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Intermolecular charge-transfer excitation in Cg, films: Evidence from luminescence
and photoconductivity
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Ceo films have been investigated by means of optical absorption, luminescence, and electric-field-induced
luminescence quenching, as well as with steady-state photoconductivity spectroscopies. The drop of the lumi-
nescence yield, the increase of the electric-field-induced luminescence-quenching efficiency, and the sharp
increase of the photocarrier-generation efficiency above 2.3 eV, are interpreted in terms of branching either in
the excitation or relaxation processes involving intermolecular charge-transfer excited states.

I. INTRODUCTION

Fullerenes have attracted much attention owing to their
unique molecular and electronic structures. Several proper-
ties of the electronic states of Cg, have already been investi-
gated by a number of spectroscopies including UV-visible
absorption, luminescence, and photoconductivity.!! It is of
primary importance to elucidate the photophysical proper-
ties, with a particular focus on the excitation relaxation pro-
cesses and the photocarrier generation mechanisms in Cgg
(crystals and films). In the solid state, a specific feature in the
range 2.3-3.0 eV has been revealed by UV-visible absorp-
tion and luminescence excitation spectra.” However, its ori-
gins and its implications on the photophysical properties
have not been completely understood.

Recently, progress has been made by electroabsorption
(EA) measurements on Cg, films.'? According to its analysis,
charge-transfer (CT) states (intermolecular) have been esti-
mated at 2.7 and 4 eV and Frenkel excitons states (intramo-
lecular) at 1.95 and 2.4 eV.'>!3 Theoretical studies corrobo-
rate this view; the spectral intensity in the region 2.5-2.8 eV
is enhanced by the effect of intermolecular charge-transfer
excitons.'*1

Therefore, owing to the fact that these electronic states
interact with the electric field, electromodulation of the lu-
minescence is also expected to provide essential information
on excitation and relaxation processes. Furthermore, this
technique has been increasingly applied to study photo-
generation mechanisms. For instance, luminescence quench-
ing and photogeneration in materials such as thionapthenin-
dole, poly(N-vinylcarbazole), and phthalocyanine have al-
ready been studied.!6718

Herein, we report electric-field-induced luminescence
quenching in Cgy polycrystalline films. The analysis of the
excitation energy dependence of luminescence yield,
electric-field-induced luminescence quenching, and photo-
carrier generation efficiencies are expected to elucidate the
excitation relaxation and the photocarrier generation mecha-
nisms in solid Cgy. Optical properties of Cqq solids will be
discussed in terms of Frenkel excitons (intramolecular) and
CT states (intermolecular).
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II. EXPERIMENT

Films are deposited by sublimation of pure Cgy powder
under vacuum (p=<10~° Torr) on sapphire or fused quartz
plate (substrate temperature 7,=450 K) predeposited with
coplanar interdigitated gold electrodes (gap of 5 um, total
length 10 cm). As observed by scanning electron microscopy
and atomic force microscopy, Cgo films deposited on sap-
phire are polycrystalline with average grain size of 200 nm.

Owing to the electrode configuration, measurements of
UV-visible absorption, photoconductivity, and luminescence,
as well as its interaction with an electric field, can be per-
formed on the same samples. Note that these samples have
been exposed to air while being loaded into the cryostat. As
already reported, oxygen has drastic effects on photoconduc-
tivity and luminescence properties.”> However, our previous
work clearly shows that oxygen absorbed into the bulk can
be mostly deintercalated by annealing at 450 K under 10~°
Torr for 12 h. Hereafter, only annealed Cg, films are consid-
ered.

The luminescence emission and excitation measurements
have been performed using a spectrofluorometer (JASCO
fp-777, cryostat Oxford DN1704) with or without electric
field (dc, E=10° Vcm™!) at 77 K under vacuum. The
luminescence emission spectra have been recorded with the
conditions hv.,=3.75, 2.75, 2.4, and 2.0 eV with 1.4
<hv,,<1.8 eV and the luminescence excitation spectra by
monitoring the emission at Av.,=1.68, 1.66, and 1.51 eV
with 1.77<hv.,<3.75 eV. It should be pointed out that the
luminescence spectra are automatically corrected for the
variation of the intensity of the xenon lamp. Using a differ-
ent experimental setup, the luminescence emission with
hv,=2.54 eV (argon ion laser) has been investigated
versus electric field (E<2.10° Vcm™!), light intensity
(Nph=6.1014—1016 s”! cm™?), and temperature (7=50
—350 K). UV-visible absorption has been recorded (Shi-
madzu UV31008S) in the energy range hv=1.4—6.2 eV and
temperature range 7=500-77 K. Photocurrents have been
recorded at various excitation energies, electric fields, and
temperatures in the ranges hv=1.5-4.8 eV (constant
photon flux 103-10'° s7! cm™?), E<10° Vem™?, and
T=380-77 K, respectively.
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FIG. 1. a, UV-visible absorption, b, luminescence excitation
(monitoring at Av.;,=1.66 eV) and ¢, luminescence efficiency
spectra (T'="77 K, annealed Cg film, thickness ca. 20 nm).

II1. RESULTS AND DISCUSSIONS

The UV-visible absorption spectra of Cg, thin films are
found to retain almost all the characteristic bands observed in
solution above 3.0 and below 2.3 eV, although redshifted and
broadened (Fig. 1, curve a). The most important observation
is the appearance of a broad band in the range 2.3-3.0 eV
that has no straightforward counterpart in solution. In this
broad feature, two peaks have been resolved at 2.51 and 2.85
eV. Their intensities show a discontinuity at 260 K towards
low temperature, coinciding with order-disorder phase tran-
sition from face-centered cubic to simple cubic, whereas the
peak at 3.53 eV (first intramolecular allowed transition) un-
dergoes monotonous increase.’ This result suggests that the
solid-state specific absorption might be related to intermo-
lecular interaction between neighboring Cgq molecules.

Although several works have been dedicated to Cgy’s lu-
minescence emission spectra, little has been done on the lu-
minescence excitation spectra over a wide range of
energy.”'®?° The comparison between the excitation and the
absorption spectra of Cg films (Fig. 1, curve b) shows that
the peak at 3.5 eV coincides with the first allowed electronic
transition; the broad band in the range 2.3-3.0 eV corre-
sponds to solid-state specific absorption; the fine structures
below 2.3 eV belong to intramolecular electronic transitions
coupled with vibrational modes.!® Here also the solid-state
specific feature reveals itself in the luminescence excitation
spectrum, whereas it does not appear in solution.?’

Figure 1, curve ¢ presents the calculated luminescence
efficiency 7; (Av.,=1.66 €V), assuming it is proportional to
the luminescence intensity divided by the number of ab-
sorbed photons [1—exp(—ad)] (a absorption coefficient,
d=20-nm-thick film). Below 2.3 eV, the spectral dependence
of 7, reflects that of the luminescence excitation character-
ized by sharp peaks. An important finding is that above 2.3
eV the efficiency is featureless and clearly decreases with
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increasing excitation energy. It is also remarkable that the
energy-dependent branching observed in Cg film above 2.3
eV can be regarded as a solid-state effect because it has no
counterpart for isolated molecules in solution.?’

The drop of the luminescence efficiency above 2.3 eV
suggests the existence of branching in the relaxation process
from the upper excited states, in competition with internal
conversion to the lowest excited states from which the lumi-
nescence emission occurs. The origins of the luminescence
have been already discussed for excitons and X traps.!">* The
energy-dependent branching might be invoked also in the
excitation process from the ground state to upper states. As
mentioned earlier, absorption arises in the range 2.3-3.0 eV,
peculiar to solid states.

Candidates for the branching either in the excitation or
relaxation processes might involve intermolecular charge-
transfer excited states. This assumption is relevant to the EA
studies'>"® and to the theoretical calculations'*!* that predict
the existence of a distinct manifold of intramolecular CT
states in this energy range.

The solid-state specific feature in the range 2.3-3.0 eV,
revealed either by UV-visible absorption or luminescence ex-
citation spectra, involves intermolecular CT states. Their im-
plications can be probed by the electromodulation of the lu-
minescence, because those electronic states can interact with
the electric field.

The electric-field-induced luminescence quenching (LQ)
has been observed on Cgy films by recording the lumin-
escence emission spectra. The intensity of the lumines-
cence emission peak (at 1.7 eV with the excitation energy
of 3.75 eV) decreases by 12% under electric field (E =10’
V em™?!, T="77 K) without appreciable shift or splitting. The
integrated luminescence emission in the entire range 1.4—
1.8 eV also shows a 10% decrease. On the other hand, no
quenching has been observed with 2.0-eV excitation energy,
within the experimental resolution. This result demonstrates
that the luminescence quenching is excitation energy depen-
dent.

Figure 2 presents the luminescence excitation spectra
with and without electric field. The electric-field-induced
luminescence-quenching yield has been calculated as fol-
lows: Q.g=1—I(E#0)/I(E=0), where I(E=0) and I(E
#0) are the intensity without and with electric field,
respectively. A striking observation is that the quenching oc-
curs in the range 2.3-3.75 eV, whereas it is absent in the
range 1.77-2.3 eV, within the experimental resolution.

It is important to stress that the energy threshold of
electric-field-induced luminescence quenching coincides
with the drop of luminescence efficiency at 2.3 eV. This oc-
currence suggests that the energy-dependent branching pre-
viously mentioned involves intermolecular CT states which
can strongly interact with the electric field. The absence of
luminescence quenching in the range 1.77-2.3 eV is consis-
tent with the intramolecular transition (Frenkel-type exci-
tons), whose interaction with the electric field should be
weaker. These results are consistent with EA measurements
that identified Frenkel exciton states at approximately 1.95
and 2.4 eV and CT states at 2.7 and 4 eV, except for some
shift.'>1
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FIG. 2. Luminescence excitation spectra with and without elec-
tric field (E=10° V/cm) (monitoring at hv.,=1.66 eV) and
electric-field-induced LQ efficiency spectra (T=77 K, annealed
Cgp film, thickness ca. 20 nm).

Insight into the electric-field-induced luminescence
quenching at Av.,=2.54 eV has been gained by studying its
dependence on several parameters.

(i) Electric-field-induced luminescence quenching has
been observed for both thin (thickness ca. 20 nm) and thick
films (thickness ca. 200 nm) compared to the light penetra-
tion depth (approximately 100 nm at 2.54 eV with absorption
coefficient ~10° cm™!). The amplitude of the luminescence
quenching is independent of the film’s thickness. Inhomoge-
neous distribution of excitation density might not be a pre-
dominant source for -electric-field-induced luminescence
quenching.

(ii) In the range E=8.10*-2.10° Vcm™!, Q. increases
as E* and E*® at T=77 and 300 K, respectively. The Stark
effect on the luminescence behavior can be discarded be-
cause the luminescence peaks are not split or shifted and
because Q¢ does not obey E? dependence.

(i) In the range 0.25-5.0 mWcm~? (photon flux
~6.10%-10' s~! cm™?), the luminescence intensity in-
creases linearly with excitation intensity either at 7=77 or
300 K. Q. is independent of the photon flux at constant
electric field and temperature, discarding the effect of non-
linear processes as the origin of the luminescence quenching.

(iv) As a general trend, Q. increases with the tempera-
ture. The quenching yield is weakly temperature dependent
below 260 K with a bump at approximately 90 K, whereas it
is thermally activated with E,=0.025 eV above 260 K. The
features at 90 and 260 K might be related to the well-known
phase transitions.

Next, the photocarrier generation process is examined in
connection with the electric-field-induced luminescence
quenching. Figure 3 presents the steady-state photoconduc-
tivity (/ ;) measured using coplanar interdigitated Au elec-
trodes with a 5-um gap. Experimentally, I, at 77 K depends
linearly on photon flux and on electric field in the ranges
103-10" cm™2 57! and 10-10* V cm™, respectively. The

FIG. 3. a, Absorption and b, photoconductivity spectra as well
as ¢, the photocarrier generation efficiencies (I'=77 K, annealed
Cgp film, thickness ca. 20 nm).

photoconductivity spectrum follows the absorption spectrum
in the range 1.5-5.0 eV, indicating that photocarrier genera-
tion proceeds via excitation of Cgy molecules.

The photocarrier generation efficiency is assumed to be
proportional to the photoconductivity divided by the number
of absorbed photons. Its energy dependence shows weak
structures in the range 1.5-2.3 eV, a sharp increase starting
at 2.3 eV, and several bands above 3 eV. Here also, by a
different method, the specific feature in the domain 2.3-3.0
€V has been brought to light.

It is important to stress that the photocarrier generation
efficiency is also relevant to the electric-field-induced lumi-
nescence quenching, suggesting that carrier generation oc-
curs predominantly through intermolecular CT states above
2.3 eV. Below this energy, photogenerated carriers are due to
intramolecular Frenkel excitons. This assumption is corrobo-
rated by the activation energy (E,) of the steady-state pho-
toconductivity that is higher for the excitation energy at
hv,;=2.0 than at hv,=2.4 eV (as well as 3.75 eV): for
T>270 K, E, (hv;)=03 and E, (hv,)=02 eV; for
T<250 K, E, (hv;)=0.04 and E (hv,)=0.03 eV. As ex-
pected, while increasing the temperature, the photoconduc-
tivity peak at 2.0 eV quickly increases above 270 K and
becomes a predominant feature compared to that at 2.3 eV.?!

Once the luminescence quenching has been attributed to
carrier photogeneration by field-assisted dissociation of CT
states, it can be speculated that the activation energy of lu-
minescence quenching reflects the binding energy of CT
states, approximately 0.025 eV for 7>260 K.

Ceo’s photoconductivity has been investigated using dif-
ferent techniques, which all show the threshold for photocar-
rier generation yield at approximately 2.3 eV, despite some
difference in interpretation. Results obtained by the xero-
graphic discharge technique have been analyzed for Onsager
surface-mediated dissociation of singlet excitons above 2.3
eV.5 Transient photoconductivity measurements that reflect
photogeneration and recombination processes on Cg films
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suggest two distinct photocarrier generation mechanisms: be-
low 2.3 eV, by exciton-exciton collision ionization, and
above, through interband transition.’

IV. CONCLUSION

Cso films have been investigated by means of optical ab-
sorption, luminescence, and electric-field-induced lumines-
cence quenching as well as steady-state photoconductivity
spectroscopies.

The solid-state specific feature in the range 2.3-3.0 eV
has been assigned to intermolecular CT states. Their impli-
cations have been examined. The drop of the luminescence
yield concurred both with the increase of the electric-field-
induced luminescence-quenching efficiency and with the
sharp rise of the photocarrier generation efficiency above 2.3
eV. This observation has been interpreted in terms of branch-
ing either in the excitation or relaxation processes involving
intermolecular CT states.
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A schematic view of the excitation and relaxation pro-
cesses in solid Cgy can be drawn. From the ground state,
electronic transitions to intramolecular excited states as well
as to CT states take place. From the upper excited states, at
least two relaxation paths are probable: one to the lowest
singlet excited states by internal conversion that ultimately
leads to luminescence emission; the other contributes to in-
termolecular CT state formation. In the range 2.3-3.75 eV,
the antibatic behavior has been observed between the lumi-
nescence yield and the photocarrier generation efficiency,
suggesting that the underlying mechanisms are competing.

In the range 2.3—-3.75 eV, carriers are generated by field-
assisted dissociation of CT states. In the range 1.7-2.3 eV,
photogenerated carriers are due to Frenkel excitons. Their
dissociation into free carriers is thermally activated with
higher activation energy than for CT states.

Further investigations are in progress to understand the
interrelation between photogeneration and luminescence
mechanisms in solid Cgq.

*On leave from N. V. Kema, Utrechtseweg 310, 6812 AR, The
Netherlands.
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