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The crystal structure of the Cgy fullerene films with their alloying by the oxygen
molecules and copper atoms is studied and under the influence of high energy electron
irradiation (E, = 1.8 MeV) is investigated. It is shown that the crystal structure of the Cg,
and Coq fllms changes in the dependence on the concentration of impurity elements and
radiation defects, inculcated in the interstitial positions. The presence of impurities, and also
the radiation damages substantially influences the electronic and vibrational spectra of fuller-
enes and is the result of the appearance in this case of additional Coulomb intermolecular
interaction.

Wsyuena xpucraiinyecKas cTpyKTypa mieHok dymnepenos Cgqy u C,o mpu JermposaHum
MOJIEKYJIAMU KHCJIOPOLa, aTOMaMU MeIH, 4 TaKiKe IPU BO3AeHCTBUU BBICOKOSHEPreTUUHBIM
9JIeKTPOHHEIM obsyuenuem (E,=1 2B). ITokasaHno, 4TO KPHUCTAIINYECKAS CTPYKTypa ILie-
HOK M3MEHSeTCs B 3aBHMCHMOCTH OT KOHI[EHTPAIIMU [IPUMECHBIX 9JIEMEHTOB U PAJUAIMOHHBIX
nedeKTOB, BHEIPEHHBIX B ME)Ky3eJbHBbIEe IIOJOMKeHus. IIpucyrcrBue mpumeceii, a TaKiKe
paguanuoOHHbIX 1e()eKTOB CYI[ECTBEHHO BJIHUSET HA 9J€KTPOHHBLIE U KOJIe0aTelbHbIE CIIEKTPHI
(yIepeHoB U ABJISETCSA Pe3yJIbTATOM BOSHHKHOBEHUS IIPU dTOM JOIIOJHUTEJIBHOrO0 KYJIOHOB-
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CKOr'0 MEXXMOJIEKYJIAPHOTO B3aMMOAEeHCTBUA.

The crystal structure of the Cgy fullerene
films at alloying with oxygen molecules and
copper atoms has been studied. The influ-
ence of high energy electron irradiation
(E, = 1.8 MeV) on the changes in the crys-
tal structure, optical conductivity, and vi-
brational spectra of Cgg and Cq films under
different absorbed doses has been investi-
gated. It is shown that the crystal structure
of the Cgq and C;y films changes depending
on the concentration of impurity elements
and radiation defects introduced in the in-
terstitial positions. The presence of impuri-
ties and radiation damage of molecules in-
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fluences substantially the electronic and vi-
brational spectra of fullerenes and results
from the appearance of an additional Cou-
lomb molecular interaction, and manifests
also different nature of the crystal struc-
ture change and mechanisms of its influ-
ence on the properties of Cgy and C;g mole-
cules.

The optical and electrophysical proper-
ties of the solid fullerene films depend sub-
stantially on the changes in their erystal
structure due to alloying with impurities
[1-4]. Of a special importance are the oxy-
gen impurity atoms, which suppress the po-
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lymerization possibility of fullerenes [5—6]
due to the decrease of the fullerene excita-
tion and formation of the cycle-attaching
molecular bonds. On the other hand, it is
known that fullerenes show a low ionization
energy and high electron affinity energy,
that contribute to a noticeable change in the
electron structure of molecules when impu-
rity atoms are introduced both into the
fullerene molecules themselves and into the
crystal lattice. The properties of fullerene
films with the introduced exohedral alkali
metal atoms [7, 8] are most widely studied.
Other atoms introduced in the interstitial
positions of the Cgg molecule fecc structure
influence essentially the optical conductiv-
ity, photoluminescence, and vibrational
spectra of nanostructural molecules [4, 9,
10]. This influence is explained by the
charge transfer between the fullerenes and
impurity atoms, that provide an additional
Coulomb interaction superimposed on the
intermolecular Van der Waals forces [11].

It is obvious that it is impossible to
study the influence of various alloying ele-
ments on the properties of the fullerene
films without detailed studies of their crys-
tal structure, since its changes determine
the states of molecules themselves. How-
ever, there are essentially no such studies,
except for alloying with alkali metals.
Therefore, the influence mechanisms of
non-alkali elements on the fullerene mole-
cules are studied scarcely. The influence of
radiation damages on the fullerene crystal
structure and thus on the behavior of the
molecules under electron irradiation at the
bombarding particle energies exceeding the
atomic displacement threshold, (when the
fragmentation of molecules can be ne-
glected) is even less investigated.

The purpose of this work is to study
changes in the crystal structure of fullerene
films at alloying by oxygen molecules and
copper atoms, and also due to formation of
radiation-induced defects during the high
energy electron irradiation (electron energy
1.8 MeV) at various absorbed doses @. Fur-
thermore, the influence of Cgzy and Cog
fullerenes radiation damage on their optical
properties has been investigated. The crys-
tal structure of the condensed Cgy and Coq
films was studied using X-ray diffraction,
while optical conductivity and vibrational
spectra of these molecules were investigated
by spectral ellipsometry and Raman scatter-
ing, respectively. Oxygen alloying was car-
ried out at various temperatures and an-
nealing durations of the fullerene films in
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Fig. 1. X-ray diffraction patterns for Cu-Cg,
films with 20 mass% Cu: as-deposited (a);
annealed at 353 K for 20 min (b); annealed at
473 K, 300 min (c). The substrate is Si (100),

the film thickness 100 nm, ACuK, emission.

air. The concentration of the introduced
oxygen molecules was measured by Auger
spectroscopy [9]. Copper-containing films
were prepared using vacuum condensation
at simultaneous spraying of copper atoms
and fullerene molecules [2, 4]. The dose of
electron absorption is varied from @ = 0.5
to 8 MGy.

The electron-diffraction and electron-mi-
croscopic studies of the Cgy fullerene films
testify about their fine-crystalline struec-
ture, average size of crystallites being ~25—
40 nm [4, 9]. Amorphous component occu-
pies an essential volume fraction in films of
700 to 2000 nm thickness. The X-ray dif-
fraction patterns of the solid Cgg crystalline
films after different annealing temperatures
and durations show that the diffraction
peak (200), which should be observed in the
fce structures is absent even at significant
annealing temperatures and times (T =
473 K, t = 300 min) (Fig. 1). The content of
oxygen atoms in this case is 2.45 at.%. At
the same time, as the annealing tempera-
ture and time increase, the lattice parame-
ter increases from a = 1.414 nm in the initial
state after sputtering (oxygen content 0.6 at.%)
to a =1.431 nm (T = 473 K). The observed
lattice parameter increase indicates that a
fraction of oxygen molecules enters the in-
terstitial positions, although it is not possi-
ble to exclude a chemical reaction of the
oxygen molecules with fullerenes. This con-
clusion is confirmed by the character of
changes in the background of Raman scat-
tering [9] and spectral emission of excitons
[10] at thermal annealing of the Cgy films.

As to copper-alloyed Cgq films, the dif-
fraction pattern, especially at a high Cu
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Fig. 2. X-ray diffraction pattern for Cg,
films: as-sputtered (unirradiated) (a) and
electron irradiated at the absorbed dose
(MGy): 1.5 (b); 4.0 (c); 8.0 (d). The substrate
is Si (100), the film thickness 2000 nm,
LCoK, emission.

content (20 wt.%) differed from that for
the film obtained by oxidation [4, 10,
13, 14]. Already in as-sputtered film prior
to annealing, the (200) reflection appears in
the X-ray scattering spectrum [15, 16], and
its intensity grows due to annealing (Fig. 2).
The crystal structure, as in the case of the
Cgp films, corresponds to the fcec phase. The
lattice parameters of as-sputtered unan-
nealed film both at low (4 mass%) and high
(20 mass%) content of copper atoms are
smaller than in the unalloyed Cgy fullerene
films and amount a = 1.40 and 1.406 nm,
respectively. As the annealing temperature
increases, the lattice parameters for both
compositions the increase and at T =473 K
attain a =1.427 and 1.430 nm, respec-
tively, i.e. exceed the maximum value for
Cgo films [4, 12, 18], thus indicating the
introduction of copper atoms into intersti-
tial positions of the fcc lattice. The intersti-
tial copper atoms cause a double effect. On
the one hand, copper atoms, acting as do-
nors, contribute to electron transfer to the
fullerene molecules, ensuring the degenera-
tion of rotational molecular degrees of free-
dom [11]; that is accompanied by the ap-
pearance of the (200) diffraction peak. The
Coulomb interaction between the molecules
and copper atoms appearing in this results
in a decrease of the lattice parameter of the
fullerene crystalline phase. On the other
hand, increased concentration of the inter-
stitial copper atoms causes expansion of the
fee lattice structure of the solid Cgqy films.

Thus, the alloying of Cgq fullerene films
with oxygen molecules or copper atoms is
connected with the introduction of impuri-
ties into interstitial positions and results in
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appearance of an additional component of
molecular interaction, which is a conse-
quence of a change in the fullerene electron
structure associated with the appearance of
spatially spaced charges of opposite signs.
Alloying with copper atoms, as in the case
of alkali metals, a broad optical absorption
band is observed in the energy gap due to
electron transfer from copper atoms to the
Cgo molecules [14].

Similar transformations of the crystal
structure evidenced by appearance of the
(200) diffraction peak and by lattice pa-
rameter changes occur due to radiation
damages of Cgp and C;y fullerenes caused
by high-energy electron irradiation. It is to
note that in the as-sputtered Cgg sample
prior to irradiation, the hep structure ap-
pears besides the fcc phase, which results in
an asymmetry of (111) diffraction peak and
in appearance of additional peaks corre-
sponding to that phase. It is to assume that
already in the course of the film precipita-
tion, the chaotically distributed packing de-
fects may be formed depending on the sput-
tering conditions, resulting in the appear-
ance of hcp structure interlayers [17].
During the irradiation, the diffraction peak
(200) appears, its intensity growing as the
radiation dose increases.

As the absorbed dose @ increases, the
lattice parameters of both phases also
change. So at @ = 1.5 MGy the lattice pa-
rameter is a = 1.425 nm, that is higher
than in the unirradiated sample
(@ = 1.421 nm). After a decrease, which oc-
curs at @ = 4 MGy (a = 1.420 nm), a further
rise of the absorbed dose up to @ = 8 MGy
results again in the lattice parameter in-
crease (up to a = 1.430 nm). An increase in
the electron irradiation dose favors the in-
creased c/a ratio in the hep phase.

It is to note that as the radiation dose
increases, a more essential reconstruction of
the fullerene electron structure is observed.
So at @ = 4 Mgy, the electron concentration
in the region of the peaks associated with
interband transitions increases. The optical
conductivity peaks o(E) become smeared
and equalized in values. Irradiation with
the absorbed dose of @ = 8 MGy leads to the
drop of o(E) and a noticeable displacement
of its peaks. This behavior of ¢(E) cannot
be connected with the polymerization of
fullerenes, since the electron irradiation
does not affect the displacement of the vi-
brational A, (2) mode lines. On the other
hand, as the absorbed dose increases, an
increased background of Raman scattering
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is observed, and the smearing of lines of
individual vibrational H, modes starts. The
results obtained evidence a change in the
symmetry of Cgy molecules caused by their
radiation damage. Such damages contribute
to the local static atomic displacement of
carbon at the Cgy molecular shell, and also
to the transfer of expelled atoms to the in-
terstitial positions of crystalline fcc lattice.
The appearance of the charge exchanges be-
tween the impurity atoms and the fullerene
molecules is accompanied by formation of
additional Coulomb molecular interaction,
which is evidenced also by reconstruction of
electron spectrum.

The irradiation influence on the crystal
structure of C,y films seems to be more
complex. Fig. 3 shows the diffraction pat-
tern for solid C;y films, subjected to elec-
tron bombardment at wvarious radiation
doses. It is seen that at the condensation,
the C;q molecules form the hep phase. In the
as-sputtered film, the lattice parameters are a
=1.265 nm and ¢ =1.800 nm (c/a = 1.42).
During the electron irradiation at absorbed
doses @ = 0.5 and 1 MGy, the parameter a
increases, while ¢ remains unchanged up to
@ = 2 MGy, while a takes its largest value
(a = 1.324 nm) in the latter case. The pack-
ing density of the hcp lattice (c/a = 1.43)
becomes the same as in the as-sputtered
film. Thus, in the C;y fullerene films not
only atomic displacement of carbon from
the fullerenes to the interstitial positions
occurs, but also a structure relaxation
caused by the output of these atoms from
the crystal lattice of the initial hep phase.
The appearance of the new diffraction re-
flections observed during irradiation evi-
dences a possible appearance of new phases.
An attention should be given also to a spe-
cific feature in the behavior of optical prop-
erties of C; fullerene films as compared to
the condensed state of Cgg molecules. Al-
though, as for the Cgy molecules, the degen-
eration is removed for the majority of the
of Raman scattering peaks, and an increase
in its background appears, the symmetry
reduction in the C;y fullerenes is less pro-
nounced. Moreover, at the absorbed dose @
=4 MGy, the Raman scattering spectrum
becomes similar to that in the initial state.
It is possible to assume that at increasing
concentration of the introduced radiation
defects in the hcp lattice of the C;q fuller-
ene films, the electron structure reconstruc-
tion caused by atomic displacement of carb-
on results not only in the appearance of
Coulomb molecular interaction, but also in
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Fig. 8. X-ray diffraction pattern for solid C,,
films: as-sputtered (unnirradiated) (a) and
electron irradiated at the absorbed dose
(MGy): 2 (b); 4 (c). The substrate is stainless
steel, the film thickness 1800 nm, XCOKQ
emission.

such redistribution of charges in the Coq
molecular shell that provides a stiffening of
C-C bonds in fullerenes.

The distinctions in the electron spectra
changes for Cgy and C;5 molecules during
irradiation are evidenced by the energy de-
pendences of the exciton radiative recombi-
nation and optical conductivity. So, the ir-
radiation which generates radiation defects
in the C;y fullerene films causes appearance
of X-centers favoring the nonradiative re-
combination processes and displacement of
the localized electron states. The optical
conductivity spectrum oE at @ = 4 MGy re-
laxes to the similar spectrum for the initial
(unirradiated) state. This evidences a de-
creased influence of the displaced carbon
atoms on the electron structure reconstruc-
tion of the C;y; molecules in comparison
with the case of lower radiation doses.

Thus, the alloying of fullerene films by
the impurity atoms or molecules as well as
creation of radiation defects during the
damage of the locked molecular shells by
the bombarding particles causes changes in
the crystal structure and optical properties
of Cgg and C;y fullerenes. The appearance
and intensity increase of diffraction reflec-
tion (200) (which is not observed at X-ray
scattering from the fcc phase of solid Cgp)
under specific conditions of alloying and ir-
radiation, is one of the important changes.
As the copper atomic concentration and ab-
sorbed dose in the Cgy fullereme films in-
crease, the lattice parameter of the hep
structure changes in a complex fashion,
thus reflecting the reconstruction of elec-
tron and vibration spectra caused by the

409



O.P.Dmytrenko et al. / Changes in crystal structure of...

introduction of impurities, including the
displaced carbon atoms, to the interstitial
positions of crystal lattice and the addi-
tional Coulomb interaction occurring
thereby. The irradiation of condensed C,
fullerene films also causes complex changes
in the hep structure parameters at increas-
ing absorbed dose, thus indicating the ra-
diation damages of molecules. However, the
formation of radiation defects affects less
the reconstruction of the electronic and vi-
brational spectra of C,3 molecules in com-
parison with Cgqy fullerenes. This testifies
about different nature of crystal structure
changes and mechanisms of its influence on
the properties of Cgy and C;q molecules.
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3MiHM KPHCTAJIYHOI CTPYKTYPH ILTiBOK (pyJiepeHiB
IpPHU JeTYBaHHI Ta YyTBOPEHHI1 pagiamivHux nedexTiB

O.11. mumpenxo, H.Il . Kyaiw, IO.1.Ilpunyyvrui,
I0.€.I'paboscovruii, €.11.11aénenko, B.I'. Ilopowun,
T.B.Podionosa, JI.B.Ilonepenro, B.C.Cmawyx,
B.B.Illnanayvxa, I1.1llapg

Hocigxero KpUCTAIiYHy CTPYKTYPY IIiBOK (ynepenis Cgy mpu ix jerysanui MojexyJa-
MU KUCHIO Ta aToMaM¥ Mifi Ta HOif BOJWBOM BUCOKOEHEPreTHUUYHOTO eJIeKTPOHHOI'0 OIIPOMi-
Henna (E, = 1,8 MeB). [Tokasano, oo KpucTajgiuyHa CTPYKTYPa ILIiBOK 3MiHIOETHCA 3AJIEHHO
Bix KoHIIEHTpaIii JOMIMIKOBUX eJIeMeHTiB Ta pagiamiiiHmx nedeKTiB, BBeJeHUX y MilKBY3JOBi
nojokeHHd. IIpucyTHicTh moMimIok, a TakoK pafiamiiHux gedeKTiB icTOTHO BIJINBae Ha
eJIeKTPOHHI Ta KOJUBHI clieKTpu (pysepeHiB i € HacHKifKOM BUHUKHEHHS IIPU IbOMY JOLATKO-

BOI KYJIOHIBCBKOI MiKMOJIEKYJISAPHOI B3aeMOLii.
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