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ABSTRACT 

On the base of analysis of experimental results and theore- 
tic researches the phenomenological model of a charge carrier 
generation under the action of irradiation is presented, and 
the carrier transport in thin film photoadvices is discussed. 
A possibility of IR- sensible devices realization on the base 
of high fullerenes or doped fullerenes is considered. It is 
proposed to study Shottky transition and heterojunction with 
polymers for realization of all photosensive properties of 
fullerenes. On the base of extended Huckel model the numeric 
calculations of electron structure of high fullerenes and the 
search of isomers with defined band gap value are made. Expe- 
rimental researches of absorption spectra for UV-. optic and 
IR- bands are made. 
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INTRODUCTION 
Considerable interest exists in properties, and possible 

applications of fullerenes, with particular focus on the 
electrical properties of C60 films. Photophysical properties 
including UV-, visible absorption, photoluminescence and pho- 
toconductivity have already been reported [1,2]. Photoconduc- 
tive properties are intensively studied [3-13]. The carried 

experiments indicate that C60 has high quantum yield in optic 
band, and it is possible to develop a device on the base of 

this photoresistive effect. 
Using numeric calculations and experimental absorption 

spectra of individual fullerenes it is possible to obtain op- 
tic response in IR- band for high or doped fullerenes. The in- 
terest in using the fullerenes in photoconductive sandwiches 
is explained by its band gap (Eg) comparable with Eg of widely 
used photosensitive semiconductive compounds such as CdTe 
(1.5eV) or CdSe (1.7eV). Therefore it is possible to create 
photodevice with high dark resistivity and low noise level. 
Technology of a thin film structure preparation is simple, 

reproducible and ecological. 
The purpose of this work is to confirm the possibility of 

creating of IR- photosensive fullerene sandwiches. 
On the base of analysis of experimental results and theore- 

tic researches the phenomenological model of charge carrier 
generation sub action of irradiation was present and carrier 
transport in thin film photoadvices was discussed. Possibility 

of IR- sensible advices realization on base of high fullerenes 
or doped fullerenes was present. It has been proposed to study 
Shottky transition and heterojunction with polymers for reali- 
zation of all photosensive properties of fullerenes. On the 
base of extended Huckel model numeric calculations of electron 
structure of high fullerenes and search of isomers with defi- 
ned band gap value were made. Experimental researches of ab- 
sorption spectra for UV-, optic and IR- bands were done. 
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I.C60 FILM PHOTODETECTOR PHENOMENOLOGY 
The C60 molecule has the truncated-lcosahedral form shown In 

Fig.l,with a point-group symmetry Ih that allows the degenera- 
cies as high as five [14-18]. The 30 filled pjt orbitals hold 
60 electrons,in a pattern closely resembling that of free par- 
ticles on the surface of a sphere (Fig.2) [19].The highest-oc- 
cupied orbital of neutral C60 is the completely filled fi- 
ve-fold degenerate hu orbital,and the lowest unoccupied orbi- 
tal, which is central to anionic compounds, is the threefold 
degenerate tlu orbital some 2-3 eV higher in energy [20]. 

Fullerite is a molecular solid held together primarily by 
weak dispersion interaction,with a cohesive energy of only 1.4 
eV/molecule (with respect to C60 vapor [21]).The molecular 
structure and the internal electronic and vibration excitati- 
on energies,at ambient pressure,are hardly different from 
those of the isolated molecule. The solid is highly compressib- 
le, whereas the molecular structure is essentially incompres- 
sible. [22] Electronically and optically, it may be regarded as 
a large bandgap semiconductor, with a gap near to 1.7eV, as on- 
ly a small dispersion into bands of E 0.5eV full width is in- 
dicated. [23]. 

The crystalline state of solid places the molecular centers 
at the lattice points of a face-centered cubic lattice 
(fee). [24].The fee lattice constant is a=14.15 A, the van der 
Waals diameter of the molecule is 10.01 A. As in most crystals 
composed of high symmetry molecules, the modes associated with 
molecular orientation are very soft and active, leading in C60 
fullerite to orientational ordering transitions from a high 
temperature rotator phase to a partially oriented phase at 
(225K), and then near 90K to oriented phase, with residual sta- 
tic orientational disorder having well-defined librational ex- 
citations (librons).[25,26]. 

The electronic and optical properties of C60 in the fee lat- 
tice have been studied by a first-principles method.[27].It is 
shown that C60 has a low dielectric constant and an optical 
spectrum rich in structures.The spectrum shows five disconnec- 
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tea absorption bands in the 1.4 to 7.0 eV region with sharp 
structures in each band that can be attributed to critical-po- 
int transitions. This is a manifestation of the localized mole- 
cular structure connected with long range crystalline order. 
Figure 3 shows the calculated band structure near the gap. 

There are direct band gaps of 1.34 eV at X and 1.87 eV at 
r.Since the local-density theory generally underestimates the 
band gap of an insulator.it is assumed that the true gap may 
be somewhat larger. The bandwidths of the top VB and the first 
set of unoccupied conduction bands (CB) are 0.55 and 0.54 
eV, respectively. The averaged electron and hole effective mas- 
ses at X are estimated to be 1.45 m and 1.17 m, respectively. 
The enlarged i2 (w) curve for this region is shown in Fig.4. 

Transitions in a region near to 2 eV, from the top set of VB 
near the gap to the first set of unoccupied CB, are given in 
Fig.3.The iz (w) curve shows the transition threshold to be at 
1.46 eV, larger than the minimum direct gap of 1.34eV at X.This 
is because the transition from the top of VB to the bottom of 
CB at X is symmetry forbidden. The transition threshold E appe- 
ars to be from the top of VB to the second CB at X. One might 
expect that some transitions at other K points away from X wo- 
uld be allowed, such that the threshold may be at an energy 
between Eg and Eo . This was not the case because the dipole 
matrix elements for transitions in the vicinity of X are all 
vanishingly small.The small band gap leads to the speculation 
that an exciton may be formed at X in fee C60.The other struc- 
tures in Fig.4 can also be assigned to specific critical-point 
transitions.These critical-point transitions and the thershold 
are marked by arrows in the band diagram of Fig.3. 

The sharpness of optical transitions in fee C60 is the re- 
sult of the unique combination of a molecular cluster structu- 
re in C60,which gives rise to the localized bands and the 
long-range fee lattice. This gives the critical points in the 
Brillouin zone. 

These theoretical results are confirmed by a number of furt- 
her theoretical and experimental investigations [28-32]. 
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Fig.1 The structure of fullerenes CQO 
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X.Wei et al. [33] have used various optical characterization 
techniques to study the electronic excited states in icosahed- 
ral clusters Of C60 films produced by high-vacuum evaporation 
onto sapphire substrates. The experimental absorption spectrum 
a(w) at 300K of a C60 film is shown in Fig.5. There is a weak 
absorption band with a wide maximum at 2.9 eV. Molecular orbi- 
tal calculations of the C60 molecule of icosahedral symmetry 
suggest that the irreducible representations of the HOMO and 
LUMO are hu and tlu, respectively. However, the full exci- 
ted-state representations (taking into account all elect- 
rons)for the one-electron transition are Tlg,T2g,Gg,and Hg. 
Optical transitions from the electronic group state into these 
state are dipole forbidden; however, they become weakly allo- 
wed if one quantum of an ungerade vibrational normal mode is 
also involved in the transition process. From the various ma- 
xima in the visible absorption spectrum this may be a transi- 
tion with phonon. The results obtained are confirmed by a num- 
ber of papers [9-13,28,291. 

So undoped C60 films are insulators and have significant vi- 
sible absorption [34,35]. J.Mort et al. investigated the pho- 
toconductivity in films of C60 [3,4,36]. The samples were de- 
posited on glass slides, partially precoated with evaporated 
aluminum electrodes, by vacuum sublimation of C60[14]. The 
sandwich cell geometry,in which the current flow is perpendi- 
cular to the plane of the film, minimizes the possible compli- 
cations of more conductive surface layers which,if present,can 
dominate surface cell measurements. 

The dark conductivity measurements made on these samples ha- 
ve demonstrated that the room temperature dark conductivity is 
10~14 (Om*cm)_1, and the dark current versus voltage curves 
are linear for applied voltage <2V [36].Figure 7 shows a nor- 
malized spectral response curve at room temperature for photo- 
currents in a nominally undoped C60 film with an aluminum top 
electrode. The estimated peak photoefficiency is roughly 10"4, 
provided that the current flow is limited by a carrier photo- 
generation rate. 
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Although this efficiency is low, the background dark currents 
are so small that the increase in current on illumination at 

650 nm is about a factor of 102(Fig. 8). 
Figure 6 shows an energy level picture based on published 

information regarding the ionization potential of solid C60 
[37], its band structure [38], and the known work functions of 
aluminum and gold. It was shown to be highly unlikely that the 
photoeffects can be due to photoinjection of electrons from 
the metal electrodes. Therefore, it is suggested that the pho- 
tocurrents are bulkgenerated photoconductivity in the C60 film. 
S.Kazaoui et al.[37] investigated the photoconductivity of 

C60 thin films at 260-800 nm (with constant photon intensity 
1014 cm"2 sec-1) . It is important to say that in these struc- 
tures electric field is perpendicular to the illumination di- 
rection in gap electrode configuration used there, contrary to 
the sandwich configuration. 
Figure 9 shows the absorption spectrum of an experimentally 

obtained C60 film which was kept strictly in vacuum after the 
depositiion. The photoconductivity spectrum might be more re- 
liable at low temperature because dark conductivity is very 
low and the light/dark conductivity ratio is greater than 100. 
"In situ" photocurrent spectra are presented in Fig.9 for both 
thin and thick films. For thin films (thickness ca. 25 nm) in 
the range X=260-800 nm the photoconductivity spectrum follows 
almost the optical absorption spectrum, whereas for thick film 
(thickness ca. 200nm) above X=500nm an antibatic relation bet- 
ween the photoconductivity and the optical absorption spectrum 
is observed. Symbatic and antibatic relations between a photo- 
conductivity spectrum and an absorption spectrum might be exp- 
lained by bimolecular recombination. 
Conductivity and photoconductivity temperature dependence 

give interesting insight to the photogeneration and carriers 
transport processes. Figure 11 show the temperature dependence 
of the dark current and photocurrent (X=300 and 600nm) in the 
temperature range 170-380K. At low temperature regime T<270K, 
the conductivity and photoconductivity are weakly temperature 
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dependent. Moreover, here also the temperature dependence of 
the photoconductivity is similar for all excitation energy 
above 1.7 eV. 

It is important to emphasize the effect of the atmosphere in 
which the C60 samples are exposed, and their electrical pro- 
perties are measured. Preliminary experimental results, after 
a separate admission of pure nitrogen N2 and pure oxygen 02, 

both with a pressure of 1 atm at room temperature, show that 
while N2 causes no change, 02 produces the principal effects 
in this material. The latter decreases 6ph and 6d by an order 
of magnitude; decreases the raio 6ph /6d; decreases the photo- 
conductivity response time; decreases 6ph and 6d which is even 
more important for a thicker film (200 nm) than a thinner film 
(13 nm).Figure 10 shows the temperature dependence of the dark 
current and photocurrent (X=300 and 600 nm) for "in situ" and 
oxygen exposed in the temperature range 170-380 K. 

As shown in Fig.11, neither the high nor the low temperature 
regimes are significantly affected by oxygen: the activation 
energy is constant. As far as the photoconductivity spectrum 
is concerned neither alteration nor new bands appear in unex- 
posed and oxygen exposed samples (Fig.10). 

Oxygen effect on the photoconductivity and conductivity as 
reflected by ph and d can be explained by assuming that oxygen 
is intercalated in the octahedral interstitial sites of the 
fee lattice of C60 [11-13]. A common feature is that if the 
electrons, as major carriers, are easily captured and recombi- 
ned in energetically deep traps at oxygen sites, then the car- 
rier density, the free lifetime and drift mobility should dec- 
rease. Both the conductivity and photoconductivity might also 
decrease. In addition, intercalated oxygen does not alter or 
create new electronic states either in the subgap around lev, 
as reported by M.KAISER et al[13]. An alternative is that oxy- 
gen might act on the photogeneration process at the stage whe- 
re the excited state should react with an electron donor with 
the formation of e/h pairs. On the other hand, the oxygen ef- 
fect on photocoductivity has already been reported, but the 
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mechanism of it has not been finally established [10-13]. 
To interpret the carrier photogeneration and transport mec- 

hanisms, several candidates may be used, such as the Mott's 
law of variable range-hopping 6(T)=60exp{-(T0/T)

1/4} or ther- 
mally activated process with weak activation energy at all ex- 
citation wavelengths. 

Let us consider the photogeneration and charge transfer mec- 
hanism in a monocrystalline thin layer of a fullerene on con- 
dition of absence of any structural defects. In dealing with 
optical absorption, the most interesting for us are the 
low-energy transitions, such as electronic transitions from 
the ground state Ag to one of the three states, lTlg,lGg and 
lT2g. They are symmetry forbidden whereas the first allowed 
transition is assigned to 1T1U (hv=3.5eV or =350nm). In spite 
of the fact that absorption bands are the forbidden transiti- 
ons for isolated molecules, they become weakly allowed in the 
solid as a result of lowering in symmetry due to intermolecu- 
lar interactions. 
The absorption coefficient is connected with falling photon 

energy (Eh) for symmetrically allowed falling transition as 
follows: a ~ (Eh-Eg)

1/2 or a ~ (Eh-Eg)
3/2 for symmetrically 

forbidden transitions [38]. The charge carrier photogeneration 
originates by means of transferring C60 molecules to an exci- 
ted state with electron-hole pair formation and a further ex- 
citon ionization by external field or exciton-photon, exci- 
ton-exciton, exciton-dissosiation centre interaction. The cha- 
racteristic feature of the thin film structures with active 
layer thickness less than 1/xm is large values of the electric 
field E, which are greater than 103-104 V/cm, for planar struc- 
tures and more than 105-106 V/cm for the sandwich configurati- 
on. Since the value of electric field is more than the thres- 
hold value 103 V/cm (at which the exciton decay is observed), 
one can consider that generation and free carriers transfer 
occurs due to external field. In connection with weak p-orbi- 
tal overlapping and carriers mobility less than lcm/V*s it is 
useful to consider the charge carriers moving basis on locali- 
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zed state model with photon-activated jumping mechanism. Since 
there Is no exchange of energy In such electron jumps the 
charge transfer process occurs by means of two-stage scheme 
through the activated complexes. The transfer rate constant 
depends on electron overlapping of two neighbour molecules. 
The frequency of jumps is defined by perturbation theory: 
^=2(1- aß)/h(l- a2), where ß,y means the Coulomb and hopping 
integrals, respectively, and a is the orbitals crossing. Jump 
frequency defines the conductivity process in weakly interac- 
ting molecules with small orbitals overlapping, in which the 
vibrational relaxation time is approximately 10"13 s. The Cou- 
lomb term defines the interacting energy between charge densi- 
ties with trasitions on the single molecules, and in first 

approach ß ~ 1/r3. 
The hopping interaction between orbitals decreases exponen- 

tially with the distance between molecules y ~ exp(-Ar). 
For the processes to be consider in the bcc structure with 

lattice constant ac=14.15 A, both the jump's frequency 
and,consequently, the probability of the electron cross-jum- 
ping inside the activated complex define by hopping interacti- 
on. 

If AEac is the energy which is necessary to activate complex 
formation then the mobility is given by [39]: 

li = (eac
2/kT) ^h exp(-AEac/kT) 

and the conductivity equation is: 

6 = (e2ac
2/kT) ^h N exp(-(AEac+AEcc )/kT) 

where AECC is the energy needed to free electron formation. 
Value AECC is the result of several processes including the 

ionization stage and the carrier separation process. So the 
structure conductivity depends exponentially on excitation 
energy. It should be noted that energy Ecc may describe a suc- 
cession of several processes (ionization,charge separation, 
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etc.). Every additional stage yields an exponential term. The 
given equation can be also used for the light conductivity de- 
pendence analysis, if the charge carrier recombination is ta- 
ken into account by means of exponential term adding. In the 
absence of any dopant and crystal-lattice defects in fullere- 
nes as well as in molecular crystals with low magnitude of the 
dielectric function the bimolecular recombination is apparent- 
ly observed (the recombination between free carriers and oppo- 
site-charge ions). 
The characteristic relations of the photoresistivity effect 

follow from the system of nonlinear differential coontinuity 
equations and the Poisson equations solution with the choice 
of the boundary conditions by taking into account the real 

structure's configuration [40]. The obtained analytical [41] 
and numerical [42] solutions of the continuity equation for 
the molecular crystals can be used in the photoreceiving 
structure (based on C2n) analysis too. 
Figure 12 is the explanation of the relaxation of excited 

states and photocarrier generation in C60 thin film based on 
the steady-state photoconductivity measurements. Due to the 
photon absorption (excitation wavelength is 300 or 600 nm), 
C60 transits from the electronic ground state to the excited 
state. The fact that the shape and the wavelength position of 
the main peak (maximum of the luminescence emission at 730nm) 
of the luminescence emission spectrum are irrespective of the 
excitation energy indicates that the internal conversion takes 
place to the lowest localized excited electronic states. 

The temperature dependence of the photoconductivity shows 
that the activation energy is Ea(6 ph)=0.2 eV (T> 270K) for 
all excitation wavelengths (X = 300-600nm). We should keep in 
mind that the temperature dependence of steady-state photocon- 
ductivity reflects that of $, and it may complicate the analy- 
sis. On the one hand, this result shows that excitation process 
generates e/h pairs which further require thermal and electric 
energies to create free carriers.On the other, the excited mo- 
lecules decay to the same localized electronic states irres- 
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pective of the excitation energy.This suggests that carrier 
photogeneration might occur from the lowest excited state of 
Frenkel-type exciton carrying a substantial charge transfer 

character. 
The intrinsic conduction state has been estimated at 1.9 eV 

[43].This result together with the measured energy activation 
Ea(6ph)=0.2eV indicates that the precursor for photogeneration 
is l.7eV above the electronic ground state. This value approxi- 
mately corresponds to the emission wavelength of 730nm. Trans- 
port of the carriers might happen in narrow conduction states 

by hopping from site to site.Once electrons and holes have be- 
en freed they will remain free until they are captured by an 
imperfection, or recombine. As already mentioned, the bimole- 
cular recombination process shortens the free carrier life ti- 
me. Reported transient photoconductivity measurements on C60 
thin film show that carrier recombination process takes place 
in the time scale of pico-second to several hundred pico-se- 
conds(5). In the case of bimolecular recombination processes 
the steady-state photocurrent can be expressed by the follo- 

wing equation: 
Iph = ($Vay)1 /2 es/xE (1-exp (-ad/2) /d 

U,'X, M> s> $ are respectively quantum yield, bimolecular recom- 
bination coefficient, mobility, geometry factor, photon flux) 
[6].Experimental evidence shows that photocurrent is proporti- 
onal to <Dn with n=0.5 at T=300K and n=0.8 at T=150K in the 
range I013-1015cm~2sec_1.On illuminating the conductivity 

changes from 6d=7.5*10"
5 to 6ph=3.5*10"6 (Ohm^cm)"1. 

In the perfect structure the charge localization occurs 
owing to an interaction between the charge carries and the 
crystal lattice. In practice,however, chemical impurities and 
structural defects have major influence on conductivity of mo- 

lecular crystals. 
The presence of the local structural defects results in 

the formation of traps for charge carriers and excited states. 
Crystal lattice is disturbed near a structural defect, which 
further changes the intecraction energy between a lattice and 
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a charge carrier. So the charge will be localized near a struc- 

tural defect. 
The local lattice deformation results in charge of both exci- 

ted and ground states energy levels with respect to appropria- 
te levels in volume (a space-shift term).The difference in io- 
nization potentials between molecules in the crystal defines 
the levels of impurity depth,which is the charge carriers 

traps. 
In dealing with processes in thin layers of fullerene one 

have to take into consideration the polycrystalline structure 
of the active layer. Such a structure leads to an appearance of 
the potential barriers at the corns' boundaries, which results 

in the spatial charge formation. 
In the considered structure with Ohm's contacts the charge 

transfer process depends on a free carrier injection from the 
contacts.At low voltages applied to a carrier the injection 
will be small,the charge carriers concentration in the absence 
of voltage is larger than density of the carriers injected, and 
the current is in agreement with Ohm's law.If this condition 
is not executed, then the current is restricted by space char- 
ge. Into the volume of the material the additional charges are 
injected, the potential of which has an influence on volt-am- 
pere function. 

The presence of the structure defects and chemical impuriti- 
es makes the consideration of the carriers generation carrier 
transfer mechanism quite complicated. One should take into 
consideration both the free charges and the excited states lo- 
calization on traps as well as the delocalizations effects due 
to photon interaction. The problem to be solved becomes even 
more complicated owing to oxygen doping of the photoconductive 
material. Such doping leads to surface state evolution, poten- 
tial barriers formation and origination of the space charge 
region.The oxygen influence changes the parameters of the pho- 
toreceiving structures (based on metal phthalocyanine 

(Me-PcM-Me) by more than a factor of 10.[44] 
The lack of investigations results does not allow a full so- 
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lution of the problem of choosing the factors, which determine 
the photogeneratlon and charge transferring, In the structures 
with photosensltivity layer based on fullerenes. However, it 
is possible to name some general conditions of transferring 
the effect into IR band: decreasing of the gap due to upper 
fullerene or the doped fullerene having additional levels in 
the forbidden band. 

It is well known that the crystalline state of the solid 
fullerene C60 places the molecular centers at the points of a 
face-centered cubic lattice (fee). The close packing of these 
molecules leaves a regular array of cavities sufficient for 
small molecules or atoms such as,for example, alkali-metal 
atoms.The alkali ions occupy the octahedral and tetrahedral 
vacancies of the most C60 lattice. This makes the diffraction 
intensities drastically altered from those of C60 fullerite. 
The scattering centers in fullerite are located not on the fee 
lattice points,but rather displaced radially to a distance,le- 
ading to dramatic near-cancellations for some lines; the pre- 
sence of the alkali ions as strong scatterers drastically mo- 
difies this condition. 

Reaction of solid C60 with alkali metal to form various al- 
kali-fulleride compounds can be achieved as a vapor-solid re- 
action, or in a suitable liquid solution(solvent),or as a so- 
lid-solid reaction.It is important that after such doping (as 
now known) stoichiometric compounds would be strongly prefer- 
red in these mixtures,that allows one to predict some common 
properties of these materials. 

Figure 2 shows a number of Huckel molecular orbitals of the 
pure C60 fullerene.(In solid C60 there are no such distinct 
levels.They have a width approximately 0. 2-0. 04eV).The most 
simple model, which allows one to describe alkali-doped fulle- 
rene properties,becomes clear from this figure. 

Really, since the tlu (LUMO) band of C60 is of 3-degenera- 

cy,for the solids MxC60(x=0-6), the carrier concentrations in 
energy bands gradually increase when x=0-l-2-3, and so do the- 
ir conductivities. Furthermore,  for  the  solids  MXC60 
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(x=0-6),the carrier concentrations in energy bands gradually 
decrease when x=3-4-5-6, and so do their conductivities. 

The tlu band is fully filled when x=6, and the MXC60 is 

trasformed to an insulator again (see Fig.13) 

Such behavior is confirmed, in general, by the experimental 

measurements on conductivity of doped fullerenes (see Fig.14) 
[45].The rigid band calculations also predict a large HOMO-LU- 
MO gap and narrow bands at all doping concentrations. Further- 
more, with increasing x the distance of the Fermi level from 
the HOMO band is expected to increase by an amount comparable 
to the narrow LUMO bandwidth.These would be the characteristic 
features of a rigid-band filling of the LUMO derived band upon 
doping and of negligible correlation effects [46]. (As an 
example, see Fig.16).This band structure calculation based es- 
sentially on a rigid-band model is obviously inconsistent with 
the experimental phtoemission spectrum of doped C60 [47],which 
is shown in Fig.15.Upon a slight doping,the HOMO band (the 
highest occupied molecular orbital) originating from the fi- 
ve-fold degenerate hu orbital C60 is shifted toward the 
high-binding-energy direction by about 0.3eV.This shift is due 
to occupation of gap states by electrons donated from Rb 
atoms.These gap states may arise from microscopic imperfection 
of a film and pin the Fermi level between the HOMO and the LU- 
MO bands. Upon further doping,the HOMO band moves in reverse 
toward the Fermi level,and after approaching closest to the 
Fermi level moves away from it again. This peculiar shift of 
the HOMO band is not explained at all by a simple rigid-band 
model.The most remarkable change in the spectra is the appea- 
rance of a new band between the HOMO band and the Fermi le- 
vel. At the early stage of doping the new band seems to consist 
of two subbands located at 0.3eV and lev, respectively, as indi- 
cated by arrows in Fig.16. However, the second subband at lev 
stops growing around the composition of x=l while the first 
one continues to grow during the doping. Although both subbands 

are supposed to originate from the LUMO band of C60,it is unk- 
nown at present why one of them stops growing while the other 
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one does not. In the change of the spectrum,we should remark 
that the photoemission spectrum has no sharp Fermi edge around 

the composition of x=3 where the LUMO band should be 
"half-filled",and as a result the maximum of the density of 
states shoud be at the Fermi level if a simple rigid-band mo- 

del is applied. 
Such unobvious electron spectra and conduction band evoluti- 

on through doping may be explained by a number of reasons [47]: 

1)Strong electronic correlation in LUMO band 
2)Local lattice distortion caused by the doped electrons with 

produced polaron(or bipolaron) states.(In this case gradual 
growth of the additional band with the alkali doping may be 
described in terms of the increase of the density of polaron 

states). 
However, in dealing with Me6C60 compounds, these difficulties 

are not so important, because as will be seen below, the Me6 
C60 electron structure should be of interest for the conside- 

ration of IR-band absorption. 
In spite of the complicated structure of the conductive band 

in MexC60,the numerical values of conductivity at x-1,2,3,4,5 
allow one to make conclusion that the conductive band has, in 
general, the metal fashion,and therefore rather considerable 
free.carrier concentration. So, using the compounds MexC60 
with x (1,5) as a photoconductive material in photoresistance 
device is not perspective due to weak difference between dark 
and light currents and impossibility of the high electric fi- 
eld applied, which is necessary to quantum yield increasing. 
Therefore the most appropriate materials for the photosensi- 

tive devices in the IR band will be the ones with fully filled 
tlu band such as K6C60 or Ba3C60.The magnitude of the static 
dielectric constant increases by a factor of about two upon 
doping: E1(0)=4.3 in neutral C60 and e1(0)=7.1 in Rb6C60. From 
consideration of the molecular orbitals structure of these 
compounds [48] (shown in Fig.13)it is obvious that there is a 

longwave transition between tlu and tlg bands with energy 
0.4-0.6eV or 2-3 jum. Moreover, this transition is dipole allo- 
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wed distinct from the most longwave transition hg-tlu in pure 

C60, which is dipole forbidden. 
In the experiments of Me6C60 [49,50] the Frenkel exciton ef- 

fects seem to be dominant, and the spectral shapes are not sen- 
sitive to the kind of dopants.Therefore, we can consider the 

photocarrier generation and charge transfer processes of the 

Me6C60 by analogy with the previous C60 consideration. 
So,the absorption in materials with fully filled tlu band is 

shown to be significant in the IR band of spectrum. Using a do- 
ped upper fullerenes allows us to transfer the effect into 
far-IR band. Moreover,such strong doping causes the considerab- 
le deformation of the symmetrical structure of pure C60 crys- 
tal, resulting in additional increasing of the energy bands 
width and, therefore, the photoconductivity onset (tlu-tlg 
energy value) is shifted toward the IR band. 

In order to realize fully the photosensitivity properties of 
a fullerenes one should develop the structure based on recti- 
fying contacts,and a first step in this direction will be s 
creation of the Schottkey's contacts structures. 
Figure 17 shows the Schottkey's junction formation between a 

fullerene of electron conductivity type with work function % 
and a metal with work function %. At forming of the contact a 
region of a spatial charge appears due to electron transfer- 
ring from fullerene into metal. The value of the energy barrier 
Esm for an electron passing from fullerene into metal is given 
by: Esm=Om - %. And for the reverse process (from metal into 

fullerene) it is: Ems=$m - As. 
On reverse bias applying,under action of external voltage 

V, the barrier height Ems has remained the same,while the heig- 
ht Esm has decreased.Current from fullerene into metal will be 

given by: 
I^IgexpCeV/kT) 

where Is means the saturation current. 
The volt-ampere function is defined by Schokley's equation: 

I =Is(exp(eV/kT)-l) 

where I means summary current. 
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In Schottkey's junctions the charge transfer process is de- 
termined by basic charge carriers of saturation current Is: 

Is= A exp (- Ems/kT) 
where A is a constant coefficient. On illuminating the sand- 
wich configurated structure the charge carriers photogenerati- 
on occurs owing to fullerene molecules transitions to an exci- 
ted states and free carriers formation under the action of 
contact, 

or the external difference of potentials. 

The radiation may be absorbed in a metal, and it excites the 
electrons,which will go through the energy barrier Ems.When 
the structure works as a photovoltaic cell the external appli- 
ed voltage V makes the photocurrent Ips somewhat higher due to 
electric field increasing and the recombination loss decrea- 
sing. 

For thin fullerene films (100-500nm) the photogeneration 
will occur in the region of spatial charge.In comparison to 
the photoresistive effect the recombinative losses are consi- 
derably smaller. 

Volt-Ampere function of the structure is described by the 
following equation: 

(V - Esm)/Rh = Iph _ Is(exp(eV/kT - 1)) 

Iph = en<x$0(l - ß) 

where  means the quantum yield, %,  radiative flux, and ß is 
the recombinative coefficient . 
Schottkey's junction may also works in photogalvanic regi- 

me. In this case the excited state dissociation of the molecu- 
les occurs by means of contact potential difference influence 
only. 

In the structure the free charge carriers transferring takes 
place under action of the contact field.The energy transfer- 
ring also occurs due to probability exciton motion. 

By analogy with molecular crystals the appeared potential 
difference Vx is proportional to the following terms: 
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Vx „ kT/e*ln(Iph/Is + 1) 
Obtaining the effect in IR - band for a Schottkey's junction 

will also be defined by narrow-gap or doped fullerenes appli- 
cation. For example,in order to obtain an optical response in 
2-3/xm band with the application of doped fullerene K6C60 it is 
possible to realize a Schottkey's junction by means of Ni or 

Pt ($m=5, 7eV). An Ohm's contact can be manufactured with uti- 
lization of Al.To reduce the recombination losses one should 
make the width of a sensitive layer within the region of 
25-100 nm. 

It is known that after adding even a few amount of C60 into 
a semiconducting polymer the photosensitivity of material will 
be increased considerably [51] .The quantum yield will be inc- 
reased too.This phenomenon is connected with the fact that C60 
is an excellent electron acceptor capable of taking on as many 
as six electrons.Therefore, C60 forms charge transfer complexes 
with a variety of strong donors.In connection with the photo- 
conducting phenomena the compositions of semiconducting poly- 
mers with undegenerate ground state or molecular crystals and 
fullerenes are the most interesting.In this case the optical 
absorption spectrum of the composition obtained is a simple 
superposition of the two components without any indication of 
states below gap of the semiconducting polymer due to interac- 
tion between these two materials in the ground state.The situ- 
ation changes if we consider the photoluminescence spectrum of 
the material: in comparison with the semiconducting polymer 
alone one can see considerable quenching of the photolumines- 
cence (by a factor of several orders),which proves strongly 
the domination of the photoexcited polymer - fulleren charge 
transfer process over the other possible processes (soliton 
formation, radiative and non-radiative recombination etc.)The 
rapid reducing of photoluminescence decay time confirms it 
too.Thus the quantum efficiency for the photoinduced charge 
transfer process is closed to unity. 

To describe the transfer of the photoinducing charge from 
semiconducting polymer (donor) into the fullerence (acceptor) 
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one can use the known scheme,which consist of five steps (the 

dividing of this process into several steps is,of course,so- 
mewhat empirical,but permits one to describe sufficiently cle- 

arly the considered phenomena) [51]. 
1. D + A -» D* + A (excitation donor) 
2. D* + A -» (D - A)* (excitation becomese delocalized 

on D-A complex) 
3. (D - A)* -» (Da+ - Aa_)* (charge transfer initiated) 
4. (Da+ - Aa~)* -* (D+* - A"*) (ion radical pair formed) 
5. (D+* - A"*) -» D+* + A"* (charge separation) 

where D is the donor (polymer) and A is the acceptor (fullere- 

ne). Symbol * means the exciting state, 'a' is the number of 
charge transferred in units of electron's charge. The partial 
charge transfer at the third step is strongly dependent on the 
effects of the surrounding medium, such as the influence of 
the neighbor molecules, presence of external fields, etc. re- 
sulting in a continous range for the transfer rate 0<a<l. 

At step 4, if a=l,a whole electron is transferred.At each 
step the D-A system can relax back to the ground state by me- 
ans of several ways (releasing energy to the lattice,light 
emission, soliton formation).Step 4 does not occur when the io- 
nization potential of the excited state of the donor is less 
than the sum of the electron affinity energy of the acceptor 
and the Coulomb energy of the separated radicals(including po- 

larization effects). 
The basic condition of the structure working according to 

that scheme is the prevailing of the charge separate process 
over the other possible schemes of the photoexcited state evo- 
lution. For this, it is necessary, in the first place, that the 
ground state of the semiconducting polymer should not be dege- 
nerate. If this is not the case the soliton formation process 
will be faster than the photoinduced charge transfer ,so the 

structure will be weakly sensitive to light. 
Longwave region of the spectrum will be first of all define 

by the value of the polymer's energy gap,as well as the value 
of its electron affinity energy. It is convenient to consider 
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the charge transfer process using the energy band scheme 

(Fig.18). 
Upon illumination, an electron of the semiconducting polymer 

(donor) is excited across the energy gap (VB-CB).Due to very 
rapid structural relaxation into polarons, the two 
polaron states in the gap are created.This singled polaron-ex- 
citon experiences a rapid transfer (less than 10 s) transfer 
onto C60 by creating the polaron cations on the semiconducting 
polymer backbone and C60 anions.The back-relaxation process is 
dominated by phonon-assisted nonradiative recombination,which 
weakly influences the photoconductivity due to very fast 

electron transferring. 
The negligible time of the photoinduced electron transfer 

has important consequences for photoconductivity,which are 
displayed by the experimental fact that the addition of C60 
into the semiconducting polymer sensitizes the photoconducti- 
vity by means of enhancing the quantum efficiency for pho- 
to-generation of charge carriers and by inhibiting their re- 
combination. Upon addition into a polymer of even 1% fullerene, 
the photocurrent increased by the factor of hundred[51], and 
one could observe a small shift of sensitivity into a longwave 
region of the spectrum (in comparison with photoconductivity 
of separate components). 

The band scheme analysis permits us to make a conclusion 
that for transferring of considered effect into IR region one 
has to decrease, in appropriate way, the value of the polymer 
energy gap and that of the fullerene. However.it is necessary 
to remember about general essential condition between the io- 
nization potential of the excited state of the polymer and the 
electron affinity of the fullerene as mentioned above.Seeking 
the appropriate polymer, it is also necessary,that its ground 
state should be undegenerate. According to our point of view 
the effect desired might be obtained by using the classes of 

bimetal ftolacians and upper fullerenes. 
The most perspective structrure, in this respect, is that 

with a heterojunction,the simplest of which is shown in Fig.19. 



- 33 - 

Really, by considering the band diagram, one can immediately 
see that a heterojunctuion formed at the interface between se- 
miconducting polymer and fullerene thin films should exhibit a 
rectifying current-voltage characteristic (analogous to p-n 
junctions).One polarity of such device(with electron injection 
on the semiconducting polymer side and electron removal on 

fullerene) is energetically unfavorable, and it therefore re- 
sults in very low current densities.On the other hand, the 

electron injection on to fullerene and electron removal from 
polymer are energetically favorable, which creates the conduc- 
ting species on both sides.This polarity of the device results 
in relatively high current densities.So the rectification ra- 
tio reaches several orders in magnitude. As expected from the 
observation of fast photoinduced electron transfer from poly- 
mer to fullerene,a major increase in both forward and reverse 
bias current is observed to result from photoinduced charge 
separation at the heterojunction interface, upon illumination. 
The longwave threshold of sensitivity of such structure will 

be defined both by the value of polymer energy gap [52,53] and 
by the fullerene's one (intrinsic photoeffect in fullere- 
ne).For the IR region 3-5 JLUTI the polymer's gap must be about 
0.2-0.3 eV, and its electron affinity must be approximately 
5.5 eV. 

In the visible area of spectrum the electron photogeneration 
occurs in two ways: charge transfer (from polymer to fullere- 
ne) process and photoionization process of the fullerene it- 
self; in the IR band of spectrum (especially if C60 is used 
the first process is fully dominated. It is necessary,howe- 
ver, to take into account that the diffusion of charge carriers 
in such devices is limited, i.e. the photoactive region is 
restricted to a thin layer adjacent to the interface between 
the polymer and fullerene layers. 

Therefore,the semiconducting polymer layer acts as a fil- 
ter, which reduces the number of photons reaching the photoac- 
tive interface,and, consequently,reduces the photosensitivily 
of the structure.Maximum of such absorption will be at the re- 
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glon of spectrum,appropriate to the value of polymer's energy 
gap,I.e. just in the IR region which is of iinterest. Therefo- 
re, it is necessary to choose the polimer so that its absorpti- 
on peak was within the region of 3-5 pm. 

So the photoconducting devices on the base of heterojunction 
between the semiconducting polymer or molecular crystals and 
the fullerene are shown to be perspective for the photorecei- 
ving IR devices. 
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II.HUCKEL TREATMENT OF HIGH FULLERENES FOR THE 
CALCULATION OF BAND GAP 

Recently the fullerene family Cn with a hollow cage struc- 
ture has been intensively investigated. Various optical expe- 
riments have been performed, and interesting properties due to 
pi -electrons delocalization on molecular surfaces have been 
revealed. They include the optical absorption spectra of C60 
and C70 [1,2], and the large optical nonlinearity of C60 
[3,4].The absorption spectra of higher fullerenes have also 
been obtained [5,6]. In order to analyze the optical properti- 
es of C76, K.Harigava studied the linear absorption using a 
tight binding model [7], and a model with a long-range Coulomb 
interaction [8] and the Hartry- Fock approximation with the 
parameters, which reproduce the main feature of C60 and C70. 
Figures 20 and 21 show the experimental spectra C60 and C70 
and the calculated spectra [9] for optimized parameters. Expe- 
rimental data are taken from refs.1 and 2 and are shown by 

thin lines. 
There are three main features in C60 absorption spectrum 

over the energies 3.5eV, 4.7eV and 5.6eV. In the case of C70 
we could say that several small peaks in the energy interval 
from 1.7eV to 3.6eV have been originated from a 3.5eV feature 
of C60 after the splitting. The 4.7eV and 5.6eV features of 
C60 transfer in a large feature over the energy region larger 
than 3.6 eV. The optical gap decreases from 3.leV (C60) to 
1.7eV (C70). It is seen that relative intensities differ very 
much for the indicated fullerenes, but the band gap values ha- 

ve a little difference. 
Figure 22 represents experimental data and results of calcu- 

lations [9] for C76. The main feature is the same - dislocati- 
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on of optical gap to lower values (0.7-1.2eV) for high fulle- 
rene. 

The Huckel treatment [10] of fullerenes with Ih symmetry ma- 
de for C60, C24o. C540, C960, C1500, C2160 and C2g40 Indicates 
that all these fullerenes must be stable, and the band gap is 
getting lower for higher fullerenes as seen from Table 1. 

Table 1 
Comparison of calculated results for fullerenes C(60i ). 
Cn HOMO LUMO Gap 

C-6 0 0.6180 -0.1386 0.7566 

^2 4 0 0.4368 -0.0597 0.4965 

^5 4 0 0.3241 -0.0337 0.3578 

^9 6 0 0.2550 -0.0222 0.2772 

^150 0 0.2096 -0.0160 0.2256 

^2 160 0.1777 -0.0122 0.1899 

L'PQdC) 0.1541 -0.0097 0.1637 

Previous experiments showed also that the optical gap dec- 
reases in higher fullerenes, and thus this property is consis- 
tent with the recent calculations. However many small structu- 
res in the experimental absorption of C76 [5] which is shown 
in Fig.22 are not so apparent. Therefore it is difficult to 
perform a detailed comparison with calculated results. The ag- 
reement between the calculated and experimental results is 
worse for higher fullerenes. 

Therefore we try to calculate the band gap of high fullere- 
nes only. Such calculations are very important in order to 
predict a possibility of optical absorption in the indicated 
spectral region (for example, 3000- 5000nm). For high size mo- 
lecules, such as fullerenes Cn, with n greater than 100 the 
optimal method is the expanded Huckel method (EHM). 

This method evaluates all valent electrons, using the su- 
perposition integrals of Slaiter-type s-, p- AO for the prepa- 
ration of a Hamiltonian and the experimental ionization poten- 
tials. 
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We used a standard geometry of systems with conjugate bonds. 
The main object of this study is determination of fullerene 

type that has the band gap (DE) of 0.2eV or less. 

1. Preparation of geometrical constructions 
of isomers Cn. 

All geometrical constructions of Cn that we use have the 

following characteristics. 

1.Fullerene molecule is a hollow polyhedric cage with con- 

jugated bonds. 
2.Fullerene molecule consists from 12 non-adjoining five- 

member rings, that are surrounded by six-atom rings. 
3.Every molecular structure is modelled using two equal 

fragments Cm (where m= 36, 40, 46, 50, 55). 
4.Two fragments are connected directly, or by using the ad- 

ditional carbon atoms. Type of the formed fullerene isomer de- 
pends on fragment symmetry and relative fragment positions. 

We present flat diagrams of connection of fragments that 
form the studied fullerenes (Figs.23-26). 

5. On the base of flat diagrams the hollow closed cages with 
the preliminarily indicated bond length (difference not more 

than 0.002A) were prepared. 
Geometrical structures of the studied fullerenes are pre- 

sented in Figs.27-52. 

2. Calculation of fullerene band gap 

Firstly we tested different methods of calculation by C60, 
C70 and C76 . We compared INDO, CNDO/2, and EHM. A comparison 
of the results indicated that INDO and CNDO/2 give energies 
higher than experimental. Only EHM gives values near to the 

experimental ones. 
The results of calculations by EHM are presented in Table 2 

and Fig.53. 
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Note that the obtained energies for C80 are degenerate. 
This corresponds to molecular instability and agrees with the 
experimental data that such fullerene substance does not 
exist. The calculated energies of C120 (symm.C6) and of C144 
(symm.C6) are also near the degenerate values. 

According to our calculations the fullerenes Cn (with n mo- 
re than 100) has the isomers with DE<0.2eV. For example, C100 
with the rotation axes C2 (DE= 0.12eV), C110 with axes C5 
(0.12eV), and C112 (0.14eV). 

For the fullerene C76 we verified the influence of the main 
diameters distortion. Molecule with one of the diameters 5% 
longer has DE 20% higher. For one of the diameter 5% shorter 
we obtain DE=0.8DE(initial). But when all diameters are varied 
by 5% the value of band gap does not vary. It indicates that 
the shape of molecule is most important factor for gap varia- 
tion. 

For approximate evaluation of anisotropy we present the 
axes dimensions in X,Y,Z - directions for the coordinate sys- 
tem centered to the molecule mass center, and the axes direc- 
ted along the main inertia moments. The comparison of isomers 
is made by the difference of atom coordinates lying on these 
axes. 

It is necessary to mention that the calculated value of C60 
gap is more than the experimental one, and that of C76 
(symm.Td) is less than experimental value. 

The results presented in Table 2 allow us to make the fol- 
lowing  conclusions. 

1. Among the Cn isomers a molecule which is more spherical 
has more narrow spectral gap. 

2. Among fullerenes with n more than 100 there are isomers 
with narrow band gap. 

REFERENCES TO CHAPTER II 
l.H.W.Kroto, J.R.Heath, S.C.O'Brien, R.F.Curl and R.E.Smalley, 

Nature, 318, 162 (1985). 
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Figüö.    Optical   absorption   spectra   for   C60   shown   in   arbitrary- 

units.   Experimental   data  are   shown'by  thin  line.   They  are   ta- 

ken from ref.2. 
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Fig.2i.   Optical  spectra  for C70.   Experimental  data are  shown by 

thin line.   They are   taken  from ref.1. 
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,   Pig22.    Optical   absorption   spectra   for   C76   with   D2   symmetry, 

shown  in  arbitrary units.   Experimental   data  are   shown  by   thin 

line.   They are  taken.from ref..5. 
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2 * C36       (C3) 

Fig23.   Flat diagram of two fragments C36 with, symmetry C3 that 

was used for our calculations. 

2*C 40 (C5) 

Fig2^. Flat diagram of two fragments C40 with symmetry C5 that 

was used for our calculations. 
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2 * C 50 (C5> 

C40 (C3) 

(C46) (C2) 

Flg;2£.   Flat diagram of conection-of■two fragments C50 with 

symmetry C5 and fragments C4Ö (symm.C3) and C45 (symm.C2) 

that were used for our calculations". 
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Fig.2<5. Plat diagram of two fragments C55 that was used for the 

construction of C110 ful1erene. 



Fig*?'7. Molecular structure for C70 with D5h symmetry. 

CfiA     (I) 

FigJ35. Molecular structure for C60 with. Ih. symmetry. 
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C76       (D2) 

Figi#. Molecular structure for C76 with D2 symmetry. 

C76       (Td) 

Plg.30. Molecular structure tor .076 with. Td symmetry. 
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C78       (D3h) 

Pig.3i . Molecular structure for C78 with D3h symmetry. 

^78      (^2) 

Pig.32. Molecular structure for C78 -with C2 symmetry. 
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C%     (Pa) 

Fig.So.   Molecular structure for C96 with D3h symmetry. 

CM      (Td) 

Fig.3^/.  Molecular structure for C84 with Td symmetry. 
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Cgo       (D5) 

Fig.S'ö. Molecular* structure for C90 with D5 symmetry. 

'112 (C2) 

Pig.36. Molecular structure for C112 with C2 symmetry. 



Fig.3z7. Molecular structure   for C92 

C92     (C2) 

Fig.3&.   Molecular structure for C92 with. C2 symmetry. 
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100 (D5) 

Fig.«^. Molecular structure for C100 with D5 symmetry. 

100 (C2) 

Flg.^ö. Molecular structure for C100 with C2 symmetry. 
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104 aw 

Fig A/. Molecular- structure for C104 with D2h symmetry. 

104 (C3) 

Fig. 4£. Molecular structure for C.I 04 with C3 symmetry 
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Cl08 (C3) 

Fifi.^d. Molecular structure for C108 with C3 symmetry 

108 (Co) 

Fig.W. Molecular structure for C108 with C2 symmetry. 
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110 <Da> 

F±&.^/S.   Molecular structure for C110 with D5h symmetry. 

110 (DO 

Fig.4tf. Molecular structure for C110 with. D5 symmetry. 
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C124      (C2) 

Fig.4^. Molecular structure for C124 with C2 symmetry. 

114 <Da) 

Fig.4<5. Molecular structure for C114 with D3h symmetry. 
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C120      (C5) 

Fig.4^. Molecular structure for-, C120 with C5 symmetry. 

120 (C6) 

Fig.6<?. Molecular structure for C120 with C6 symmetry. 
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Ci44      (Cg) 

Fig.dV. Molecular structure for C144 with. C6 symmetry. 

116 (Oh) 

F1&.0£.   Molecular structure for C1.16 with C2 symmetry. 
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AE>eV 

100       110 -120 HO       140 

Fig. S3.   Calculated band gap energies of high fullerenes, 
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III. OPTICAL AND INFRARED SPECTROSCOPY OF FULLERENES 
Since the discovery of fullerenes [1], their spectroscopic 

properties have been extensively studied both theoretically 
and experimentally. The optical spectra were discussed earli- 
er, and we do not repeat them. We shall discuss the IR spect- 
rometry of fullerenes as compred to our experimental data. 

Experimental part 

Fullerene synthesis 
To synthesize fullerenes we use the evaporation of high pu- 

rity carbon by DC arc discharge source. This method produces 
carbon soot from which the fullerenes are extracted by use of 
appropriate solvent. The arc discharge process is more effici- 
ent than others. The apparatus after pump-down of chamber is 
isolated from the pump and than backfilled with high purity 
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helium to a pressure of 200 Torr. The production of fullerenes 
is carried out within the water-cooled region. The power supp- 
ly is a regulated 500 A, 80-V DC power supply. We adjust the 
gap between the electrodes to attain maximum brightness of the 
plasma. Under these conditions the plasma draws 400-500 A from 
power supply. At the end of a run, the apparatus is filled to 
atmospheric pressure with He.The chamber is then opened and 
the soot scraped from the shims and collected for further pu- 
rification. With this method, tens of grams of soot (that con- 
tain high fullerenes) per day can be produced. 

Mass spectrometry 
We use laser desorption time-of-flight (T0F) mass spectrome- 

ter (LAMMA-1000). The experiment measures the mass spectrum of 
negative ions or positive ions emitted directly from the samp- 
le in the desorption process. The mass resolution of the appa- 
ratus is usually 400 under these experimental conditions. The 
base pressure of the system is typically 2 x 10 Torr. Neutral 
and ionized fullerene clusters are desorbed from glass subs- 
trate by 532 nm light. The fluence of the desorption laser is 
held constant at approximately 10-100mJ/cm , which is just 
above the threshold for ion production. The laser desorption 
at these intensities produces a minimum of fragmentation of 
the desorbing fullerene molecules. However, at slightly higher 
intensities, significant fragmentation occurs. 

Extraction and separation of the fullerenes 
In the first stage of this work extraction was performed 

with chloroform by stirring a portion of the soot in warm sol- 
vent for one hour. Filtration of this mixture yields a dark 
red solution indicating the presence of C60 and C70 and small 
amounts of higher fullerenes. We analyzed this solution by TOF 
mass spectrometer measurements in following procedure. A small 
amount of solution was evaporated onto sample holder and laser 
TOF mass spectrometric measurements were performed on the re- 
sidue. The TOF mass spectrum of this sample showed primarily 
C60 and C70 with small amount of C78 and C84. 
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C60 was purified by medium-pressure chromatography from 
first chloroform extract. TOF mass spectrometry, chromatograp- 
hy showed better than 99.6% purity of the resulting material 
used for preparation of films. IR-measurements of solution we- 
re made on C60 with quality 99.9%. 

C70 was purified by medium-pressure chromatography from 
first chloroform extract. TOF mass spectrometry, chromatograp- 
hy and spectrophotometry showed better than 99% purity of the 
resulting material. 

In the second stage we extracted high fullerenes by toluene. 
We performed this extraction on soot previously extracted with 
chloroform to deplete the soot of C60 and C70. The solution 
was evaporated onto substrate and examined by TOF MS. The re- 
sult is shown in Fig.54. Along with C60 and C70 a significant 
number of high fullerenes were also observed in the mass 
spectrum. 

C76 was purified by medium-pressure chromatography from to- 
luene extraction. TOF mass spectrometry showed better than 85% 
purity of the resulting material (the main admixture is C84). 

We used, in our experiments, a mixture of high fullerenes 
that was prepared by sixth extraction after successive five 
extractions of fullerenes from the soot. TOF MS of such mixtu- 
re is presented in Fig.55. It can be seen from the distributi- 
on of consentrations for this mixture that quantities of C60 
and C70 are lower than for the mixture, extracted by xylene at 
high pressure, and the distribution has maximum in desired for 
us (from previous calculations) band of masses. Therefore we 
use it for optic absorption experiments. 

Additionally, we have extracted giant fullerenes with xylene 
at high pressure. We repeated the experiment first reported by 
the group at Arizona [2] where toluene in a bomb reactor at 
high temperature and pressure was used to extract soot that 
had been previously extracted with toluene to deplete the soot 
of C60 and C70. We performed this procedure on soot previously 
extracted by toluene in Soxhlet. The result of TOF MS is shown 
in Fig.56. High quantity of giant fullerenes (to C250) are 
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presented in mass spectrum, but we do not observe masses as 

high as reported previously, probably due to difference in ex- 
perimental conditions of temperature and pressure. It is inte- 
resting to mention that once extracted from the soot, the ful- 
lerenes can be redissolved in lower boiling solvents. 

Optic absorption experiments 
We made UV-, IR- and optic spectra of fullerenes in toluene 

solution and of fullerene films on silicon substrate. Films 
were prepared by evaporation of fullerene in high vacuum at 
400C or from the fullerene solution that was sputtered on ro- 
tated monocrystalline silicon substrate. 
All measurements in UV-, optic band and near IR were made on 

spectrometer SPECORD and SF-26. 
Infrared spectra were taken with Perkin Elmer IR spectrome- 

ter model 883 in transmission mode using a Ge bolometer in far 
infrared and an MCT detector in mid-infrared at room tempera- 
ture on fullerene with the Si plate as reference and on fulle- 
renes solutions relatively solvent. 

Results and discussion 

Optic- and UV-absorption measurements 
In Figs.57 and 58 are presented near UV-, optic spectra of 

C60 0.1 mg/ml solution in toluene. One can see the characte- 
ristic peaks of C60 (one of them at 406nm) that are distribu- 
ted in the near UV- and optic bands, and the absence of C70 
intensive peak at 475nm. The optic absorption of solution goes 
to 0 at 620-660 nm. 
The fullerene C60 film absorption spectrum is presented in 

Fig.59. The film thickness permits one to resolve the peak in 
near UV-band at 340nm. Absorption goes to 0 at 620-660nm 
(16000- 15000cm ). 
Figures 60 and 62 represent the spectra of C70 toluene solu- 

tion that are typical of this fullerene, and have the charac- 
teristic peaks at 335, 365, 385 and 475nm (29700, 27300, 



- 63 - 

26100, 21000cm ) that are distributed In near UV- and optic 
bands, and the absence of C60. The optic absorption of soluti- 

on goes to 0 at 620-660nm. 
Optic absorption spectrum of C76 solution (Fig.58) differs 

from the lower fullerenes by elevated absorption in near IR 
band (to values more than 800nm). This indicates that disloca- 
tion of absorption to the near IR band for the high fullerenes 
occurs. One can see the admixture of C70 (peaks at 26100cm and 

21000cm ). 
Solution of the first toluene extraction (Figs.63,64) has 

the peaks of 
C60 (at 406nm) and C70 (at 475nm), and a little absorption in 
near IR band (Fig.63). But the presence of elevated quantities 
of C60 and C70 in mixture inhibits this phenomenon. 

For solution of the sixth extraction (Fig.63) it is impos- 
sible to detect the characteristic peaks of the lower fullere- 
nes. The tail of absorption spectrum goes to IR band without 
outstanding parts. This corresponds to a superposition of ab- 
sorption spectra for many fullerenes with near equaled con- 

centrations (as can be seen from TOF MS). 

The IR absorption measurements 

IR spectra of C60 solution, film and mixture with KBr 

The exceptional symmetry of the C60 molecule was first reve- 
aled by infrared spectrum [3], consisting of only four lines 
(the four F(lu) modes required by the selection rule for the 
1(h) point group of the truncated icosaedron). This spectrum 
was predicted for the isolated molecule; in the solid state, 
where the local symmetry is lowered, one would expect split- 
ting of degenerate modes as well as activation of forbidden 
molecular vibrations. At room temperature these effects are 
weak, due to the dynamic orientational disorder of the almost 

freely rotating C60 balls. However, under the orientational 
phase transition temperature 250K [4] the rotation becomes 
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hindered, and there are four unequivalent molecules in the 
unit cell, differing in their orientations. The molecules do 
not leave their close-packed fee positions, but the structure 
can now be regarded as four interpenetrating simple cubic sub- 
lattices, changing the space group from Fm3m to Pa3 [5]. 

A full group theoretical description of vibrational modes in 

different crystallographic environments was made by Dresselha- 

us et al. [6]. 
The transmission in IR band of C60 film is shown on Fig.66, 

that of C60 solution (with reference), in Fig.67, and that for 
C60+KBr mixture, in Fig.68. The peaks at 525, 574, 1181 and 
1428 cm belong to C60 (Fig.68; mixture C60+KBr). 
Due to the granular nature of the film (Fig.66), the scatte- 

ring effects are important. The intensities deviate from dif- 
ferent films, although the peak frequencies remain the same. 
There are also differences in the lineshapes of the low-frequ- 
ency bands. For the weaker lines, however, the effects are far 
less dramatic. 
The features at 1536 (Fig.68) and 2330 cm are seen in almost 

every spectrum published so far. They are linked to oxygen 
contamination. Werner et al. [7] have extensively studied the 
interaction of oxygen with C60. According to their results, 
C60 adsorbs oxygen and C02 even in an inert gas atmosphere 
with impurity concentration as low as a few ppm. These molecu- 
les enter the C60 crystals in a clathrate-like fashion, with 
no chemical interaction, but oxygen may react furtherly for- 
ming an epoxy-type bond which can be changed into an aryl et- 
her-type structure. In our spectra the 1348 cm peak attributed 

to the latter is missing (Fig.68). 
The infrared spectrum of C02 is also known [8,9], and we can 

exclude its presence taking in to account the lack of lines 

between 770 and 800 cm (Fig.68; C60+KBr). 
The two modes in question could result from "clathrate-type" 

CO (2330cm [7]) and oxygen (1536 cm ), respectively. For mole- 
cular oxygen, the stretching mode at 1555cm [10] is infrared 
inactive, but clathrate formation can change the charge dist- 
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ribution, and thus introduce a transition dipole moment for the 
stretching vibration. 
Another characteristic region is that of C-H stretching vib- 

rations around 3000 cm .Impurities containing C-H bonds tend 
to be common in C60 films, and are usually attributed to sol- 
vent traces. Examining the spectral pattern of our films we 

conclude that the toluene is present in the films (Fig.66), 
and is absent in mixture C60+KBr. The spectra lines at 1460 
(C-H bend) and 1730 cm (aromatic ring vibration) can also be 
accounted for by assuming the presence of this precursor in 
film. 

In solution we do not see these lines as we use solvent as 
the reference (Fig.67). 

Higher  fullerenes,  above  all  C70,  are  possible 
contaminants, but we did not observe the C70 absorption lines 
at 642, 674 and 795 cm  [11] in any of our samples. 

Infrared spectra of C70 
Among the many stable fullerenes, C70 is considered to be 

the second most stable molecule, following the C60 molecule. 
The molecular structure of C70 belongs to D5h symmetry which 
consists of an elongated fivefold (C5 ) axes, a five twofold 
(C2) axes and a mirror plane (6h) perpendicular to the C5 
axis. According to group theory, there are 206 molecular vib- 

rations in C70 among which 31 are infrared-active [12]. Howe- 
ver infrared modes with sufficient intensity are observed ex- 
perimentally for only 16 modes.The assignment of the vibratio- 
nal modes for C70 is not well established presently though 
there are many theoretical calculations available for C70 
[12,13,14]. In Table 2, we list values of the frequency and 
relative intensity of the C70 modes which are calculated by 
PM3 method. The IR-active vibrations whose frequencies are mo- 
re than 1000 cm are basically (bond length) stretching vibra- 
tions and the vibrations with frequencies less than 1000 cm 
are (bond angle) deformation vibrations. 
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Table 2 
Infrared-active  modes  sorted  by  its   Intensity. 

1662 14.69 
922 2.37 

1736 2.03 

1812 1.92 
1720 1.81 

724 1.43 
612 .1.32 
1345 1.18 
662 0.73 

Frequency  Intensity Frequency Intensity 

1277 0.57 
474 0.55 

1069 0.48 
1614 0.47 
716 0.31 
1500 0.31 
1464 0.25 
1360 0.22 
517 0.20 

Experimental values of frequencies are : 1460, 1430, 1414, 
1134, 795, 674, 642, 578, 565, 535, 458. It is clear that the- 
re exists a difference between the calculated and mesured fre- 
quencies, and the relative intensities. 

In Figure 62 we show the transmission of C70 solution in IR 
band. The film has a granular nature, and the scattering ef- 
fects are also important. The intensities deviate for diffe- 
rent films, although the peak frequencies remain the same. We 
observe in our samples the C70 absorption lines at 642, 674 

and 795 cm-1 in [11]. 
Figures 69-71 represent the transmission of C70+KBr, the 

first extraction of + KBr and the sixth extraction of + KBr 

mixtures that have the same features. 
The near IR spectra of the first toluene extraction and the 

sixth extraction are presented in Figs.63-64. We do not see 
the electron absorption spectra for the wave length of 

3000-5000 nm in our experimental data. 
Two reasons could explain these results: 

The mixtures obtained contain a small quantity of IR- 

active isomers (such as C100 with symm.C2); 
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Fig .54.    Mass    spectrum    of    fullerene    mixture    extracted   by    toluene 
(first  extract). 
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Fig. S?  Absorption spectrum of C6o solution in toluene for visiole 
and near-IR bands. 
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Fig. 67 The absorption spectrum of Ceo film evaporaled on mono- 
crystalline aluminium oxicie substrate in comparison 
to aluminium oxide one in UV,visible .and near IR bands. 
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Pi lg. 64 Absorption spectrum of Ceo ~ C150 mixture solution in toluene 
for visible and near-IR bands. 

Transmittance 

100 
8    12   16   20   24 

Wavelength 
za <59 3h 

2,5 JJUT? 

40 
100 cm -1 

Fig. 65  IR Absorption spectrum of GVe toluene solution for 2.5-25 <<m 
band. 
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Fig. 66 Absorption spectrum of C'eo film (0.2j/m thickness) on a 
silicon substrate for 2.5 - 25 inn band. 
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Fig. 67  Absorption spectrum of Ü6o toluene solution (with respect to 
pure toulene) for 2.5 •- 25 \m  banc. 
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Fig.69   IR absorption spectrum C70+KBr mixture. 
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These isomers are inhibited by the contaminants (such as 
oxygen) as these isomers are more chemically active. 

The fullerene C76 has absorption at 1000 nm (according to 
its band gap) therefore the first reason is more probable. 

On the base of the absorption experiments we can make the 
following conclusions: 

l.High fullerenes dislocate absorption border into the 
IR- band. 

2.The mixtures of fullerenes contain low fullerenes 
that diminish the effect of IR- active isomers. 

Therefore It is necessary to use the mixtures enriched by 
individual high fullerenes (or use the semiconductive fulleri- 
des). 
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CONCLUSIONS 
The general conclusions of this work are: 

1. On the base of analysis of experimental results and theo- 
retic researches the phenomenological model of charge carrier 
generation sub action of the irradiation is developed and the 
carrier transport is discussed in thin film photodevices. A 
possibility of realization is discussed of the IR-sensitive 
devices on the base of high fullerenes or doped fullerenes. 
The study of Shottky transition and heterojunction with poly- 
mers is proposed for realization of photosensive properties of 
fullerenes to the full extent. 

2. On the base of the extended Huckel model, the numeric 
calculations of electron structure of high fullerenes and the 
search of isomers with defined band gap are made. The fullere- 
nes with n more than 100 have isomers with narrow band gap. 

3.On the base of absorption experiments we can conclude 
that: 
A. High fullerenes dislocate absorption border into the 

IR- band. 
B. The mixtures of fullerenes contain low fullerenes 

that dimininish the effect of IR- active isomers. 
On the base of this study we confirm the possibility of ob- 

taining the photoresponse in the fullerene device for near 

IR-band. 


