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1.1 Introduction

1.1.1 History of Polymerization of C,, Fullerene

Fullerenes, the spherical cage molecules composed of carbon atoms, were
discovered by Kuroto and Smalley coworkers in 1985 [1]. After the development
of a large-scale synthesis method by Kraetschmer et al. in 1990 [2], they became
usable not only in vacuum but also in atmospheric conditions. C, is the most
popular molecule in the fullerenes composed of 60 carbon atoms as shown in
Figure 1.1a. It has semiconductor characteristics having a bandgap. The experi-
mental values have been shown as typically 1.5-1.8 eV for the highest occupied
molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) gap
[3, 4]; however, the value varies within the range of 1.43-2.35. The electrical
properties of fullerene are based on the bandgap. It shows n-type semiconductor
characteristics; the activation energy is less than half of the bandgap and is close
to the half value only at high temperatures. At around room temperature, the
activation energy is in the range of 100-200 meV, which relates to activation
from the donner-like state within the optical gap [5]. The transport properties
are strongly affected also by the orientation state of the crystalline fullerene. On
decreasing the temperature from room temperature, the first kink of the con-
ductivity is observed at around 260 K related to the restriction of the orientation
angle of rotation of Cy, molecules [6]. The second kink at 90 K relates to the glass
transition of the orientation angle.

The conductivity drastically falls by several orders of magnitude, mostly
becoming insulating due to absorption of oxygen molecules [7]. This is due to the
formation of deep level trap sites lying 0.7 eV below the bottom of the conduction
band. Therefore, most of the transport measurements of the semiconducting
properties are done in vacuum conditions. An inert atmosphere such as argon,
nitrogen, or helium also helps maintain the conductivity. If the sample was
exposed in air once, heating at 160-180°C in vacuum is necessary to recover
the conductivity by desorbing oxygen from the thin film of fullerene [8].
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Crystalline C, fullerene exhibits face centred cubic (fcc) structure due to van
der Waals interaction. Intermolecular interactions change the electrical and
optical properties. A possibility of intermolecular coupling was observed first
by photo-irradiation using laser light [9]. UV—visible light illumination read the
photopolymerization of the C,, molecules in oxygen-free condition since oxygen
hinders the reaction by forming photoexcited triplets [10]. Such a process occurs
only above 260K since a random orientation of the rotation is essential for the
polymerization process.

Photo-transformation takes place by [242] cycloaddition reaction mechanism
[11], where faced double molecular bonds are broken and a four-member ring is
formed as shown in Figure 1.1a.

Such a dimer structure is called “dumbbell type” polymerization. For the
occurrence of the polymerization reaction, the following requirements can be
summarized:

(i) The Cg, molecules should be situated close enough to each other (an appli-
cation of pressure assists this situation).

(if) They must be rotating freely.

(iii) Their double bonds must be faced in parallel.

(iv) Certain external energy that opens the double bond must be applied (photo-
excitation, thermal agitation, plasma, electron beam [EB] absorption, pres-
sure application, etc.).

(v) A four-atom carbon ring is formed.

After forming the intermolecular bonding, the mean intermolecular length,
typically 1.0 nm in fcc structure, shortens to 0.01-0.03 nm. And then, the free
rotation of the molecule stops, and solubility in polar organic solvents such as
toluene, xylene, hexane, and so on is lost. For the photochemical reaction between
Cqo molecules, the following reaction scheme is proposed [11]. Although the
[24+2] cycloaddition of neutral C,, molecules is thermally forbidden due to the
Woodward—Hoffmann rules, this type of reaction is photochemically allowed
between an excited and a ground state molecule. The interaction of the singly
occupied n*-orbital of the photoexcited molecule with the unoccupied n*-orbital
of the ground state molecule, as well as the interaction of the singly and dou-
bly occupied n-orbitals gives rise to a symmetrically allowed and energetically
favorable transition state. The simplified orbital interactions of two C=C double

Figure 1.1 Structural model of a C, fullerene molecule (a) and a fullerene dimer having a
dumbbell structure (b).
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Figure 1.2 Schematic of the photochemical reaction (a) and energy diagrams of frontier
orbital interactions of reactants in [2+2] cycloaddition reactions (b).

bonds are illustrated in Figure 1.2. Such a polymerization process in a solid or a
thin film of C, can also take place by other means: application of high pressure
at high temperature, intercalation of alkali metals, plasma treatment, EB irradi-
ation, and so on. If a negative ion reacts with a neutral ground state molecule,
the interaction of the singly occupied and the vacant n*-orbitals results in a lower
energy transition state, similarly to the photochemical mechanism.

For the intermolecular bond formation, two types of possibilities are proposed.
In one configuration, the two C atoms shared by the two adjacent hexagons
in a C, are covalently bonded to the C atoms that are shared by the two
hexagons in the adjacent C, (66/66 bond); in another, the two C atoms shared
by a hexagon and a pentagon in a Cg, are bonded to the adjacent Cg, (66/65
bond) shown in Figure 1.3b. It is known that the 66/66 bond is more stable
thermodynamically than the 66/65 one; therefore, the 66/65 one must be a
very rare case [12, 13]. However, existence of a Cy, polymer composed of 66/65
bonds (Figure 1.3b) is the only model to explain the metallic property of the
polymer having a two-dimensional rhombohedral (rh) structure realized by high
temperature and high pressure application [14].

Hence, we can control the electrical properties of C,, fullerene depending on
the polymerized structure. In this chapter, after showing the basic electrical prop-
erties of a pristine Cg, fullerene, various kinds of polymerization regimes and the
electrical properties will be introduced.
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(a) .*"
Figure 1.3 (a) 66/66 and (b) 66/65 bonding structures.

1.1.2  Electronic Property of Pristine C, and n-Type FET Action

The first Cy, field effect transistor (FET) was reported by Paloheimo et al. [15] in
1993 and developed by Haddon et al. [16] in 1995. They clarified that C,, FET
works as an n-type transistor and exhibits fairly good carrier mobility around
0.1cm? V! s71. The highest mobility is more than 10cm? V! s7! as reported
by Li et al. in 2012 [17]. The properties are severely dependent on the environ-
ment. After being exposed in air or oxygen, the conductance suddenly drops and
it becomes almost insulating [7]. Therefore, most of the transport experiments
are performed in vacuum conditions. The conductance also depends on temper-
ature, so that there might be a large amount of charge trapping states, in other
words donor-like states, in the pseudo gap of C,, FET [18]. In general, these states
usually come from structural disorders at crystalline defect or grain boundary, as
well as from polaronic disorders introduced by guest impurities. The latter would
be an effect of oxygen adsorption, by which the conductance decreases drasti-
cally. Therefore, transport measurements of a Cy, FET require an oxygen-free
environment such as vacuum or inert gas, or covering by a passivation layer [19].
Figure 1.4 shows typical current—voltage (/I-V) curve and transfer curves of a C,
thin film FET. The FET structure is fabricated on a SiO, layer of heavily doped Si
wafer. The electrical contacts are performed by Au. The channel length and width
are 5 and 100 pm, respectively. The field effect mobility, y, in the low field region
can be estimated from the following equation [20]:

L
COXW { VDS(VGS'VT)'% VD82 }

where I}, is the drain current, L is the channel length, W is the channel width,
Coy is the gate capacitance of oxide layer, V¢ is the drain voltage, V 4 is the gate
voltage, and V' is the threshold voltage. Considering the threshold voltage to be
15V, the mobility is estimated as 0.1 cm? V=1 571,

The temperature dependence of a C,, FET shows nearest neighbor hopping,
which depends on T~ at temperatures lower than room temperature. However,
below 100K, variable range hopping (VRH) has been observed in the conduc-
tance of Cy, FET [21]. In this transport regime, the conductance drops with
decreasing temperature depending on the following relation:

M:

0 X exp(—T‘1/4)
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Figure 1.4 Typical transistor curves of a C, thin film FET (a). Transfer curve and estimated
mobility (b).

This relationship indicates that the transport is three dimensional in the thin film
of C, since the suffix of T can be obtained from 1/(d + 1) where d is the dimen-
sionality of electron transport of the system. In general, conduction carriers in
VRH can transport by hopping among electronic states at Fermi level (E;), which
enables us to estimate the density of charge trapping states in the pseudo gap of
Cyo thin film.

1.2 Polymerization of C4, Fullerene

1.2.1 Photo-irradiation

Photopolymerization of Cg, thin film under visible or UV irradiation was
confirmed first by Rao et al. in 1993 [9]. The reaction was confirmed using
UV-visible light from a Hg arc lamp or an Ar ion laser having a wavelength of
488 nm on Cg, thin films of thickness of several hundred nanometers on a Si sub-
strate. One typical evidence of the photopolymerization is a peak shift of 4,(2)
mode in the Raman scattering spectrum, which corresponds to the pentagonal
pinch mode of the Cg, molecule [22]. The peak occurs at 1469 cm™ before the
light irradiation and shifts to 1460 cm™ after the irradiation. The mechanism
of photo-transformation is based on [2+2] cycloaddition reaction [11]. A 1D
polymer chain of Cy, molecules having an orthorhombic crystal structure is
proposed for this photopolymer. The polymerization reaction occurs within a
temperature range between 260 and 400 K without applying pressure. The lower
limit is due to the necessity of free rotation of C., molecules. On the other hand,
the upper limit is restricted by a depolymerization process due to an increase in
thermal vibrations. Therefore, the intermolecular bonding is broken by heating
to more than 473 K so that the photopolymer reversibly returns to the monomer
[23]. The activation energy for the depolymerization process is approximately
1.25eV [22]. For the photopolymerization, light having photon energy greater
than the bandgap energy of the C, molecules is necessary. Existence of long

5
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chains of more than 20 Cy, molecules was confirmed by laser desorption mass
spectrum from Cg, thin film after sufficient UV-visible light irradiation [9].
Figure 1.5a shows typical Raman shift peaks of A,(2) mode of a Cq, thin film.
The peak occurs at 1469 cm™! before irradiation; however, it shifts to 1460 cm™!
after green laser irradiation for 10 minutes. On the other hand, no significant
peak shift can be confirmed; Raman peaks of a solid single crystal before and
after laser light irradiation are shown in Figure 1.5b. In the case of the thin
film, the peak shift occurs very easily even during the irradiation for Raman
spectroscopy. In other words, it is very difficult to obtain a Raman peak of the
pristine Cg, thin film at 1469 cm™. In the case of photopolymerization, it is
basically difficult to obtain long chain polymers. The polymer chain is mainly of
short-range oligomers such as dimer or tetramers. The A,(2) peak position shifts
to further lower frequency through progress of the polymerization reaction of
Cyo- The shoulder at 1453 cm™! can be assumed as the peak corresponding to a
polymer higher than a dimer (e.g. trimer). Generally, no long-range order can
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Figure 1.5 Typical peak shifts of A (2) mode before (black) and after (gray) laser irradiation of
a thin film (a) and a single crystal (b).
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be observed in the photopolymer of the thin film unlike in pressure-induced
polymerization.

A Cg, photopolymer still shows semiconducting electric property [24]. The
evolution of gate voltage dependences of a C, thin film FET with laser light
irradiation is shown in Figure 1.6. The FET sample has a C, thin film of 50 nm
thickness and the electric contacts occur underneath the thin film, forming a
bottom contact structure. In the case of such an FET, the ON current of the FET
decreases with increasing dose of the green laser beam. Consequently, a decrease
in the mobility was confirmed. In this sample structure, since a laser beam was
irradiated from the top of the thin film, photopolymerization takes place from
the surface of the film. Therefore, at the bottom of the film, the molecules must
be polymerized partially and then such a disorder affects the decrease of the
mobility.

Basically, polymerization by photo-irradiation is never perfect in the bulk
region of a C, thin film and a solid of a single crystal since the dimerization
of two Cy, molecules hinders successive, long-chained, photo-polymerization.
However, polymerization at the surface of a thin film shows different behav-
ior. 2D-rhombohedral rinks of Cg, molecules were confirmed on a thin film
after irradiation with UV-visible light (photon energy: 2—4 eV, light intensity:
3—-4W c¢cm™2) for 400 hours at room temperature in vacuum [25]. The resistivity
was of the order of 103 Q cm. More recently, we also observed the formation of
two-dimensional polymer films synthesized on a Cg, thin film after sufficient
irradiation with optical vortex (OV) laser light [26]. Figure 1.7 shows the atomic
force microscope image of the surface of the irradiated region. A film having a
thickness of 1 nm can be confirmed on the grains in a C, thin film. The coverage
on the surface depends on the dose of the laser light. Such a film reminds
us of a 2D polymer phase having te- and rh-structures. When we placed two
electrodes on the irradiated region after the irradiation, we confirmed no gate
voltage dependence of current through the sample, which suggested a metallic
property (sufficient amount of carriers exist in a sample without applying a gate
voltage). Surprisingly, the current can be confirmed even in air since a Cg, thin
film becomes insulating immediately after being exposed in air. The mechanism
is still under discussion; however, the experimental results suggest that even
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Figure 1.6 Typical effect of photopolymerization on transfer curves of a Cy, FET (a).
The mobility decreases as well as the ON current incrementing the dose (b).
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Figure 1.7 AFM image of C, thin film out of (a) and within (b) the OV irradiated region.
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Figure 1.8 Schematic view of OV irradiation on a C, thin film and the electrical measurement
within the irradiated region using Au wires after the irradiation (a). Two terminal transfer
curves at different bias voltages (b). No gate voltage dependence was observed.

photo-polymerization may provide a metallic 2D polymer at the surface of thin
films after sufficient irradiation (Figure 1.8).

1.2.2 Doping Effect Using Alkali Metal and Superconductivity

Doping into Cg, fullerene molecules is accompanied by 3-D intercalation of
alkali, alkali earth, and rare earth metals forming compounds [27]. Owing to the
intercalation, electrons can be delivered into the unoccupied band whose lat-
tice can store up to six electrons, without forming the chemical bond unlike
the conventional covalently-bonded semiconductors such as Si. AyCg,, where
X can be changed from one to six in stoichiometric ratio, which has different
characteristics depending on the number of X. A;C¢, and A;C,, show metallic
property while the other structures have semiconducting property. Especially,
A,C,, compound is well known to exhibit superconducting property at low
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temperature. The critical temperatures of K;C,, and Rb;C,, are 19.8 and 30.2 K
at normal pressure, respectively [28]. On the other hand, the A,;C,, (A = K, Rb,
or Cs) compound shows different behavior. It is reported that the crystal has
an orthorhombic structure and the Cy, molecules have a covalent bond with
each other one dimensionally. X-ray diffraction pattern of the material shows
good agreement with the calculated atomic position of orthorhombic phase
with [2+2] cycloaddition below 350K [29]. The mechanism of the formation
of intermolecular bonds is explained by ion-induced [2+2] cycloaddition [30].
Such a structure can be obtained via the following process; alkali ions such
as K*, Rb*, and Cs*, which are larger than the tetrahedral space of fcc C,
crystal, can form a doped structure with one ion per octahedral position. The
compound takes a NaCl (fcc) structure at high temperatures (e.g. more than
420K for KCy,). It can be balanced by Coulomb interaction between A* and Cy,
and a slight distortion of the crystal. The structure undergoes first-order phase
transition into a body-centered orthorhombic structure. The structure is formed
by the distortion of the fcc lattice without diffusing the metal ion out from the
crystal. And then, [24+2] cycloaddition takes place and the one-dimensional
polymer is formed. This polymerization scheme is basically similar to a process
in high-pressure application; however, the dimensionality of the polymerized
crystal is different. The fcc structure is not stable at room temperature and
transits into an orthorhombic polymer phase. A single crystal of (KC;), was
grown; it was a few millimeters long and the degree of polymerization exceeded
100000 [31]. At low temperatures such as liquid nitrogen temperature, the
crystal forms a superstructure by dimerization within the 1D crystal.

1.2.3 High-Pressure and High-Temperature Application

As mentioned above, depolymerization process occurs at more than 200 °C in
normal pressure; however, application of pressure with heating brings about the
other phases of polymerization. Iwasa et al. reported the first polymerization
with a rhombohedral (rh-phase) structure in 1994 [32]. They heated C, crystals
up to 1073 K by applying a pressure of 4—8 GPa. The other phases, orthorhombic
(or-phase) and tetragonal (te-phase), were confirmed in latter experiments [33].
Their crystalline structures have been determined by X-ray diffraction patterns.
Successive transition was observed from fcc structure to 1D- (or-phase) or
2D- (te- and rh-phase) polymerized phase by increasing the temperature and
applying pressure. A mixture of rh- and te- phases is formed at 2—4 GPa and
673-1073 K, and a pure rh-phase at 4—8 GPa and the same temperatures [34].
By applying pressure, the intermolecular distance is decreased and the regularity
of rotation angle is restricted; therefore, the crystalline structure changes from
fcc to simple cubic (sc) phase, which is a more restricted structure. Since such
a restriction of rotation angle hinders the formation of intermolecular bond by
[2+2] cycloaddition process, polymerization does not progress in the sc phase.
However, by increasing the temperature, the transition in the sc phase is sup-
pressed and it returns to the fcc phase again, and then the angular disorder of the
rotation also reappears. Therefore, higher order polymerization such as the te-
and rh-phase can be obtained at high pressure and high temperature conditions.

9
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Typically, more than 5GPa and 973K are necessary for the formation of the
rh-phase [34].

Since rh-polymer phase has 2D and a hexagonal symmetry, the crystal exhibits
a hexagonal or triangular shape. On the other hand, the te-phase polymer shows
a square-shaped crystal. Makarova et al. show the transport properties of each
polymer [35]. Both te- and rh-polymers show semiconducting characteristics;
the resistance increases with decreasing temperature. However, an rh-phase
sample synthesized at 7-8 GPa and 973-1073 K shows metallic property; the
resistance decreases with decreasing temperature (Figure 1.9).

Okada and Oshiyama showed the results of the first principles calculation of
band structures of the rh-polymer phase [36], which is composed of normal 66/66
bonds and has a bandgap at the Fermi energy as shown in Figure 1.10. There-
fore, there is still room for discussion on the mechanism; however, the only clear
mechanism is that of an rh-phase polymer having 66/65 bonds. Metallic band
structures are suggested in both cases of ABA and ABC staking of rh-phase poly-
mer layers of 66/65 bonds.

If a Cg, crystal is heated at over 1273 K in 5 GPa, the cages of C,, molecules are
broken and become amorphous carbon [37].

The peak shifts of A,(2) mode in Raman spectrum in the different polymer
structures are summarized by Rao et al. [38]. However, the suggested peak
assignments of the Raman shift in each phase include ambiguity. It is difficult
to obtain a pure sample having a single polymer phase, as multiple phases are
usually involved in it. Therefore, in the early stages of the experiments, mixed
peaks were occasionally misassigned in the spectrum. The most reliable experi-
mental result shown by Meletov et al. is that a peak wave number of Ag(2) mode
in pure rh-phase of C, crystal appears at 1408 cm™! as shown in Figure 1.11
[39]. They prepared the single crystal of rh-phase sample by applying a high
pressure of 5GPa at 773 K. By heat treatment at more than 523 K for 0.5 hour,
the peak height at 1408 cm™' decreased and then peaks corresponding to the
2D-te-phase and the 1D-or-phase began to appear as shown in Figure 1.11. After
thermal treatment at 548 K for 0.5 hour, these peaks also disappeared and only a
peak of 1469 cm™ corresponding to the Cy, monomer finally remained. Even at

Figure 1.9 Scanning electron microscope image of polymeric C, crystal having rh-phase
(a) and temperature dependences of the resistivity (b) [35].
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Figure 1.10 Electronic energy bands of the ABC-stacking of rh-phase C,, polymer crystals
composed of 66/66 bond (a) and 66/65 bond (b) [36].

513 K, the polymer returned to the monomer phase when the temperature was
maintained for two hours.

1.2.4 Plasma and EB Irradiation

Polymerization of C, molecules occurs also by applying plasma and irradiating
EB on the thin film. Maruyama sublimated C,, powder in argon plasma [40].
Owing to the energy of plasma, polymerization occurred. It was confirmed by
a shift of A,(2) peak from 1469 cm~! to a lower frequency; however, the intensity
decreased with plasma power and almost diminished after being treated at 50 W.
Higher order of merging of the C, molecules such as peanut-shaped inter-C,
crosslink structures is proposed in this process.

11
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Especially, since such an EB can be focused and irradiated in a selected
region, this method is proposed to use C,, molecules as a resist material for EB
lithography. Tada et al. reported that Cg, thin film acted as a negative e-beam
resist with a sensitivity of 1 x 1072 Ccm™2 [41]. Although it is several orders of
magnitude worse than the usual resist materials in sensitivity, it shows higher
dry-tech durability than conventional novolac resists. However, the solubility in
organic solvent becomes almost disappear after in the EB treatment. Therefore,
how to remove the polymer in the process is still remained as one of the
problems in the practical use.

1.2.5 Low-Energy EB Irradiation

Although sufficient EB irradiation may break a cage of C, fullerene, low-energy
EB can provide a different type of C,, polymer. The formation of a peanuts-type
Cgo dimer (C,,, structure) as shown in Figure 1.12a is proposed by Onoe et al. and
then a 1D chain of such a structure would be formed by EB irradiation [42]. The
intermolecular bonding scheme is different from that of the usual [2+2] cycload-
dition reaction. The fusion of adjacent C,, molecules via Stone—Wales (S—W)
transition is assisted by EB irradiation. Since the S—W transition is not unique,
many kinds of allotropes of peanuts-type structures are shown by first principles
density functional theory (DFT) calculation with their band structures by Ohno
etal. [43]. According to their results, some of the structures do not have a bandgap
at the Fermi level and then they may have a metallic property.
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Figure 1.12 (a) Schematic illustration of peanuts-type C,, dimer (C,,, structure).
(b) Current-voltage curve and sheet resistance of electron-beam-irradiated sample for
20 hours [42].

Onoe et al. irradiated EB with an acceleration voltage of less than 3 keV ona C,
thin film in ultrahigh vacuum conditions. The polymer showed metallic trans-
port properties, and can be explained as a pi-conjugated system. The resistivity
of the EB-irradiated sample for 20 hours showed 7 Q cm by a four-probe method
at room temperature. An almost linear current—voltage curve was obtained
even in air. No trace of transition into an amorphous phase was observed in the
infrared spectra of the sample even after 20 hours of EB irradiation [44]. In order
to confirm the electron structure of the polymer around the Fermi energy, they
observed in situ high-resolution ultraviolet photoemission spectroscopy (UPS).
The irradiation time dependence of the UPS spectrum shows increases in the
density of states of the HOMO band and monotonically close to the Fermi level
as well as the broadening of HOMO peaks with increase in the irradiation time
(Figure 1.13). After five hours of irradiation, the density of states exists almost

C60-polymer
T=350K
He ll

EB irradiation
0 hour

Intensity (a.u.)

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 Er
Binding energy (eV)

Figure 1.13 Evolution of valence photoelectron spectra of a C, thin film by irradiating with
low-energy electron beam as a function of irradiation time [44].
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close to the Fermi level. In addition, a finite density of states at the Fermi level
has been observed in the UPS spectrum after 12 hours of irradiation, which
suggests a metallic property. Unfortunately, the temperature dependence of the
resistance of the EB-irradiated sample increased with decreasing temperature,
showing a thermal activation-type transport property. This indicates that the
system is highly disordered even in the metallic state. However, the activation
energy is reported as approximately 100 meV, which is almost half of that of a
pristine Cg, thin film. Therefore, a low-energy EB-irradiated thin film is more
conductive than the pristine one. They confirmed that the conductivity can be
maintained even in air (Figure 1.12b).

1.3 Summary

Various kinds of polymerization regimes have been studied in C,, fullerene.
Although C,, fullerene thin film and crystal have an fcc structure, one-
dimensional or-phase and two-dimensional te- and rh-phases have been con-
firmed in the polymerized structures. The intermolecular bonding is realized
by [2+42] cycloaddition mechanism; therefore, the bonding can be broken by
heating it over 573 K and the polymer can reversibly return to the monomer.
Such an intermolecular bonding can be realized by photo-irradiation, doping
with alkali or alkali earth metals, and plasma pressure application at high tem-
perature. Although the pristine thin film FET shows semiconducting properties,
it becomes insulating after exposure to air or EB irradiation. In addition, metallic
properties have been observed in a Cg, polymer synthesized by high pressure
and high temperature application. Recently, such a metallic property has been
confirmed on Cy, thin films after sufficient photo-irradiation using optical vortex
laser or low-energy electron beam irradiation. Very interesting experimental
results have been confirmed and reported individually so far. Combining such
unique characteristics, flexible integration circuits or a new class of opto-electric
device might be realized by using fullerene molecules.
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