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The results of a complex study of Cey/Si heterosystems are presented in this work: the crystal structure and
composition of the films, internal mechanica stresses, dectronic parameters of the film and the film-substrate
interface, and the effect of external influences (ultraviolet irradiation, thermal anneaing, gamma and microwave
irradiation). The advantage of microwave treatment over others is established: the absence of fullerene
decomposition, the removal of internd mechanical stresses in the heterosystem, and the improvement of its
electronic parameters. Methods for remove the decomposition of Cg molecules under the influence of other
treatments have been developed. To eliminate the interaction of fullerenes with oxygen, it was proposed to
perform thermal annealing and UV irradiaion in vacuum, and in the case of g-irradiation, apply a protective
coating on the surface of the film (GeO, or SO,). In solar cells with Cs films in the polymer matrix on Si, a
significant advantage of titanium contacts in comparison with gold is established, especialy after microwave
treatment. Contact resistance decreased as a result of hybridization of 3d-orbitals of titanium and 2p-orbitds of
fullerenes with the formation of Ti,Cgy carbides and radiation-stimulated diffusion of metals, which increases the

contact area.
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I ntr oduction

The discovery of C, molecules with an even number
of carbon atoms (fullerenes) promoted the creation of
new carbon materials and heterosystems based on them.
Among the known fullerenes, the Cso molecules are the
most symmetrical and stable [1]. They form molecular
crystal with semiconductor properties. Heterosystems
with Cgo films and hybrid heterosystems with fullerenes
in the polymer matrix are used in electronic engineering,
sensorics and solar cells [2]. Their properties are
determined by the conditions of manufacturing
heterosystems and the influence of external influences on
them [3]. The physical properties of the heterosystem are
not a simple sum or averaging of the properties of the
film and substrate. They acquire new properties due to
the appearance of mechanical stresses and electronic
states on the film-substrate interface, which substantially
change the band structure of the semiconductor and its
electronic properties.

The purpose of this work is the use of externa
factors (thermal annealing, ultraviolet, gamma and
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microwave irradiation) to determine their effectivenessin
preserving the film composition, improving its electronic
parameters and the film-substrate interface, as well as
reducing internal mechanical stresses in the heterosystem
without the decomposition of fullerenes.

I. Conditionsfor obtaining filmsand
methodsfor studying heter osystems

Ceo films were deposited on silicon substrates from a
molecular beam of fullerenes in vacuum upon
sublimation of Cg, fulerite powder (99.9 % purity) from
the Knudsen tantalum cell, heated resistively to 550 °C
[4]. The method alows to obtain the films of different
thickness in a single technological cycle, changing the
distance between the fullerene source and the substrate.
Substrates were not heated to eliminate thermal stresses
in heterosystems. The surface of the films was
investigated in an atom force microscope Nanoscope llla
in the regime of periodic mode. Atom force microscopy
provides information about the surface relief. The
composition and crystalline structure of the film were


mailto:matveeva@isp.kiev.ua

L.O. Matveevar, E.F. Venger, R.V. Konakova, O.Yu. Kolyadina, P.L. Neluba, V.V. Shynkarenko

Fig. 1. Schematic representation of the structure
under study: 1 — silicon substrate, 2 — lower
metallization layer, 3 — polymer layer with Cg, 4 —
upper ohmic contacts.
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Fig. 2. Schematic representation of PCBM (a) and
P3NT (b) molecules.

determined from the Raman spectra obtained on a DFS-
24 monochromator at room temperature. The mechanical
stresses s in the films and their sgn were determined
from the bending profile of the heterosystem recorded on
the P-104 profilograph, according to Stone's formula
Ed?
S -
6Ri(1-Nn)
modulus, d and n are its thickness and Poisson’s ratio, R
is the bending radius of the heterosystem. The
mechanical stresses in the film and substrate were also
determined from the electroreflectance spectra from
change in their band gap in comparison with bulk
samples. The spectra were measured by the eectrolytic
method [6] at room temperature on the double DMR-4
monochromator. Samples were in an eectrolytic cdll
with a quartz window and 0.1 normal solution of
potassium chloride in digtilled water. This method makes
it possible to investigate only semiconductors and only in
the region of direct trangtions. At a distance from them
the signal disappears [7]. The spectra were analyzed by
the three-point Aspnes method, taking into account the
energy of the dominant peaks and the ratio of its
intensities [8]. Trangtions in the energy range of 1.6 eV
and 21eV were studied in the films, and in the
substrates in the spectral region of 3.4€V, which
corresponds to the width of the band gap of silicon. In
addition to the transition energy, we also determined the
spectral  broadening parameter I and the energy
relaxation time of the charge carriers excited by light t.

[5]. Here E is the substrate Young's
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They characterize the structural perfection of the surface
under study.

The structure of the solar cdl (Fig. 1) is a silicon
substrate, alower metallization layer (40 nm thickness of
titanium film), and a film from the mixture of PCBM
polymers with Cg fullerenes (6,6-phenyl-Cgo-butylate
methyl ether) and P3NT (poly-3 hexothiophene).
Schematic imagine of these polymers is shown in
Fig. 2, a and b, respectively. The mixture of polymers
was dissolved in toluene and applied to the surface of the
titanium layer in a centrifuge. When creating solar cdlls,
much attention was paid to the selection of the type of
metallization of ohmic contacts. Two pairs of gold and
titanium contacts were applied through a mask to the
surface of a hybrid polymer film. A four-probe method
was used to measure the contact resistance. One pair of
probes was stabilized by current, and the second pair
measured the voltage.

II. Experimental resultsand their
discussion

The atom-force image of the surface of a Cg film
(thickness 2 um) is shown on Fig. 3a. It is seen that the
surface of the film is smooth, without asperities and
cavities, with auniform distribution of fullerenes over
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Fig. 3. AFM images of the surface (a) and Raman
spectrum (b) of the Cg film.
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Fig. 4. Raman spectra of Cg films in Ce/S Fig.5. Raman spectra of Cg films in the Ceo/Si
heterosystem before (a) and after (b) isothermal heterosystem before (a) and after UV irradiation for 1 hour
annealing in vacuum (T, = 800°C). (b) and 5 hour (c).
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Fig. 6. Raman spectra of Cg filmsin the Cso/Si (a) and GeO,/Cey/Si (b) heterosystems at different doses of
irradiation with g-quanta.
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Fig. 7. Dependence of internal mechanical sressesin
the Cg film on S on the dose of g-irradiation.

the surface. On Fig. 3, b shows the Raman spectrum of
this film. The intense band at 1470 cm™* corresponds to
the vibrations of the fullerene molecules in the crystal,
and a 1425 and 1575cm™, the less intense bands
correspond to the vibrations of the carbon atoms in the
molecule. The number of carbon atoms in the C,
molecule is aways paired. It contains necessarily 12
hexagons and n—12 pentagons. Molecule Cg resembles a
soccer ball, the tire of which consists of 12 hexagons and
48 pentagons. The bond between hexagons is short and
double, and between hexagon and pentagon islonger and
single. When molecules are excited, it is broken first, and
a denser amorphous carbon phase at a frequency of
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Fig. 9. Dependence of internal mechanical stresses in
the Cg film on Si on the duration of the microwave
treatment. Thefilm thickness of Cgpis0.35 um (1) and
2 um (2).

1600 cm ™ appears in the film [9]. Due to the destroy of
the molecules both in the process of manufacturing the
heterosystem [4] and under external influences, the
surface of the film coarsens, the mounds and cavities
appear on it, the intendty of the band at a frequency of
1470 cm™ decreases [10].

It is known that under ultraviolet irradiation, as well
as during thema annealing at natural conditions,
fullerenes decay [11, 12]. We showed that when these
trestments are carried out in a vacuum they do not
disintegrate. In Fig. 4 shows Raman spectra of Cg films
on S substrate after irradiation in vacuum for 1 hour (a)
and 5 hours (b). In Fig. 5 shows Raman spectra of the
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Fig. 8. Raman spectra of single-phase Cy films 0.35 um thickness (a), 2 um (b) up to (1) and after (2) 10 s
microwave treatment.
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films before () and after (b) annealing of the Cg/S
heterosystem in vacuum at 650 °C. This means that
fullerenes do not decay in the Knudsen cell, but in
interaction with the substrate surface. This conclusion
was also confirmed in the preparation of Cgp films from
the powder, which remained in the cell after preliminary
deposition of fullerenes. The decomposition of fullerenes
with girradiation (Fig. 6a) was eiminated (Fig. 6b) by
applying a protective coating of GeO, or SO, to the
surface of the Cg film to prevent its interaction with
oxygen [13]. With girradiation without protective film
coating, the level of mechanica stress in the Cego/Si
heterosystems decreased due to the appearance of the
carbon phase after the decay of fullerenes (Fig. 7).

Microwave treatment of heterosystems (2.45 GHz,
power density 1.5W/cm? with an interva of
2...3 seconds with a total duration of 10 seconds) was
carried out in the air without protective film coatings.
During the irradiation the samples were not heated, the
composition of the films did not change, the band at
1600 cm*, characteristic for Raman spectra of carbon
amorphous films, did not appear (Fig. 8). It is known [5]
that thin films have a higher level of mechanical stresses
compared to thick ones. With an increase in the duration
of microwave treatment, mechanica stresses in films of
different thicknesses decreased (Fig. 9). After 10 seconds
of irradiation, the heterosystems straightened, which
indicates the complete relaxation of interna mechanica
stressesiniit.

Mechanical stresses and e ectrorefl ectance spectra of
the film and Cg/Si interfaces were measured before and
after microwave treatment. Relaxation of the stresses
reduced the width of the band gap of the film for both
trangtions (Fig. 10,a), so the compressive stresses
decreased, and increased the band gap of the substrate to
3.38 eV (Fig. 10b), which corresponds to silicon crystals.
The table lists the eectronic parameters (band gap Eg,
spectral broadening I, energy relaxation time of light-
excited charge carrierst and internal mechanica stresses
in the heterosystem) before and after 10 seconds of
microwave treatment. By changing the transition energy
and mechanical stresses, the  dependences
dE/ds =-2.840" eV/Pa and 4.240"°eV/Pa for the
fire and subsequent transitions, respectively, were
established in the films. Before our studies, these data
werenot availablein theliterature.

In the solar cdlls, the total resistance of the metal-
polymer composite-metal structure for each type of metal
contacts was determined. The resistance of the initial
structures depended on the type of upper metallization.
Before microwave irradiation, gold metalization had a

Table
Electronic parameters of the Cq film and interna
mechanical stresses in the Cgo/Si heterosystem
before and after 10 seconds of grirradiation

Irradiation [ E, eV | I meV | «, 10" G, 10’ Pa
before 1.700 235 2.8 2.5
after 1.628 63 10.8 0
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Fig. 10. Electroreflectance spectra of the Cgp (8) film
and the S (b) substrate up to (1) and after (2)
microwave treatment.
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Fig. 11. Dependence of the structural impedance on
the duration of microwave irradiation for gold (curve
1) and titanium (curve 2) upper metallization.

resistance several times greater than that of titanium.
This can be explained by the appearance of Ti-C
chemical bond and the formation of Ti,Cgs compounds
by hybridization of d-metal and p-fullerene orbitals
because carbon atoms interact only with titanium and
lanthanum and do not interact with other metals[14].

In Fig.11 shows the dependence of the contact
resistance on the time of microwave treatment for gold
(curve 1) and titanium (curve 2) metalizations. After 10
seconds of microwave irradiation, the Ryi/Ra, resistance
ratio decreased 50-times (Fig. 12). The result can be
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of heterosystems with Cg, fullerenes on silicon substrates

R /R and the influence of externa factors (thermal annealing,

Au_Ti ultraviolet, gamma and microwave irradiation) on them.
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It was established the significant advantage before other
used treatments of pulsed microwave treatment
(2.45 GHz, power density 1.5 W/cm? with an interval of
2... 3 seconds with atotal duration of 10 seconds). Thisis
the absence of Cg, fullerene decomposition in films, total

heterosystem, improvement of the electronic parameters
of the film and substrate, a decrease in contact resistance
of metal contacts, a significant advantage of titanium
contacts over gold due to the formation of Ti,Cgo
carbides. It is also important that short-term microwave

10 —_— treatment of heterosystems with Cg, fullerenes is the

Fig. 12. Dependence of the resistance of the structure
with gold metallization R, on the resistance of the
structure with titanium metallization Ry on the
duration of microwave treatment.

and expensive equipment.

most effective in comparison with other treatments in
terms of reducing internal mechanical stresses in the
heterosystem without the decay of fullerenes. In addition,
itissmple, fast, cheap and does not require much energy

explained by the fact that radiation-stimulated diffuson ~ Matveeva L.O. - Professor, Doctor of Sciences (Physics
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B pobori mpuBeneHi pe3yabTaTH KOMIUICKCHOTO JROCHimkeHHs rerepocucteM Cego/Si: Kpuctanivzoi
CTPYKTYpPH 1 CKJIaJy IUIBOK, BHYTPILIHIX MEXaHIYHMX HaIpyXeHb, CJICKTPOHHHUX MapaMeTpiB IUIBKM 1 Mexi
HOJiTy IUTiBKa-MiAKIaAKa Ta BIUIMBY Ha HHX 30BHINIHIX Hifl (YIbTpadioneroBoro OnpoOMiHEHHs, TEPMiYHOTO
Bijnayry, raMMa Ta MiKpPOXBHJIBOBOTO OIPOMiHECHHsI). BcTaHOBIIEHO IepeBary MiKpOXBHIILOBOI 0OpOOKH Hepen
IHIIMMHU:  BIJCYTHICT po3nany ¢ynepeHiB, NOBHE YCYHEHHs BHYTPILIHIX MEXaHIYHUX HAlpyXeHb B
reTepoCHCTEeMI Ta IOKPAIEHHS ii eJeKTPOHHUX napameTpiB. Po3pobneni meronu ycynenHs posBaity Moinekyn Ceo
iz piero iHmmx o6podok. Tepmiynuii Bignan i Y P-onpoMiHEHHS IPONOHYETHCS IPOBOAUTH Y BaKyyMi, a Juis O
OIPOMIHCHHS HAHOCHTH 3aXHMCHE MOKPHUTTS Ha moBepxHio IiiBku (GeOy abo SiOy) st ycyHEeHHs B3aeMOpii
¢ynepeHiB 3 kucHeM. B conssunux xomipkax 3 miiBkamu Cgp B IIOTIMEpHii MaTpuIli Ha Si BCTaHOBJICHA CYTTEBA
riepeBara TUTAaHOBHX KOHTAKTIB IepeJl 30JI0THMH, OCOOJIMBO Micist MiKpOXBHILOBOI 00poOku. KoHTakTHuUIl omip
3MEHIIyBaBCsi B pe3ynbraTi riopummsanii 3d-opOitaneil turamy i 2p-opOitaneil ¢dynepeHiB 3 YTBOPEHHIM
kap06iniB TiCep Ta pamialiiHO-cTUMYIbOBaHOI AUQY3ii MeTaliB, siKa 30LIbLIYE IUIONLY KOHTAKTY.

Knrouosi cioBa: ¢ynepenn Cgy, rerepocucreMu, KpUCTalTiyHA 1 30HHA CTPYKTypa IUIIBOK, BHYTPIIIHI
MEXaHi4YHi HalpY)KeHHs, eJIEKTPOHHI IapaMeTpH, TepMidHa i pajiariiHi o0podku.
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