katwwosei caoea: Byrieuesi amopdHi miaiBku, rpadiroro-
ni6HI IiBKY, paMaHiBCbKa CIEKTPOCKOIIIs, eJIEKTPOHHE PO3IIH-

nenns, XPS, ACM.
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