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We report the dark conductivity and photoconductivity (o and Ac) in sublimed films of C7o, Ceo,
and K.Cro. In comparison with Ceo, the maximum quantum efficiency of Cr in air (~ 5x107%) is
two orders of magnitude higher. The frequency-response range of the photoconductivity of Czo is
wider than that of Ceo as well. The disorder and charge localization are important for the charge
transport in Cro, reflected in a bimolecularlike recombination and a large temperature dependence
of the dark conductivity. The Fowler plot suggests that the energy gap of Cro is smaller (1.5 eV)
than that of Ceo (1.7 V). The temperature dependence of Ao for Cro has a local peak between 260
and 270 K, which is possibly related to the freezing of the orientational disorder in C7o below 270
K. The photoconductivity in K.Cro is extremely small, probably due to the charge delocalization

which increases the recombination rate.

I. INTRODUCTION

Although some measurements have been reported re-
cently on the dark conductivity and photoconductivity of
pristine Cgo films,' ™ no experimental studies are avail-
able on the electrical conductivity and photoconductiv-
ity of pristine Cy¢ films. Reported quantum efficiency
photoconversion values in Cgo films are relatively low,!
approximately on the order of 10% in vacuum. However,
the photoconducting films of polyvinylcarbazole (PVK)
doped with fullerenes (a mixture of Cgo and Crq) show
a remarkably high xerographic performance, comparable
with that of the best photoconductors available commer-
cially to date.’ In this context, because Czo exhibits a
higher absorption than Cgp in the longer wavelength re-
gion of the spectrum,® Cyq is expected to show a higher
photosensitivity over a wider photo-responsive frequency
range than Cgg, and this frequency range covers, in par-
ticular, the technologically important longer wavelength
regime.

In this paper, the dark-conductivity and photoconduc-
tivity studies in pristine Cr¢ and potassium-doped Crq
(K;Cro) films are reported along with the results for Cgp.
The spectrum of the photoconductive response, as well
as the dependence of the photoconductivity on temper-
ature and illumination power, is compared among these
three kinds of films. It is revealed that Cy¢ films show
higher quantum efficiency and a wider spectral sensitiv-
ity, as compared with Cgo. Most of the unusual transport
phenomena in Cyq are attributed to the disorder of the
films, which appears to be more pronounced than that of
Cso films.

II. EXPERIMENTS

Pristine C7o and Cgo films of 2500 A and 2000 A thick-
ness, respectively, were deposited on glass substrates over
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precoated silver electrodes by thermal sublimation of Cyg
and Cgo powders (Fig. 1). The purity of the powders was
at least 96% in C7o and 98% in Cgo by weight. For the
conductivity measurements of the pristine films, sand-
wich cells were constructed by depositing semitranspar-
ent aluminum electrodes (200 A thick) on top of the
above mentioned fullerene films. The light transmit-
tance of the top electrodes was 39% at the wavelength
of 488 nm. For the measurements of K,.C7, the Cog
film without any top electrodes was doped with potas-
sium, following the procedure developed by Wang et al.”
The doping was stopped at several different resistances
to measure the dark conductivity and the photoconduc-
tivity. The higher conductivity of the doped sample al-
lowed measurements to be made between different bot-
tom electrodes. The sample was kept in a glass tube
under vacuum during the doping and the subsequent
dark-conductivity and photoconductivity measurements.
The photoconductivity was measured by a steady-state
method, by determining the conductivity in the dark
and under illumination and then taking the difference
between the two measurements.

III. RESULTS AND DISCUSSION

Conductivity measurements of pristine C79 and Cgo
were carried out by applying +1 V to the top semitrans-

SEMI-TRANSPARENT
A1-ELECTRODE (200A)

__4— .o @500R)

Ag BASE ELECTRODE

GLASS SUBSTRATE
FIG. 1. Configuration of the C7¢ sample.
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parent electrodes. Figure 2 shows the relation between
the incident light intensity and the photoconductivity,
measured in air under illumination by an Ar-ion laser
beam of 488 nm. Open circles show the photoconductiv-
ity taken just after the deposition of the top electrodes,
and full circles show the data taken two weeks after the
initial measurements. During the two weeks, the samples
were normally kept in the dark in air, but occasionally
they were exposed to light for measurements of the action
spectrum (photoconductivity versus wavelength) and the
temperature dependence of the photoconductivity. Dark-
conductivity values, drawn with dashed and solid hori-
zontal lines in Fig. 2, were initially 8.4x1073 (Qcm)~?
in C7p and 2.0x1071® (Qcm) ™! in Cgo, which decreased
to 1.5x10713 (Qcm)~?! and to 4.6x1076 (Qcm)~?, re-
spectively, after two weeks. These decreases are consid-
ered to be due to the effects of oxygen incorporation®
and/or the exposure of the films to light. Indeed, the
initial dark conductivity of Cgo increased to 1.8x10714
(Qcm)~?! in a vacuum of 1x10~* Torr, which is in good
agreement with the values reported by Mort et al.! The
dark conductivities of C7o measured at four positions in
two samples were all on the order of 1073 (Q2cm)~! in
air. Therefore we can conclude that the dark conduc-
tivity of Cyq is higher than that of Cg¢ by two to three
orders of magnitude (see Fig. 2).

The photoconductivity of Cyg is also higher than that
of Cgp by two to three orders of magnitude. The slope
of the photoconductivity in Fig. 2 shows different trends
between Cr9 and Cgg. In Cgo, carrier recombination is

1072 -
o
|
r—s i
!
]

107
=
= L
g
g 107" |

R PHOTO\ © o INITIA
® o — AFTER TWO WEEXS
108 1 L 4 L
0.001 0.01 0.1 1 10 100

INCIDENT LIGHT INTENSITY (uW/mm? )

FIG. 2. Incident light-intensity dependence of the photo-
conductivity in Czo (ellipses) and Ceo (circles), taken in air.
Open ellipses and circles show the data taken just after sam-
ple preparation, and full ellipses and circles show the data
taken two weeks after the initial measurement. Horizontal
lines show the dark conductivity for the initial measurements
(dashed) and after two weeks (solid). The values of the slopes
of these log-log plots for the photoconductivity are shown by
/. The dark conductivity and photoconductivity in Cro are
larger than that in Ceo by about two orders of magnitude.
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dominated by a monomolecular process in the low-light-
intensity (low P) regime and by a bimolecular process in
the high-light-intensity regime, because the slopes in the
InAo-vs-InP plot, labeled as open triangles in Fig. 2, are
approximately ~ 1 and ~0.6, respectively. This result is
qualitatively consistent with the report of Yonehara and
Pac. In contrast, the slope values for C7y indicate the
dominance of a bimolecular process in all light-intensity
regimes. This result suggests that in the Cyq films, car-
rier recombination takes place between two photoexcited
carriers rather than between photocarriers and thermally
excited carriers. We note that a bimolecular process nor-
mally appears when Ao > 0. Hence the appearance of
a bimolecular process in Crg even for Ao < o seems puz-
zling. The puzzle can, however, be understood in terms
of a disordered-solid or a molecular-solid picture for Cy.
For a disordered solid, charges are well localized. The
photoexcited charge carriers An have very little oppor-
tunity to recombine with the dark carriers n which are
located somewhere else, leaving the dominant recombi-
nation process to occur among the photocarriers them-
selves, since they are physically closer to one another.
The source of the disorder might be intrinsic disorder ef-
fects such as orientational disorder, synthesis-related de-
fects, or extrinsic disorder due to oxidation, impurities,
etc. Another feature is the decrease of the slope value A
in the photoconductivity data during a two week period,
which was observed in both Cgo and Cr¢. This decrease
is naturally attributed to the increased disorder due to
oxidation on the basis of the disordered-solid picture.
By replotting Fig. 2, the relation between the quantum
efficiency, i.e., the number of photogenerated carriers per
absorbed photon, and the incident light intensity is ob-
tained (Fig. 3). In this figure, we find a maximum quan-
tum efficiency of 5.2x10~3 for Cyo, which is larger than

1072
o
Cm/ o o
~e o
- o o
- LN .\L OO °
o Oca
> o
(=]
S oo | °°
=
w
) o ©000°
= / o_oO
- o
E Cso %o
g \
(=] .
L] o o
®
]0 sl e .
© o INITIAL S
@ ® AFTER TWO WEEXS
1 1 1 1
0. 001 0.01 0.1 1 10 100

INCIDENT LIGHT INTENSITY (upW/mm? )

FIG. 3. Quantum efficiency versus incident light intensity,
replotted from Fig. 2. The maximum efficiency values are
5.2 x 1072 in C7o and 3.0 x 107° in Ceo. The efficiency for
Ceo increased up to 1.2 x 10™* in vacuum.
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that of Cgo (~ 2 x 107%) by two orders of magnitude. In
Ceo, the quantum efficiency is approximately constant at
low light intensities and decreases at higher intensities.
These trends can be explained in terms of the formula

g
== 1
An 2Cn’ﬂ0 ( )

for a monomolecular process and

w(@)” o

for a bimolecular process,® where An is the number of
photoexcited excess carriers, ng the density of thermal
carriers, C,, the capture coefficient by recombination, and
g the carrier generation rate. Because the quantum effi-
ciency 7 is given by

n=Aan/n,, (3)

where n, is the absorbed photon number which is pro-
portional to g, n becomes constant in a monomolecular
process and proportional to n, /2 in a bimolecular pro-
cess. Furthermore, we found the quantum efficiency of
Ceo in vacuum to be 1.2x107% at 0.2 uW/mm?, which is
in good agreement with the results of Mort et al.! In con-
trast, the quantum efficiency in Cr¢ decreases monoton-
ically with increasing power level, indicative of a higher
quantum efficiency at light intensities lower than 0.02
pW /mm?.

Figure 4 shows the photoconductivity action spectra
for both C7g and Cgp. The measured photoconductivity
was corrected for the spectral response of the light source
and monochromator, and the data are normalized to an
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FIG. 4. Action spectrum of the photoconductivity for Ceo
and Cro in air, plotted in terms of both wavelength and pho-
ton energy. The maximum photoconductivity values are given
at 475 nm in both Ceo and Cro. Higher photoconductivity and
extended spectral response, especially at longer wavelength,
were observed in Crg.
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incident light intensity of 0.2 uW/mm?. The action spec-
trum in Cgo shown here is similar to the results obtained
by Yonehara and Pac. Especially the wavelengths for the
peak (475 nm) and for the shoulder (600 nm) are in good
accord with their results. The spectral shape of the pho-
toconductivity data for Cry resembles that in Cgo and
the wavelength for the maximum sensitivity is exactly
the same (475 nm). However, the photoconductivity in
Cro is higher by three to four orders of magnitude than
that in Cgo and the range of sensitivity is extended to
the technologically important longer wavelength regime.
Indeed, the shoulder is extended to 650 nm and the de-
crease of sensitivity is much smaller than that in Cgg in
the range above 700 nm.

When the data are replotted on a Fowler plot, i.e.,
(quantum efficiency)'/? versus photon energy (Fig. 5), a
straight line is obtained below 2.1 eV in Cgo. From the
intercept on the abscissa of the extrapolated linear re-
gion, a value of 1.7 eV is obtained for the energy gap of
Ceo, which is in good accord with the reported exper-
imental values of the energy gap.>!? In Cyq, although
we cannot find a well-defined straight portion, both the
data points between 1.8 eV and 2.5 eV and the tail below
1.8 eV can be extrapolated to the same energy of ~1.5
eV, which corresponds to the energy gap of Co. There-
fore the energy gap of Cyq is smaller than that in Cgq
by 0.2 eV. This result is consistent with the fact that
Cro shows higher absorption and higher photoconduc-
tivity in the longer wavelength region of the spectrum,
and also with the theoretical and experimental results in
some references!?™*3 where the HOMO-LUMO gap of a
C7o molecule is found to be smaller than that of a Cgq
molecule. Here HOMO and LUMO refer, respectively,
to the highest occupied molecular orbital and the lowest
unoccupied molecular orbital.
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FIG. 5. Fowler-type plots of (quantum efficiency)*/? versus
photon energy for Ceo and C7o. The intercepts on the abscissa
of the extrapolated linear region indicate an energy gap of
1.7 eV in Cgo and 1.5 eV in Crq.
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The temperature dependence of the dark conduc-
tivity and photoconductivity was measured in vacuum
(50 mTorr residual gas pressure) with an Ar-ion laser of
2 pW/mm? light intensity at 488 nm (Fig. 6). Below
230 K in Cgp and below 200 K in Crq, the dark currents
became dominated by noise. The values of o and Ac
in vacuum were larger than those in air in Cgp, although
little difference was observed in C7¢. The dark conductiv-
ity (full circles) shows a linear dependence on 1000/7T at
high temperatures in Cgo. It has been reported that the
dark conductivity of Cgg exhibits a maximum at about
250 K, which was proposed to be connected with the
orientational phase transition at 249 K.14716 There is,
however, no local maximum in our result. This discrep-
ancy is possibly attributed to a lack of preannealing of
the samples over 400 K prior to the experiments. Indeed,
it has been demonstrated that the magnitude of the lo-
cal maximum structure is dependent on the thermal his-
tory of the sample and that the structure connected with
the phase transition is not detectable in samples without
preannealing.?'3

In contrast, the photoconductivity of Cy presents a lo-
cal peak in temperature between 260 K and 270 K. This
peak appears with complete reproducibility, regardless
of whether the temperature is increased or decreased in
the measurement, although the sample dependence was
not fully confirmed. This phenomenon is possibly re-
lated to the reported orientational freezing of the Cqq
molecules below 270 K.17>'® Another feature is the weak
temperature dependence of the photoconductivity in Crq
at low temperatures below the point at which the dark
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FIG. 6. Temperature dependence of the dark conductivity
and photoconductivity for Cgo and Czo, taken in vacuum with
a 488 nm Ar-ion laser and an intensity of 2 pW/mm?. The
activation energy value E,, obtained by the fit at high tem-
peratures, is 0.82 eV in Cgo. The local peak between 260 K
and 270 K in C7¢ may be related to the reported orientational
freezing of the C7o molecule below 270 K (Refs. 17 and 18).
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conductivity and photoconductivity cross in Fig. 6. It
is not clear if this phenomenon should be attributed to
the hopping conduction at low temperatures or to some
other mechanism. The temperature dependence of the
photoconductivity in Cgg showed the same trend as that
in the previously reported results,? where the photocon-
ductivity increased monotonically but nonlinearly with
the temperature.

The activation energy obtained by a fit to the high-
temperature data is 0.82 eV for Cgg, which is about half
the energy gap value of 1.63 eV. On the other hand, in
Cro two different features are found. One is the large val-
ues of the activation energy (up to 1.8 eV above 270 K
and 1.6 eV between 240 K and 270 K). This activation
energy is much larger than the known band-gap value of
C7o (~ 1.3—1.5€V). In the case of a crystal solid, the con-
ductivity is determined by thermal excitation of charge
carriers over the energy gap and the activation energy
should be approximately half of the value of the band
gap. In the disordered solid, however, the ¢ is dominated
by the hopping conduction where the activation energy
is determined by a potential barrier describing the disor-
der. Bearing this in mind, we can see that Cgy can be
reasonably described by a band picture, whereas C7g can
only be considered as a disordered solid whose potential
barrier for the disorder is ~ 1.6 — 1.8 eV, which exceeds
the band-gap value. In the latter case, charges are well
localized due to Anderson localization. Also contributing
to the charge localization is the molecular-solid nature of
Cro. It is likely that both the structural disorder and the
molecular-solid nature of Cr¢ contribute to charge local-
ization in this material. As mentioned above, the charge
localization is the key factor responsible for the observed
bimolecular process in Cy¢ even for Ao < o.

The decay time measurements of the photoconductiv-
ity suggest that the population of the defect states in the
band gap is smaller in Cyg than in Cgg, because the half
decay times are far smaller in C7¢ than in Cgo: 0.2 sec
at 300 K and 0.3 sec at 200 K in C7¢ as compared to
4 sec at 300 K and 15 sec at 210 K in Cgg. Long de-
cay times ranging from seconds to days were previously
observed in some photoconductors, such as, for example,
a-Si:H,'® GaAs,?° and disordered carbon materials.?!:22
These phenomena are explained by polaronic states as-
sociated with captured carriers at dangling bonds.!9722
Therefore the longer decay time in Cgo suggests a higher
population of dangling bonds in our Cgg films. This idea
is consistent with the carrier recombination process dis-
cussed in connection with Fig. 2. Further experiments,
however, may be needed to confirm whether this high
population of dangling bonds in Cg films is universal or
dependent on the sample preparation and/or other fac-
tors such as oxygen uptake by the sample.

Finally, Fig. 7 shows the temperature dependence of
the photoconductivity for a potassium-doped Cro film
with a room-temperature dark conductivity of 8.4 S/cm.
The measurements were carried out under a constant cur-
rent of 1 A between two silver electrodes with a gap of
1 mm, on which a Cyq film was deposited without the top
semitransparent electrode. Doping was stopped at three
different conductivity values of 40, 8.4, and 1.5 S/cm (at
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FIG. 7. Temperature dependence of the dark conductivity
and photoconductivity for K,C7o in vacuum. The energy of
the Ar-ion laser at the sample surface was 200 times that for
the measurements on pristine samples in Fig. 6. The activa-
tion energy is 55 meV for the dark conductivity. Open circles
show the photoconductivity taken with an optical chopper of
50 Hz and a 50% duty cycle and using a lock-in amplifier.
The photoconductivity /dark-conductivity ratio at room tem-
perature is much smaller than that in pristine Cro.

300 K) in order to measure the temperature dependence
at each doping level. Similar to Crg, an activation behav-
ior of the dark conductivity at high temperatures and an
almost-constant photoconductivity at low temperatures
are also observed in K;C7o. However, the magnitude of
the photoconductivity for K.C7¢ is much smaller than
that of the dark conductivity (approximately two orders
of magnitude smaller at room temperature), even un-
der an illumination of 400 W /mm? which is 200 times
greater than the illumination intensity used for the mea-
surement of pristine C7o. There are no peaks in the
photoconductivity in K,Cro (Fig. 7). The activation
energy E, of the dark conductivity at high temperature
decreased with an increase of the room-temperature con-
ductivity, that is, £, = 77 meV, 55 meV, and 10 meV
for samples with conductivity values of 1.5, 8.4, and 40
S/cm, respectively.

It should be noted that the sample heating by the illu-
mination (in Fig. 7) is negligible because the ac pho-
toconductivity (open circles), measured with an opti-

cal chopper of 50 Hz and 50% duty cycle and a lock-
in amplifier, showed the same trends as that in the dc
photoconductivity. The activation energy values for the
dark conductivity and ac photoconductivity are almost
the same, although that of the dc photoconductivity is
smaller. This discrepancy is attributed to the tempera-
ture dependence of the rise time of the photoconductiv-
ity, which became longer at low temperatures, causing a
steeper decrease of the ac photoconductivity. At higher
temperatures, the activation energy value for the dc con-
ductivity is expected to approach the same value as that
for the dark conductivity and ac photoconductivity.

IV. SUMMARY

In summary, this study reveals a higher photoconduc-
tive response in Cy¢ films than that in Cgg. The quan-
tum efficiency of Cyo in air was as high as 5.2 x 1073,
higher than that of Cg¢ by two to three orders of mag-
nitude. In the action spectra, C7o exhibits a maximum
photoconductivity response at the same wavelength as
that in Cgo (around 475 nm), although the magnitude of
the photoconductivity in Cq is larger by three orders of
magnitude and the response range for Cr¢ also extends
to a longer wavelength. The Fowler-type plots of (quan-
tum efficiency)'/? versus photon energy revealed that the
energy gap is 1.5 eV in C79 and 1.7 €V in Cgy. A local
maximum in the temperature dependence of the photo-
conductivity between 260 K and 270 K may be related
to the reported orientational freezing of C7¢ molecules.
The dark conductivity of Crq is 10713 S /cm, higher than
that of Cgp by two orders of magnitude. Measurements
on K, Cy¢ show a similar trend in the temperature depen-
dence of the dark conductivity and photoconductivity as
that in Cyg, although the photoconductivity for K,C7 at
room temperature is much smaller than the dark conduc-
tivity. The bimolecular recombination and large thermal
activation energy in Cy7¢ suggest that Cy is a disordered
solid, or a molecular solid where charges are well localized
so that hopping is the dominating transport mechanism.

The results of this study suggest that C¢ based films
have significant potential for application as sensitive pho-
toconductors in technologies like xerography.
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