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Abstract—Linear-chain carbon films with a thickness of order 100 nm were studied by tunneling spectros-
copy. The oscillating dependence of the differential conductivity of the investigated structures is established.
The results obtained are interpreted using a model of charge-density wave formation in regular structural
kinks of carbon chains. The Raman spectra of the films are recorded. The simulated spectra of harmonic

oscillations of polyines (—C=C—),, and cumulenes (=C=),, of carbon films are theoretically compared.
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1. INTRODUCTION

One of the most promising forms of carbon mate-
rials is linear—chain carbon (LCC) [1]. In this work,
we investigate carbon films formed by low-tempera-
ture pulsed plasma-ion-assisted deposition [2]. LCC
consists of chains of carbon atoms oriented perpendic-
ularly to the substrate surface. The structure and elec-
trical properties of these films were previously investi-
gated in [3—5]. In recent years, there has been
increased interest in LCC films [5].

The aim of this study is to investigate the transport
properties of LCC using tunneling spectroscopy (TS),
analyze the molecular structure by comparing the
experimental and calculated Raman spectra, and
examine the correlation between the properties of the
substrate material and deposited structure. We study
the dependence of the transport properties of con-
densed LCC films on substrates made of different
metals. The chosen substrate metals are Cu, Mo, W,
and Al. The average thickness of the condensed films
on the substrate is about 100 nm.

Tunneling microscopy study of the transport pro-
cesses occurring in metallic substrate—LCC hetero-
structures provides information about their electrical
properties, which is confirmed by other investigations
[6—11]. This technique is based on the phenomenon of
electron tunneling through a potential barrier between
a metallic probe consisting of Pt and Ir alloy and the
sample surface in an applied electric field. The tunnel
current is mainly determined by the barrier transmit-
tance (distance to the surface and applied voltage). In
addition, the tunnel current is affected by the shape of
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the density of states both on the microscope tip and in
the film, as well as the electron mobility in the film
conduction layer [12, 13].

2. EXPERIMENTAL

The conductivity of the obtained heterostructures
was studied using a FemtoScan microscope [14] in the
tunneling spectroscopy mode. The /—V characteristics
were measured at a fixed probe position at one point
above the sample surface. The differential conductivi-
ties of the structures were calculated. Figure 1 shows a
typical differential /—V characteristic of the films.

The tunneling current density can be described by
the Simmons formula [12]. To interpret the experi-
mental data, it is difficult to use the general formula.
Therefore, one of three approximations was used
[12, 13]. The conditions of our experiment correspond
to the case when the applied voltage is comparable
with the surface work function.

The effects of room-temperature differential con-
ductivity oscillations have features caused by the spe-
cific structure of carbon. For all the metallic substrates
used in the experiment, we observed differential con-
ductivity oscillations with approximately the same
period for each structure, which was calculated by
averaging all of the peaks. The oscillation period is
several times larger than the heat energy at 300 K.
Such differential conductivity oscillations in carbon
and semiconductor structures were observed previ-
ously in [6—9].
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Fig. 1. Typical plot of tunneling conductivity oscillations
for the film deposited on tungsten.

We assumed one-dimensional charge density
waves (CDWs) to be formed along the carbon chain.
The standing wave period in LCC should correlate
with the linear fragment length with the formation of a
superstructure. Obviously, the amplitude of the elec-
trical-conductivity wave function at the chain kink
should be zero. For the Cu, W, Mo, and Al substrates,
we obtained average numbers of carbon atoms # of 28,
22, 18, and 12 in the chain, respectively, using the for-
mula

n :(%)/1.3. (1)

The mean distance between carbon atoms in a
chain was assumed to be 0.130 nm and the wavelength
was calculated basing on the de Broglie wave. Previ-
ously, Chalifoux et al. [15] obtained molecules with
44 carbon atoms [15].

3. CALCULATION TECHNIQUE

To identify the types of carbon bonds in the synthe-
sized structure, we used Raman spectroscopy and
simulation (Fig. 2). As we show below, a model with-
out kinks does not explain the Raman spectra. The
harmonic oscillations of molecules consisting of car-
bon chains of the cumulene (=C=), and polyine
(—C=C-),, types were calculated using their basic
structure without kinks or with the only kink
between linear fragments. The terminal groups were
simulated by hydrogen atoms basing on the data
reported in [16—19].

Optimization of the geometric structures and cal-
culation of the matrix of second derivatives of the elec-
tron energy and components of the electrooptical
properties were performed using the Gaussian 9.0 pro-
gram package [20]. The further calculation of normal
oscillations and simulation of the Raman spectra were

IVANENKO et al.

Fig. 2. Calculated models: (@) single cumulene consisting
of four carbon atoms, (b) double cumulene consisting of
ten carbon atoms, (c) single polyine consisting of four car-
bon atoms, and (d) double polyine consisting of ten carbon
atoms. The use of a single chain means the use of a single
linear chain of carbon atoms and the use of a double chain
means the occurrence of a kink between linear compo-
nents.

performed using the ANCO program in accordance
with the investigations carried out in [21—24].

The optimized geometric structures and harmonic
force fields were calculated using the quantum-
mechanical second-order Moller—Plesset (MP2)
technique with the aug-cc-pVTZ basis set. The ade-
quacy of the model was demonstrated in [25].

To study the effect of a number of carbon atoms on
the predicted oscillatory modes, we chose the follow-
ing set of molecules: (ps) single polyines (4, 6, and
8 carbon atoms), (pd) double polyine (with a kink)
(3 and 5 atoms in a molecule), (cs) single cumulene
(3, 5, and 6 carbon atoms), and (cd) double cumulene
(4 and 5 atoms). The calculated spectra for all mole-
cule types are presented in Fig. 3.

The size and complexity of the investigated mole-
cules, the diversity of their structures, and the pres-
ence of a carbide bond with the substrate (Cu, Mo, W,
and Al) yield fairly complex experimental spectra.

Figure 4 shows the experimental Raman spectra.
To detect the Raman spectra, we used a Horiba Jobin
Yvon HRS800 micro-Raman spectrometer. The
Raman spectra were excited by a laser with a wave-
length of 633 nm. It can be easily seen that the best
agreement between the theory and experiment is
obtained for the long-chain (pd) and (cd) types.

Indeed, the experimental Raman spectrum con-
tains a broad band with a peak intensity maximum of
~1600 cm~!, which corresponds to the double bond
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Fig. 3. Calculated Raman scattering spectra of molecules for (sp) single polyine, (sc) single cumulene, (dp) double polyine, and
(dc) double cumulene. The numbers of carbon atoms in the structure are given.
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Fig. 4. Experimental Raman spectra of the films on (a) Al, (b) Mo, and (c) W substrates. Deposition was performed on all the
substrates simultaneously.
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oscillation frequency at the kink between the linear
fragments of the chain (the so-called G peak) [26, 27].

The calculations show that the bands in the range
of 1000—1700 cm~! are indicative of the presence of
molecules belonging to structures with kinks between
chains (cd8, ¢d10, pd6, and pd10), which was not
observed in the models without a kink in earlier study
[27]. In addition, a low-frequency (400—980 cm™!)
region arises, which was not described in publications
[5]. The oscillations of carbon atoms, which propagate
parallel to the substrate (beyond the plane), belong to
the low-frequency region.

The oscillation frequencies related to the chain
kink in the pd10 model are 1304 and 1229 cm~!, which
corresponds to 8(C=C—H) def. and 1609 cm~! to
v(C=C) for the kink; in the pd6 model, 1313 and
1282 cm™! responsible for 8(C=C—H) def. and
1634 cm~! to v(C=C) for the kink; in the dc8 model,
1158 cm™! to 8(C=C—H) def. and v(C=C) for the
kink, 1332 cm~! to 8(C=C—H) def. and v(C=C) str.
near the kink, 1639 cm~! §(C=C—H) def., v(C=C)
str., and 6(C=C—H) def. at the end of the chain; in the
dc10 model, 1128, 1241, and 1509 cm~! 8(C=C—H)
def. and v(C=C) str. near the kink, 1425 cm™!
3(C=C—H) def. with (C=C—H) def. at the end of the
chain. The features in the spectral range of 1300—
1600 cm™! are related to the presence of sp? bonds
[28].

It can be seen from Table 1 that the bands at 1129
and 1158 cm™! are related to C—C bond oscillations
and belong to the pd10 and pd8 structures, respec-
tively. They are similar to the bands at 1140 and
1470 cm~!, which is typical of diamond nanocrystals
smaller than 2 nm [29]. The bands with frequencies of
1609 and 1634 cm™! are related to oscillations of dou-
ble C=C bonds and belong to cd10 and cd6 structures.

A single C—C bond is characterized by frequencies
near 1188 cm™! for the pd10 model and 1319 cm~! (this
maximum is often referred to as the D peak for the ps8
model). The position of this band is similar to a fre-
quency of 1330 cm™~!, which corresponds to a “nor-
mal” diamond with fairly large crystallites [28]. The
double C=C bond is characterized by frequencies of
2132 and 1879 cm™! for the ¢cd10 model. For the cd8
model, these frequencies are shifted to 2095 and
1639 cm~!. In a linear molecule, the bands of the same
bond have lower intensity and their positions corre-
spond to frequencies of 2145 and 1670 cm™! for the cs6
model, while the frequencies for the cs5 model are
2187 and 1916 cm™! and the frequency for the pd10
model is 1609 cm~!. The C=C bond is characterized
by frequencies of 2182 and 2047 cm™! for the pd10
model and a decrease in the molecule size to 6 atoms
(the pd6 model) yields frequencies of 2100 and
1634 cm™!, respectively. In a linear molecule, the cor-
responding mode has a low-intensity peak at 2186 cm™—".
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The band between 1800 and 2200 cm~! (the so-called
C band) is related to the modes of expansion of
sp-hybridized carbon. The C band contains the main
peak near 2100 cm~! C2 and a shoulder with a lower
peak of the frequency C1 near 1980 cm~! [30].

The spectral region with characteristic oscillations
of triple C=C bonds also contains frequencies for sin-
gle bonds: 2133 and 2070 cm™' in the ps8 model. An
analogous situation is observed in the frequency band
of the C—C bond, which coincides with the frequen-
cies for the C—C—H kink on chain kinks, creating a
frequency of 1157 cm~".

The experimental spectra were decomposed into
components described by the Gaussian form, as was
proposed in [31—33]. Comparing the simulated spec-
tra with the spectra of the films formed on different
substrates, we can conclude that the film on Cu appar-
ently belongs to the pd10 model, which is consistent
with the results of [34] with inclusions of the ¢s3 and
pd6 models; the film on Mo belongs to the cd8 model
with small pd10 and cd10 fractions; the film on W
belongs to the cd10 model with the cd8 inclusion; and
the film on Al corresponds to the ¢d10 structure with
pd6, cs6, and cd8 inclusions. This can be related to
impurities in metals. The film synthesis technique
used includes ion bombardment of the substrate with
subsequent sputtering of the substrate metal and pos-
sible diffusion of the latter along the chain. Thus, we
can assume that the substrate atoms can serve as impu-
rities related to the LCC kinks.

The spectra of all films have a maximum with a fre-
quency of 1050 cm~!, which is referred to as a T peak
[35]; but, it was only detected upon UV excitation. We
can observe a band with a frequency of ~1470 cm™!,
which was described in publications as characteristic
of only films consisting of carbon spheres [36] or as an
expansion mode for CC transpolymer with frequen-
cies of 1078 and 1458 cm~! [37]. Amorphous carbon is
characterized by a broad band with a center at
1480 cm~! [38]. The three maxima, 996, 1116, and
1498 cm™!, also arise in the amorphous carbon spec-
trum or can be attributed to the cumulene carbine
structure stabilized by disperse Cu atoms from the
substrate [39] and the bands near 2150 cm~! are related
to the polyine structure of carbines [40, 41]. The band
with a frequency of 1250 cm~! was found in graphene-
type carbon [42]. The changes in the diagrams of the
Raman spectra of amorphous carbon presented in
study [28] are very useful. The broad form of the
Raman scattering bands can be caused by a random
shift of the next link in a long chain.

In addition, we calculated the LCC kink angles for
dc8, dc10, and dc12 and obtained 122.00, 122.190, and
122.720 and 122.560 and 122.480 for dp6 and dp10,
which is consistent with the data from [17]. The differ-
ence consists in the model of the chain with regard
to BLA.
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Table 1. Experimental oscillation frequencies in the Raman spectra for extracting Cu, Mo, W, and Al substrates based on
harmonic analysis

Experiment: substrate, wavenumber, and intensity * Calculated frequency: molecule type,
Designation ** frequency (cm™!), intensity (A/a.m.u.),
Cu Mo w Al and fundamental frequency (v,)
v(C=C) str., dc10: v, = 2132(3470); sc5: v, = 2187(3)
V(C=C) str. sc6: v, = 2145(783); dp10: v, = 2182(10698);
2140m 271w 2226vw sp8: v, = 2133(12992); sp6: v, = 2192(3942);
sp4: v, = 2186(792).
v(C=C) str., dc8: v; = 2094(5211); sc3: vy, = 2031(3);
2070s 2011vw 2002m 2077w V(C=C) str. dp10: v, = 2048(62); dp6: v; = 2099(1194);
sp8: v; = 2071(3542); sp6: v; = 1993(486)
v(C=C) str., s¢5: v, = 1916(27); sp6: v; = 1993(486).
1933vw V(C=C) str. T b
1863m 1874w 1895vwy 3(C=C—H) sciss., dc10: v5 = 1878(568).
v(C=C) str.
16645 V(C=C) str., dc8: v, = 1639(504); sc6: v3 = 1669(90);
V(C—=C—H)str. | dpl0:vs=1609(1972); dp6: v, = 1634(218).
8(C=C—H) sciss., | dcl0: v, = 1509(693); sc3: v, = 1483(19);
1494vs 1547s 1506vs 1507vs V(C=C) str., dp10: vs = 1609(1972).
(C—C—H) str.
3(C=C—H) sciss. dc10: vs = 1426(92); dc8: vs = 1463(65);
sc3: v, = 1483(19); sc5: v = 1436(75);
sc6: v, = 1428(124).
V(C—C) str., dc8: vg = 1332(201); sc5: vo = 1310(1);
1337vs 1358s 1349m 1333s | 8(C=C—H)sciss., |  dpl0: vs = 1304(115); dp6: v5 = 1313(27);
X(C—C—H) rock. sp8: v, = 1318(30).
1262 1205m D18m Dogw | S(C=C—H)sciss. | del0:vs = 1241(34); dp10: v, = 1187(109).
v(C=C) str.
V(C—C) str., dc10: v, = 1129(968); dc8: v, = 1158(1345);
v(C=C) str., dp10: v, = 1187(109).
1147m §(C=C—H) sciss., P (199
x(C—C—H) rock.
V(C=C) str., dc10: v, = 1000(9); dc8: vg = 1027(8);
1077m 1086m 1036w 1083m | 5 (c=C~H) rock. sc3: vy = iy 1092(46); dp6: v68— 1028(24).
v(C—C) str., dc8: vg = 1027(8); dp6: vg = 1028(24).
v(C=C—H) sciss.
V(C=C) str., dc10: v, = 1000(9); dc8: vo = 938(122
954vs 987vw . (C(:C_})D ok = ©); 9 =938(122)
v(C—C) str., dc10: v3, = 847(5); sc5: v, = 837(4);
827v 858w x(C=C—H) wag., sc6: vi4 = 851(17); dp10: vg = 835(117);
X(C—C—H) rock. dp6: vy, = 850(14).

Band intensities *: very weak (vw), weak (w), mean (m), strong (s), and very strong (vs).**The modes are valence (v), strain (8), and
out-of-plane ()).

The correlation of the band intensities in the developed and the structure height is 280—900 nm
Raman spectra with the film morphology allows us to ~ (Fig. 5b). They represent agglomerations of Cu atoms
conclude that the signal-intensity growth can be coated with a carbon film.
attributed to the giant Raman scattering effect. The surfaces of the films formed on the Al sub-
According to the AFM data, the surface is highly strates were investigated by atomic force microscopy,

SEMICONDUCTORS Vol.52 No.7 2018
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(b)

Fig. 5. (a) Raman spectra of the film on the Cu substrate with the decomposition into Gaussian functions and (b) AFM image of

the film surface.

which yielded the following results: the surface con-
sists of clusters 170—250 nm in size. Comparing the
Raman signal intensity for the films formed on the Al
substrate with the signal intensity for the films on
other substrates, we can see that, in this case, the
intensity has an intermediate value. It is lower for the
films on Cu and higher for the films on W and Mo.
Since, in the case of Al, the resonance amplification
at an excitation wavelength of 633 nm should be
lacking, we can speak about another mechanism—
the so-called arrester effect, which has a nonreso-
nant character.

For the films on the W and Mo substrates, we
observed a weaker developed surface, which can be
explained by the formation of compounds of a metal
and carbon (the so-called carbide layer). It holds an
intermediate position between the metal material of a
substrate and carbon film. This layer blocks the for-
mation of a diffuse layer of metal atoms in the carbon
matrix. At room temperature, the possible formation
of such an intermediate layer is caused by ion stimula-
tion during film synthesis.

4. CONCLUSIONS

This study concerns LCC deposition on various
metal substrates (Cu, Mo, W, and Al) under identical
experimental conditions. To study their structure and
conductivity, we used Raman spectra and tunneling
spectroscopy. To determine the possible film struc-
tures, we simulated the harmonic oscillations of mol-
ecules containing carbon chains with different types of
chemical bonds. Comparison of the calculated and
experimental Raman spectra allowed us to conclude
that the films belonging to the LCC model have chain

kinks. The linear fragment lengths were calculated
based on the assumptions made previously [5]. The
dependence of the film structure on the substrate
material was studied.
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