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SURFACE MORPHOLOGY

OF THE FILMS OF THE Cgy/Cr FULLERENE
MIXTURE. IDENTIFICATION OF Cgg AND Crg

IN THE Cg¢/Cro FILMS USING ABSORPTION SPECTRA

Films of the Cgo/Cro mixture are deposited onto various substrates in a vacuum of 6.5 mPa
using the thermal sublimation method. The surface morphology of 195-nm Cso/Cro films is
studied. It is found that polycrystalline and quasi-amorphous Ceo/Cro films are formed on
silica and copper substrates, respectively. The nature of the Cso and Cro absorption bands has
been discussed in detail by analyzing the literature and our data. The absorption spectra of
the Cso and Cro films and the Ceo/Cro mizture films are described as the sum of Gaussian
functions. The absorption bands of Ceo (at 2.474, 3.440, and 3.640 e¢V) and Cro (at 2.594,
2.804, 8.018, and 3.252 eV) can be used to identify those substances in fullerene miztures. Ceo
is found to be the dominant component in the Cso/Cro films.

Keywords: thin film, surface morphology, absorption spectra, fitting, Gaussians, Cego/Cro

mixture.

1. Introduction

The Cgp and Crq fullerenes were discovered in 1985
[1]. A molecular quasi-spherical cluster Cg is formed
by 12 pentagonal and 20 hexagonal faces with 60 car-
bon atoms at their vertices. Such a cluster is de-
scribed by the point symmetry group Ij. A molec-
ular cluster Cry has a quasi-ellipsoidal shape owing
to additional 5 hexagonal faces along the equato-
rial line, and it is described by the point symmetry
group Ds, [2].

Ceo and Cr7p materials are widely used as elec-
tron acceptors in organic solar cells [3]. Cgp was
applied in solar cells [4], photovoltaic devices [5],
photocatalysts [6], phototherapy [7], and biosensors
[8]. C7o is suitable for replacing Cgp in organic so-
lar cells. For instance, the light conversion efficiency
7 in bulk heterojunctions was 2.87% in the Crg/zinc
phthalocyanine (ZnPc) heterojunction and 2.27% in
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the Cgo/ZnPc one. The larger value of 7 is a result
of the stronger light absorption by Cr in a spectral
interval of 1.771-2.480 nm [9]. The optical absorp-
tion spectra of “pure” Cgg (99.86% purity) and Crg
(>99% purity) were registered in n-hexane at room
temperature [10].

In work [10], Cgp and Cry were obtained using the
method of Kréatschmer et al. [11]. Then they were
extracted from the benzene solution of initial graphite
soot and purified using the column chromatography
method.

The optical absorption spectra of Cgg in n-hexane
solutions and the nature of their bands were studied
in work [12]. The optical absorption spectra of the
Ceo and Crg films were studied in works [11, 13, 14]
and [15], respectively. It was found that the absorp-
tion bands of the Cgg and Cyq films are shifted to
the red with respect to the corresponding bands in
the spectra of their solutions, which is a result of the
intermolecular interaction in the solid state.

A review of the most important theoretical and ex-
perimental papers aimed at elucidating the proper-
ties of the lowest excited states in Cgg and Crg was
made in work [16]. The diagrams of the energy lev-
els of the Cgg and C7p molecules were given in works
(2,14, 17-21].
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Fig. 1. SEM micrographs of 195-nm Cgo/Cro films deposited in vacuum on silica substrates with thin carbon (a) and ITO (b)
layers, and on a copper substrate (c)

According to the mass spectrometry data [10],
when the fullerenes are synthesized, molecules with
various numbers of carbon atoms are formed. They
are described by the general formula C,,,, where the
natural number n varies from 26 to 35. The most
stable components of this mixture are the Cgy and
C79 molecules. Therefore, the study of the absorption
spectra of the solutions and films of pure Cgy and Crq
substances is a challenging task for their identification
in solid mixtures of synthesized fullerenes.

In this work, the surface morphology of the
Cgo/Crp films and the nature of the absorption bands
of Cgp and Crp in the molecular and solid states
are studied in order to identify those substances by
their bands in the absorption spectra of the films of
Ces0/Cro mixtures.

2. Specimen Preparation
and Experimental Technique

In our research, we used a mixture of fullerenes (MER
Corporation) with the following composition: 76%
Ce0, 22% Crp, and 2% higher-order fullerenes. He-
reafter, this mixture will be denoted by Cg/Cro ac-
cording to its main components.

To study their optical absorption properties, thin
Cg0/Crp films with various thicknesses d within an
interval of 25-195 nm were deposited onto silica sub-
strates in a vacuum of 6.5 mPa using the thermal sub-
limation method. The initial Cgy/Crg mixture was
sublimated from a ceramic crucible heated up by
passing an electric current through a nichrome spi-
ral. During the sputtering process, the temperature
of the ceramic crucible varied from 673 to 723 K; it
was measured with the help of a chromel-alumel ther-
mocouple.
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The start and final moments of the film deposi-
tion were registered using a thickness gauge MSV-
1841. The film thickness was measured by means of
an interference thickness gauge MII-4.

The absorption spectra of thin Cgo/Cro films
within an interval of 1.305-4.133 eV were registered at
room temperature using a Perkin Elmer Lambda 25
UV-Vis spectrophotometer with a spectral slit width
of 1 nm. The absorption measurement error did not
exceed 2%.

The surface morphology of Cgo/Cro films deposited
onto silica substrates with thin carbon or indium tin
oxide (ITO) layers and onto copper substrates was
studied with the help of a JSM-35 JEOL scanning
electron microscope.

3. Results and Their Discussion
3.1. Surface morphology of Cgo/Cro films

The surface morphology of solid 195-nm Cgo/Cro
films deposited in a vacuum of 6.5 mPa is shown in
Fig. 1. Needle-like and round crystallites of various
sizes are clearly seen in Figs. 1, a and 1, b. They were
formed due to the van der Waals interaction between
the Cgg and Cry molecules. The carbon and ITO lay-
ers affect the orientation of needle-like crystallites. A
higher orientation ability of the ITO layer (Fig. 1, b)
is evident.

The mobility of the sublimated Cgy and Crq
molecules is restricted by their strong interaction
with Cu atoms. In this case, a quasi-amorphous
Ce0/Cro layer first appears on the copper substrate
surface. The fullerene molecules located on the sur-
face of this layer interact less strongly with Cu
atoms and, due to the van der Waals interaction, be-
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Fig. 2. Absorption spectrum of the 20-nm Cgg film on a silica
substrate at room temperature (solid curve) (taken from [9]).
Fitting of this spectrum by five Gaussians (dashed curves)
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Fig. 3. Absorption spectrum of the 20-nm Crq film on a silica
substrate at room temperature (solid curve) (taken from [9]).
Fitting of this spectrum by four Gaussians (dashed curves)

come the formation centers of rounded crystallites at
various places of the quasi-amorphous layer surface
(Fig. 1, ¢).

The size of crystallites on all three substrates varies
from 50 to 200 nm.

The SEM micrographs (Fig. 1) demonstrate the in-
fluence of the interaction between the fullerenes and
the substrates on the structure of Cgg/Cro films.

3.2. Optical absorption
spectra Of Cﬁ(), C70, and 060/070 ﬁlms

In this work, the absorption spectra of the Cgg
(Fig. 2) and Cro (Fig. 3) films were approximated
by the sums of Gaussian functions using the Origin
8.5 software. The standard deviation was 6.2 x 1075,
and the correlation coefficient 0.99682.

The energies of the transition in the spectra of the
imaginary component eo of the dielectric function of
Cgp hexane solutions (e9-spectra), as well as their as-
signments, are quoted in Table 1 (columns 2 and 3,
respectively). The transition h, — t1, (band ~) is
forbidden, because it occurs between antisymmetric
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electronic states. This transition becomes allowed be-
cause of its interaction with the corresponding sym-
metric molecular vibrations (the Herzberg—Teller or
Jahn—Teller coupling) [22]. Allowed transitions oc-
cur between electronic states with different symme-
tries. The strengths of their oscillators are differ-
ent. The degenerate electronic levels h, and (hg, gg)
correspond to the HOMO and HOMO — 1 molecular
orbitals, respectively.

The transition energies in the absorption spectra
of Cgo films are quoted in Table 1 (column 6) and
indicated in Fig. 2. As a result of the molecular inter-
action in the Cgo films, the molecular levels of excited
states are split into narrow energy zones. When fit-
ting the absorption spectrum profile of Cgq films, the
Gaussian functions for zones 7, B, D, F, and G were
determined. Zones A, C, and E look like shoulders
(sh) on the low-energy side of bands B, D, and F, re-
spectively (Fig. 2). Bands C and H were observed in
the absorption spectra of hexane solutions and Cgg
films, but they were absent in the es-spectra of the
Cgp molecule (see Table 1, columns 2 and 3).

The transition energies in the absorption spectra
of the films of C7g and its hexane solution are quoted
in Table 2. Column 4 of this table contains data for
the spectrum of the 20-nm Crg film (Fig. 3). They
are consistent with the data of work [15] (see Table 2,
column 3). The absorption peaks for Cyo films are
red-shifted with respect to the corresponding peaks
for the Crzop hexane solution [10, 23| (see Table 2,
columns 1 and 2).

The energy structure of the Cry molecule was cal-
culated ab initio in work [24] in the framework of
the Hartree—Fock method. According to the results of
those calculations, the energy level diagram of the Crg
molecule was plotted in work [25]. We have analyzed
those data and changed the level symmetry for some
HOMO and LUMO molecular orbitals given in work
[25], after comparing them with the relevant data
from work [24]. So the symmetries of the HOMO — 5,
LUMO, and LUMO + 1 levels were changed to af,
e, and af, respectively. According to work [24], the
LUMO + 4 and LUMO + 5 levels have the e/, and a}
symmetries, respectively, and they were used to ex-
plain the possible origin of transitions with energies
E > 3.605 e¢V. The transitions in the Cr;g molecule
are quoted in column 5 of Table 2.

The difference between the transition energies of
2.022 and 1.889 €V (Table 2, column 4) equals
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Table 1. Transition energies, oscillator strengths
(in parentheses), and assignments of Cgg absorption bands at room temperature

ea-spectra of Cgp-hexane Absorption spectra Absorption spectrum
. . of 20-nm Cgo film
Band solution [14] Ceo-hexane solution [12] .
(this work)
code
E, eV Assignment E, eV Assignment E, eV
1 2 3 4 5 6
~ 1.995 (0.001) huy = tiu 1.999 Ag — 1T 1.999
A hy = tig 3.037 Ag — 1Ty 2.469 (sh)
B 3.280 (0,001) hy — t1g 3.289 Ag — 2Ty 2.774
C 3.775 Ay — 3Ty 3.246 (sh)
Dy 3.580 (0.080) hg, gg = tiu 4.065 Ay — 4Ty 3.565
Do 3.732 (0,090) hg, 99 = tiu 4.350 Ag — 5Ty
E 4.210 (0,040) hu — hg 4.832 Ag — 6Ty 4.139 (sh)
F 4.600 (0.490) hu — hg 5.452 Ag = Ty 4.509
G 5.437 (0.019 hg, gg — t
! (0.019) 91 99 = V2u 5.876 Ag — 8T, 5.689
Go 5.730 (0.330) hg, gg — tau
H 6.358 Ag = 9Ty 6.075 (sh)

N o t e: abbreviation sh stands for shoulder.

Table 2. Transition energies, relative intensities
(in parentheses), and assignments of C7g absorption bands at room temperature

Absorption spectra of Crg

Transition energies E, eV

In hexane Film Assignment [24, 25]
[10] [23] [15] This work
1 2 3 4 5
1.864 (sh) 1.890 1.889 (sh) el — e ora — af

1.946 (sh) 1.992 (sh)
1.986 (sh) 1.999 (sh)
2.033 (sh) 2.026 2.022 (sh) e = e/l + B, or aff > dfl + B}
2.066 (sh) 2.066 (sh)
2.087 (sh) 2.183 2.176 (sh) aly, — e
2.279 (sh) 2.254 (sh) 2.353 2.344 e = a!
2.644 (sh) 2.649 (sh) 2.485 e} — ay or a — a
3.280 (mw) 3.280 (mw) 3.204 3.211 ey, — €| oral, — €}, or aj —af
3.454 (mw) 3.444 (mw) 3.416 el — a
3.745 (mw) 3.745 (mw) 3.605 3.595 (sh) el — e}
3.961 (w) 4.495 4.439 aly, — all
5.767 (s) 5.794 (s) 5.688 5.374 ay — af

N o t e: abbreviation mw stands for mean weak, w for weak, s for strong, and sh for shoulder.
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Fig. 4. Linear fitting (dashed lines) of the optical density
function D(d) of Cgp/Cro films measured at incident photon
energies of 2.412 (1), 2.800 (2), 3.196 (3), and 3.625 eV (4)
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Fig. 5. Absorption spectra of films on silica substrates: (1)
Ce0/Cro mixture, d = 25 nm; (2) Cgo, d = 20 nm; (8) Cro,
d = 20 nm; (4) difference between curves 1 and 3; (5) differ-
ence between curves 1 and 2
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Fig. 6. Fitting of the film absorption spectra by the sums
of the Gaussians with the same width (dashed curves): Cego,
d =20 nm (a); Ceo/Cr0, d = 100 nm (b); C60/Cr0, d = 115 nm
(¢); and Ceo/Cr0, d = 195 nm (d)

0.133 eV ~ 1073 cm~'. In work [15], the corre-
sponding difference was found to equal 0.136 eV ~
1097 cm~! (Table 2, column 3). By magnitude, those
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Fig. 7. Fitting of the film absorption spectra by the sums
of the Gaussians with the same width (dashed curves): Cro,
d =20 nm (a); Ce0/Cr0, d = 35 nm (b); and Cgo/Cr0, d =
=35 nm (c)

values are close to the IR frequency of Cry E] =
= 1087 cm~! [26]. One may assume that the absorp-
tion bands at 2.026 and 2.022 eV are a result of the
interaction of the excited states e/ and af with the
1087-cm ™! vibration (the Herzberg-Teller or Jahn-
Teller coupling as in the Cgo molecule [22]). Those
bands can be considered as the transitions ef —
— e + F} and af — af + EJ.

According to the Bouguer-Lambert law, we evalu-
ated the effective absorption coefficients a(E) of the
Ce0/Cro films as the slopes of the plots D(d) (Fig. 4).
The values obtained for a(E) are 3.22 x 10* ecm~! for
line 7, 6.16 x 10* cm™! for line 2, 8.71 x 10* cm™!
for line 3, and 1.82 x 10° cm™! for line 4. The rela-
tive measurement error of a(F) did not exceed 12%.
Smaller relative measurement errors were obtained
for larger a(E). The smallest error was for an incident
photon energy of 3.625 eV (line /) and amounted to
2%. The a(E)-values calculated from the absorption
spectra of the Cgg and Crq films with d = 20 nm for
photon energies of 2.412, 2.800, 3.196, and 3.625 eV
are as follows: 3.8 x 10%, 6.7 x 10*, 8.1 x 104, and
1.7 x 10° cm™!, respectively, for the Cgo films; and
8.5 x 104, 7.2 x 104, 1.1 x 10%, and 1.0 x 10° em™1,
respectively, for the C7g ones. A comparison of those
data shows that the above-presented values of a(F)
for the Cgo/Cro films better correlate with the «(E)-
values calculated for the Cgg films at the correspond-
ing energies of incident photon. This fact means that
Cgo is the main component in the Cgo/Cro films.
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In an energy interval of 1.38-3.31 eV, the absorp-
tion of the Crg film is stronger than that of the Cgg
film (Fig. 5, curves 3 and 2, respectively). In Fig. 5,
the numbers near the arrows mean the transition en-
ergies for the Cgp and Crq films, which were taken
from Table 1 (column 5) and Table 2 (column 4). The
Cgp contribution (curve 4) to the Cgo/Crg absorp-
tion was calculated by subtracting the Cry spectrum
(curve 3) from the mixture one (curve I). Absorp-
tion spectrum 4 correlates with spectrum 2 of the
Ceo film. Absorption spectrum & characterizes the
Crp contribution to the Cgo/Cro absorption. This
spectrum was obtained by subtracting spectrum 2
from spectrum I, and it correlates with Crg spec-
trum & in an interval of 1.8-3.6 eV. At the same time,
the anti-correlation between the absorption spectra
for the Cgo and Crg films (curves 2 and 3, respec-
tively) was observed. Absorption spectra 4 and &
also anti-correlate. Hence, from the above analysis
of the absorption spectra shown in Fig. 5, it follows
that both Cgg and Cry enter the composition of the
C6Q/C7o film.

3.3. Identification of Cgo and Crg
in Cego/C7o films by absorption spectra

In an interval of 1.38-6.0 eV, the absorption spectra
of the Cgp (Fig. 2) and Cr¢ (Fig. 3) films consist of
wide structural bands. In Figs. 6 and 7, the structural
absorption bands of the Cgg, Crp, and Cgp/Crp films
are resolved as the sums of the Gaussian functions
of the same width. It was done in order to determine
the transition energies more accurately and to com-
pare them within an interval of 1.38-3.80 eV. The fit-
ting by Gaussians of the same width allows the struc-
ture of the absorption spectra of the Cgg, Crg, and
Cg0/Crp films to be resolved more accurately and
provides an opportunity to qualitatively reveal the
composition dynamics of the Cgo/Crq films with var-
ious thicknesses during the thermal sputtering of this
mixture.

The absorption spectra of the Cgo, Cr9, and
Cg0/Crp films are grouped according to the similar-
ity of their profiles. The absorption spectra of the
C60 (d = 20 nm) and CGO/C'ZO (d = 100, 115, and
195 nm) films together with their fitting by the sums
of Gaussian functions of the same width are shown in
Fig. 6. Analogous fittings of the absorption spectra
of the C7p (d = 20 nm) and Cgp/Crp (d = 25 and
35 nm) films are depicted in Fig. 7 (panels a, b, and
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¢, respectively). The relative intensity of each Gaus-
sian was determined as the ratio A/Ag between the
area A under this Gaussian component and the total
area Ay under the absorption spectrum of the film,
the latter being equal to the sum of the areas under
all Gaussian components that form the spectrum.

The values of the energies and relative intensities of
electronic transitions in the absorption spectra of the
Cgp and Cgo/Cro films, which were determined from
Fig. 6, are given in Table 3, and their counterparts
determined for the C7g and Cgo/Crq films from Fig. 7
are quoted in Table 4. The numbers in the second col-
umn (Band code) of those tables are the numbers of
Gaussian components (Cgo or Crg) in the absorption
spectra of the Cgo/Cro films with d = 25, 35, 100,
115, and 195 nm.

3.8.1. Cgo contributions
to the absorption spectra of Cgo/Cro mizture films

The weak band at 2.007 eV, which was observed only
in the absorption spectrum of the 195-nm Cgo/Cro
film (Table 3, row 1), was identified by us as band
1_Cego (y-band) at 1.999 eV (Table 1, row 1).

In the absorption spectra of the Cgo/Cro films with
d =100, 115, and 195 nm, there appears band 2_Cgo
at 2.209 eV (Table 3, row 3), which is absent in the
absorption spectra of thin Cgo/Crq films with d = 25
and 35 nm.

Band 3_Cgp at 2.474 eV, which was identified as
band A (Table 1), was observed in the absorption
spectra of the Cgo/Cro films of all thicknesses (Ta-
ble 3, row 4; Table 4, row 5). Its relative intensity is
minimum in the absorption spectrum of the 100-nm
CGO/C’?O film.

In the absorption spectra of the Cgo/Cro films with
d = 115 and 195 nm, bands 4 Cgo and 5 Cgg are
observed; the latter at 2.712 €V (band B, Table 1) for
the film thickness d = 115 nm and at 2.949 eV for
d = 195 nm. The relative intensities of those bands
change insignificantly with the growth of the Cgo/Cro
film thickness (Table 3, rows 6 and 8).

Band 6_Cgp at 3.208 €V (band C, Table 1) is ob-
served in the absorption spectra of the Cgo/Crg films
with d = 115 and 195 nm. The relative intensity of
this band increases as the thickness d of the Cgo/Cro
film grows (Table 3, row 10).

Bands 7_Cgp at 3.440 €V (Table 1, band D;) and
8 Cgo at 3.640 €V (Table 1, band Ds) are observed in
the absorption spectra of all Cgp/Crg films (Table 3,
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Table 3. Energies E and relative intensities A/Ag of electronic
transitions in 20-nm Cegp films, and in 100-, 115-, and 195-nm Cgo/Cro films

Cg0, 20 nm Ce0/C70, 100 nm Ce0/C70, 115 nm Ce0/Cr0, 195 nm
No. Band Ag = 0.27799 a.u. Ag =1.17812 a.u. Ag = 1.45257 a.u. Ap = 3.00815 a.u.
code
E, eV A/Ao E, eV A/Ap E, eV A/Ap E, eV A/Ao
1 1_Cseo 1.999 0.016 2.007 0,018
2 2_Cro 2.050 0.008 2.048 0.006

3 2 Ceo 2.209 0.027 2.200 0.018 2.214 0.024 2.270 0.036

4 3 Ceo 2.474 0.079 2.431 0.050 2.484 0.073 2.517 0.079
5 5_Cro 2.624 0.080

6 4 Ceo 2.712 0.116 2.704 0.103 2.737 0.096
7 6_Cro 2.828 0.088

8 5 Ceo 2.949 0.112 2.929 0.103 2.957 0.106
9 7_Cro 3.053 0.104

10 6 Ceo 3.208 0.135 3.157 0.131 3.214 0.145
11 8_Cro 3.268 0.122

12 7 _Ceo 3.440 0.216 3.472 0.213 3.389 0.222 3.461 0.240

13 8 Ceo 3.640 0.298 3.665 0.317 3.622 0.338 3.681 0.280

Table 4. Energies E and relative intensities A/Ag of electronic
transitions in 20-nm Cr¢ films, and in 25- and 35-nm Cgo/C7o films

Cr0, 20 nm Ce0/Cro0, 25 nm Ce0/C70, 35 nm
No. Band Ao = 0.29865 a.u. Ap = 0.39903 a.u. Ap = 0.60292 a.u.
code
E, eV A/Ao E, eV A/Ao E, eV A/Ag
1 1 Cro 1.936 0.016
2 2 Cro 2.047 0.055 2.049 0.043 2.057 0.029
3 3 Cro 2.245 0.094 2.272 0.067 2.254 0.051
4 4 Cro 2.405 0.110
5 3_Ceo 2.487 0.096 2.468 0.088
6 5 Cro 2.594 0.110 2.674 0.114 2.660 0.104
7 6 Cro 2.804 0.083 2.871 0.115 2.848 0.101
8 7 Cro 3.018 0.147 3.067 0.114 3.030 0.108
9 8 Cro 3.252 0.188 3.245 0.127 3.222 0.133
10 7 Ceo 3.423 0.150 3.423 0.174
11 9 Cro 3.531 0.197
12 8 Ceo 3.610 0.174 3.629 0.211

rows 12 and 13; Table 4, rows 10 and 12). Their rela-
tive intensities increase with the increasing thickness
of the CGO/C7O films.

The data presented above confirm the presence of
the Cgo component in the Cgo/Crq films with d = 25,
35, 100, 115, and 195 nm. The calculated average
values of the transition energies and relative inten-
sities (in parentheses) of bands 3 _Cgo, 7_Cgp, and
8 Cgo in the spectra of the Cgg/Cro films with all
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thicknesses are 2.477 eV (0.077), 2.434 ¢V (0.200),
and 3.641 eV (0.264), respectively, and agree well
with the following data obtained for the 20-nm Cgg
films: 2.474 6V (0.079), 3.440 6V (0.216), and 3.640 eV
(0.298), respectively (Tables 3 and 4). Therefore, the
bands at 2.474, 3.440, and 3.640 eV can be used to
identify Cgg in the fullerene mixture films by analyz-
ing their absorption spectra. The relative variations
of the energy of the Cgg peaks at 2.474, 3.440, and
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3.640 eV in the spectra of the Cgo/Cro films with
d =25, 35, 100, 115, and 195 nm are as follows: 0.5%,
—0.2%, —1.7%, 0.4%, and 1.7%, respectively, for the
peak at 2.474 ¢V; —0.5%, —0.5%, 0.9%, —1.5%, and
0.6%, respectively, for the peak at 3.440 eV; and
—0.8%, —0.3%, 0.7%, —0.5%, and 1.1%, respectively,
for the peak at 3.640 eV.

3.83.2. C7g contributions
to absorption spectra of Cgo/Cro mizture films

Weak band 1_Czg at 1.936 eV was not observed in
the absorption spectra of the Cgg/Crg films (Table 4,
row 1). By its position, this band is close to 1.889 eV,
the energy of the transition e/ — e/ or af — af
(Table 2).

Weak band 2 Crg at 2.047 eV was observed in the
absorption spectra of the Cgg/Cro films with d = 25,
35, 100, and 115 nm. The relative intensity of this
band decreases as the thickness of the Cgo/Crg films
grows and is very low in the absorption spectra of
the 100- and 115-nm Cgo/Crq films (Table 4, row 2;
Table 3, row 2).

The absorption spectra of the Cgo/Cro films
with d = 25 and 35 nm contain band 3_Cry at
2.245 eV. The relative intensity of this band de-
creases, as the thickness of the Cgo/Cro films grows
(Table 4, row 3). The maximum of this band is lo-
cated in the middle between the C;y bands at 2.176 eV
(the a, — €Y transition) and 2.344 eV (the ef — af
transition) (Table 2).

In the absorption spectra of the Cgo/Cro films,
band 4 Crg at 2 405 eV is absent (Table 4, row 4).

Band 5 Crp at 2.594 eV was observed in the ab-
sorption spectra of the Cgo/Cro films with d = 25,
35, and 100 nm. The relative intensity of this band
decreases with the growth of the Cgo/Cro film thick-
ness (Table 4, row 6; Table 3, row 5). According to
the position of its peak, this band is close to the Crq
band at 2.485 eV (the transition e}, — €} or aj — €]
or aj — af) (Table 2).

Band 6_Crp at 2.804 eV was observed in the ab-
sorption spectra of the Cgo/Cro films with d = 25,
35, and 100 nm. The relative intensity of this band is
maximum for the 25-nm Cgp/Cr film and does not
change for the 35- and 100-nm films (Table 4, row T7;
Table 3, row 7).

Band 7_Crp at 3.018 eV was observed in the ab-
sorption spectra of the Cgo/Cro films with d = 25, 35,
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and 100 nm. The relative intensity of this band de-
creases with the growth of the Cgo/Crg film thickness
(Table 4, row 8; Table 3, row 9).

Band 8 Cy at 3.252 eV was observed in the ab-
sorption spectra of the Cgo/Cro films with d = 25, 35,
and 100 nm. Its relative intensity does not change, as
the thickness of Cg/Cr films changes (Table 4, row
9; Table 3, row 11). According to the position of its
peak, this band is close to band Cr( at 3.211 eV (the
el — e} or al, — €} or af — af transition) (Table 2).

In the absorption spectra of the Cg/Cro films,
band 9 Cro at 3.531 €V is absent (Table 4,
row 11). We may assume that this band does not
manifest itself against the background of intense Cgg
components at 3.440 and 3.640 eV. According to the
position of its maximum, this band is close to the Crq
band at 3.595 €V (the e} — €} transition) (Table 2).

Therefore, the above data confirm the presence of
the Crg component in the Cgo/Cro films with the
thicknesses d = 25, 35, and 100 nm. The calcu-
lated average values of the transition energies and
relative intensities (in parentheses) of bands 5 Cro,
6 Cro, 7_Crp, and 8 Cr¢ in the spectra of the
Ce0/Crp films with d = 25, 35, and 100 nm are
2.652 eV (0.099), 2.849 eV (0.101), 3.050 eV (0.109),
and 3.245 eV (0.127), respectively. They agree well
with the following data obtained for the 20-nm Crg
films: 2.594 eV (0.110), 2.840 eV (0.083), 3.018 eV
(0.147), and 3.252 eV (0.188), respectively (Tables 3
and 4). Therefore, the bands at 2.474, 3.440, and
3.640 eV can be used to identify Cgg in the fullerene
mixture films on the basis of their absorption spectra.
The relative variations of the energy of the C7y peaks
at 2.594, 2.804, 3.018, and 3.252 eV in the spectra
of the Cgo/Cro films with d = 25, 35, and 100 nm
are as follows: 3.1%, 2.5%, and 1.2%, respectively,
for the peak at 2.594 eV; 2.4%, 1.6%, and 0.8%, re-
spectively, for the peak at 2.804 eV; 1.6%, 0.4%, and
1.1 %, respectively, for the peak at 3.018 eV; and
—0.2%, —0.9%, and 0.5%, respectively, for the peak
at 3.252 eV.

The variations in the relative intensities of the
Cgo and Cr7p bands in the absorption spectra of the
Ce0/Cro films allow us to assume that both compo-
nents sublimated at the sputtering beginning, so the
Ce0/Crp films with the thicknesses d < 100 nm were
formed via the deposition of Cgg and C7g molecules
onto silica substrates. The resulting films are two-
component. After a drastic reduction in the intensity
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of Crg sublimation because of a small amount of Crq
in the crucible, the Cgo/Crg films with the thicknesses
d > 100 nm consist of two layers. The first 100-nm
layer, which is in direct contact with the substrate,
is two-component, whereas the next layer is single-
component and mainly consists of Cgg molecules.

4. Conclusions

The molecular interaction between the fullerenes and
the substrates affects the structure of the Cgo/Crg
films. Polycrystalline Cgo/Cro films with needle-like
and round crystallites are formed on silica sub-
strates with intermediate carbon or ITO layers. Qua-
si-amorphous Cgg/Crq layers are formed on the sur-
face of copper substrates, and the surface Cgg and Crq
molecules become centers of the crystallite formation.

The values of the effective absorption coefficient a
of the Cgo/Crg films are estimated for various inci-
dent photon energies F. It is found that the values
of a(E) obtained for the Cgo/Crq films correlate bet-
ter with the a(E)-values calculated for the Cgg films
and the corresponding incident photon energies. This
fact means that Cgp is the main component in the
C60/C70 films.

The nature of the Cgg and Cry absorption bands
is discussed in detail by analyzing the literature and
our data. The Cgy absorption bands at 2.474, 3.440,
and 3.640 eV and the Cry absorption bands at 2.594,
2.804, 3.018, and 3.252 eV can be used to identify
those substances in fullerene mixtures
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budget theme of the National Academy of Sciences of
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M.II. lNopiwrut

MOP®OJIOTISI TIOBEPXHI

[IJIIBOK CYMIIIT ®YJIEPEHIB Ceo/Cro.
IIEHTUGIKAIIS Cgo TA Cro ¥ IJTIBKAX
Ce0/Cro 3A IX CIIEKTPAMMU ITOTVIMHAHHS

ITnisku cymimi Cgo/Cro HaHOCHIM Ha Pi3HI HNiAKIAJUHKA Me-
TomoM TepMiunol cybmimamnil y Bakyywmi 6,5 mIla. docmimxe-
Ho Mopdoutorito nosepxHi miaiBok Ceo/Cro ToBIIMHOILO 195 HM.
BcranossieHo, mo Ha KpeMHE3eMHUX 1 MiZHMX MiKJIauH-
Kax OopMyIOTbCs NOJIKpUCTaivyHi i KBasumaMopdHi IIiBKA
Ce0/Cr0, Bignosinuo. Ilpupoga cmyr normunanus Cgo 1 Cro
OyJia JeTaJbHO OOrOBOpEHA Ha OCHOBI amasidy JjirTeparypu Ta
Hamux ganux. Cnekrpu noryimHanHs WwiiBok Cgo, Cro 1 cyminni
Ce0/Cro ommcyBanucsa cymoro dyukniii Layca. Cmyrn norsu-
wanns Cgo (2,474, 3,440 i 3,640 eB) i Cr7o (2,594, 2,804, 3,018
i 3,252 eB) moxxyTb Gyt BuKOpUCTaH] JuIs ineHTUdIKANIT IIX
peuoBuH y cyMmimax dynepenis. Byno Buasieno, mo Cgo € mo-
MiHyounM KoMioHenToM y miiBkax Ceo/Cro.

Katowoe61i c.ao06a: TOHKA IJIiIBKa, MOP(OJIOris IOBEPXHi, CIte-
KTPH HOIVIMHAHHS, Higronka, aycianu, cymint Cego/Cro.
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