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An improvement on photoconductivity of fullerene C60 film has been observed after
modification of laser irradiation at room temperature or at about 100◦C because some
dimer, trimer and polymer of C60 have been formed under the laser irradiation. This leads
to some change of charge transfer (CT) states and reduction on resistance to transport of
photocarriers. Another important reason for the great increase on photoconductivity of C60

modified by laser irradiation at about 100◦C (373 K) is thermal effect. Thermal treatment of
the laser modified C60 thin film at above 100◦C (373 K) for a few hours makes a great
improvement on its photoconductivity because this treatment reduces trap centers for
photocarriers resulted from an increase on its crystallinity and some change on its
morphology. Oxygen has a great effect on photoconductivity reduction of the laser
modified C60 thin film. C© 2003 Kluwer Academic Publishers

1. Introduction
C60 was discovered in 1985 [1]. Because the entire
spherical surface of C60 is covered by rich π -conjugated
electrons and it may be applied as novel photoelec-
tric materials, much more attention has been paid to
its optical and electrical properties, especially photo-
conductivity. The earliest works on photoconductiv-
ity of fullerene had been reported by Minami [2] and
the other groups from mid to late of 1991 [3]. There-
after, many researchers have investigated its photocon-
ductive mechanism, including photocarrier generation
from charge transfer excitons and carrier transport pro-
cess [4–12]. Until present time, the transport mecha-
nism of photocarriers in fullerene has not been made
clear. In past a few years, some researchers have studied
the dimerization, trimerization and polymerization of
solid fullerene C60 film under laser irradiation [13–16].
Dimer, trimer and polymer of C60 could be synthe-
sized after modification of laser irradiation with flux
of 0.83–1200 w/cm2 from −10◦C to 130◦C because
some polymerized C60 molecules start to decompose
if temperature is higher than 130◦C [17]. As far as
we know, nobody has reported on photoconductivity
of laser modified C60 thin film.

In this paper, we prepared C60 film by deposition and
carried out laser irradiation in the same chamber (kept
in vacuum). Photoconductivity of C60 film was mea-
sured before and after modification of laser irradiation.
Effect of thermal treatment and oxygen on photocon-
ductivity of the laser modified C60 thin film has also
been studied.
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2. Experimental
2.1. Preparation of C60 films
Fullerene C60 powder with purity of 99.95% was pur-
chased from SES Research Inc. Solid fullerene C60
films were directly deposited by sublimation of C60
powder under vacuum (p = 1–4 × 10−6 torr) on sur-
face of quartz substrate with three pairs of coplanar Au
electrodes, whose interelectrode gap is 5 µm. Crucible
and substrate were kept at 306–310◦C and 37–49◦C
during a whole deposition, respectively. Thickness of
the C60 films was measured by TENCOR alpha-step
300 Meter. It ranges from 56 nm to 204 nm.

2.2. Laser irradiation
An argon laser machine with power of 110 mw (90 mw
near sample) was applied to modify solid C60 films
under vacuum (1–4 × 10−6 torr). The diameter of laser
spot is about 1 mm and laser flux is about 11.5 w/cm2.

2.3. Measurements
All photoconductivity measurements of solid C60 films
were carried out at room temperature by use of Dig-
ital Electrometer Keithley 617 at the following con-
ditions. Photon intensity is 2.0 × 1011 mm−2 · sec−1.
Wavelength ranges from 800 nm to 260 nm with an
interval of 10 nm. Direct current voltage is 10 v. Wait,
start, exposure and end time are 0, 2, 20 and 40 seconds,
respectively.

JASCO NRS-2100 Laser Raman Spectrophotometer
and Zeiss Spectrophotometer were applied to measure

0022–2461 C© 2003 Kluwer Academic Publishers 921



Raman and UV-visible absorption spectra of C60 films
with and without laser irradiation.

3. Results and discussion
3.1. Photoconductivity of C60 modified

by laser irradiation
After deposition of C60 film (thickness of 133 nm), its
photoconductivity was measured. Then, we carried out
laser irradiation on this film for 13 hrs at room tem-
perature. Photoconductivity versus wavelength curves
of the C60 film with and without laser irradiation for
13 hrs are shown in Fig. 1. According to its variation
from short wavelength to long wavelength, the pho-
tocurrent curve of C60 without laser irradiation is di-
vided into three ranges: 260 nm–410 nm (top of peak
at 320 nm), 410 nm–550 nm (top of peak at 450 nm),
and 550–800 nm (top of peak at 580 nm). The curve
shape of C60 modified by laser irradiation for 13 hrs
is similar with that without laser irradiation besides a
little shift on its top of peak. However, the photocur-
rent values of the laser modified C60 are higher than
those before laser modification, especially in range of
260 nm–550 nm.

From Fig. 2, peak at 1467 cm−1 in Raman spectrum
of C60 film (thickness: 204 nm) shifts to 1462 cm−1
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Figure 1 Photocurrent vs. wavelength of C60 film (133 nm) (a) before and (b) after 13 hrs laser irradiation.

Figure 2 Raman spectra of C60 film (204 nm) (a) without laser irradiation and (b) with 13 hrs laser irradiation at room temperature.

after the modification of laser irradiation. Some differ-
ence on their UV-visible absorption spectra in range of
300–700 nm is also observed (Fig. 3). According to
references [13–16], peak at about 1469 cm−1 in Raman
spectrum of C60 shifted to 1459 cm−1 after modifica-
tion of laser irradiation. Ma et al. [18] had also re-
ported some difference among UV-visible absorption
spectra of C60, C60 dimer and polymer solutions. So,
these results indicate that some dimer, trimer and poly-
mer of C60 in laser irradiation spot have been formed.
Generally, photoconductivity is a photoelectric process
that involves two important steps: photogeneration of
charge carriers and their transport through solid. Since
optical excitation is the first event preceding any photo-
generation step, electric structure of ground and excited
states should be related greatly with photoconductive
properties. Compared Fig. 1 with Fig. 3a, photocur-
rent curves (shown in Fig. 1) of solid film C60 with-
out laser irradiation almost folllow the corresponded
UV-visible absorption spectra in the whole measure-
ment range. This result indicates that photocarrier gen-
eration proceeds via excitation of C60. According to
reference [4] and [10], photocarriers generation of solid
C60 film occurs predominantly through intermolecular
charge transfer (CT) states through interband transition
above 2.3 ev (<539 nm). Photogenerated carriers are
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Figure 3 UV-visible absorption spectra of C60 film (204 nm) (a) without laser irradiation and (b) with 13 hrs laser irradiation at room temperature.

ascribed to intramolecular Frenkel-excitons by exciton-
exciton collision ionization below 2.3 ev (>539 nm).
Minami had reported [19] that solid state specific ab-
sorption of C60 at about 450 nm was related to inter-
molecular interaction between adjacent C60 molecules.
From Fig. 3, it is easily noted that the specific ab-
sorption peak at about 450 nm of C60 became in-
distinct and its intensity increased by modification of
laser irradiation. This result means interaction among
molecules of the laser modified C60 is slightly stronger
than that among C60 molecules. Ma had also reported
that photoinduced electron-transfter properties of C60
dimer are somewhat different from those of C60 [18].
From above discussion, there may be some difference
on CT states of C60 and the laser modified C60. This
leads to high efficiency of photocarriers in the laser
modified C60 thin film above 2.3 ev (<539 nm). On the
other hand, some dimer, trimer and polymer of C60 have
been formed under laser irradiation and the distance be-
tween two bucky balls in these polymerized C60 should
be shorter than that of two isolated C60 molecules. This
causes reduction of resistance to photocarriers. There-
fore, the photoconductivity of C60 is improved by the
modification of laser irradiation, especially in range of
260–539 nm.

Figure 4 Photocurrent vs. wavelength of C60 film (56 nm) before and after laser irradiation for 13 hrs, 16 hrs and 19 hrs.

In order to study effect of temperature on modifi-
cation of C60 by laser irradiation, C60 film (thickness:
56 nm) was irradiated for 13 hrs at room temperature
(RT), then 3 hrs (total 16 hrs) and 3 hrs (total 19 hrs)
at about 100◦C (HT). Their photocurrent versus wave-
length curves are given in Fig. 4. After laser irradiation
for 13 hrs at RT, its photocurrent values from 260 nm to
640 nm are higher than those before laser irradiation.
Its photocurrents with sharp peak at about 280 nm af-
ter laser irradiation for 16 hrs (including 3 hrs at about
100◦C) are much higher than those after laser irradia-
tion for 13 hrs at RT from 260 nm to 400 nm. These val-
ues increase with laser irradiation time. However, peak
positions of the laser modified C60 at HT are similar
with those just before laser irradiation. Because ther-
mal treatment has much influence on improvement of
photocurrent of the laser modified C60 (shown in Figs 5
and 7 and discussed in next section), high photocurrent
values of the laser modified C60 at HT might be mainly
ascribed to thermal effect.

From above discussion, the photoconductivity of
C60 film has been improved by the modification of
laser irradiation at room temperature or at about 100◦C
because some dimer, trimer and polymers of C60 have
been formed during laser irradiation.
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Figure 5 Photocurrent of laser modified (13 hrs) C60 film (133 nm) (a) before and (b) after thermal treatment (125◦C/1 hr).

3.2. Effect of thermal treatment on
photoconductivity of the laser
modified C60 thin film

Photocurrent values of the laser modified (laser irradia-
tion for 13 hrs at RT) C60 thin film (thickness: 133 nm)
are improved by thermal treatment at 125◦C for 1 hour,
its highest value is about 2 times of that before the ther-
mal treatment and the shape of its photocurrent ver-
sus wavelength curve is also changed after the thermal
treatment (shown in Fig. 5), which is much more co-
incided with its UV-visible spectrum (Fig. 6b). There
is much difference on UV-visible absorption spectra of
C60 film with and without laser irradiation even if they
were thermally treated at the same conditions (Fig. 6).
Thermal treatments at 102◦C/2 hrs and 155–159◦C/1 hr
on the laser modified (laser irradiation for 19 hrs, in-
cluding 13 hrs at RT and 6 hrs at about 100◦C) C60 thin
film (thickness: 56 nm) were carried out. From Fig. 7,
photocurrent values of the laser modified C60 are im-
proved slightly by thermal treatment at 102◦C/2 hrs be-
cause it has been modified by laser irradiation at about

Figure 6 UV-visible absorption spectra of C60 film (133 nm) after thermal treatment at 125◦C for 1 hr (a) without laser irradiation and (b) with 13 hrs
laser irradiation at room temperature.

100◦C for 6 hrs just before this thermal treatment. After
its thermal treatment at 155–159◦C/1 hr, photocurrent
values of the laser modified C60 thin film have been
increased greatly and its highest value rises by 8 times
compared with that before this treatment. According to
reference [20], size of C60 crystals could be increased
with the temperature of substrate and defects in crystals
could be reduced. We also found that C60 film prepared
at high substrate temperature (above 100◦C) exhibited
high photoconductivity. An initial study on structure
alteration and chemical stability of the heated C60 film
showed that C60 film annealed at 160◦C or 200◦C for
some time created a close packed lattice and its crys-
tallinity was also increased [21]. So, thermal treatment
of the laser modified C60 thin film at high temperature
(≥100◦C) for some time could make an increase on
its crystallinity or some change on its morphology and
reduce defects of crystals. The trap centers of photo-
carriers in the laser modified C60 thin film are reduced
as a result of the decrease of defects in its crystals.
Therefore, the thermal treatment at above 100◦C could
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Figure 7 Photocurrent vs. wavelength of C60 film (56 nm) modified by laser irradiation for 19 hrs (13 hrs at RT and 6 hrs at about 100◦C) before (a)
and after thermal treatment ((b) 102◦C/2 hrs and (c) 155–159◦C/1 hr).

Figure 8 Photocurrent vs. wavelength of C60 film (204 nm) modified by laser irradiation for 13 hrs in vacuum and in air.

effectively enhance photoconductivity of the laser mod-
ified C60 thin film.

3.3. Effect of oxygen on photoconductivity
of laser modified C60 thin film

Photocurrent versus wavelength curves of the laser
modified (laser irradiation for 13 hrs) C60 thin film
(thickness: 204 nm) in vacuum and air are given in
Fig. 8. Its photocurrent values decrease greatly by ex-
posure in air. The photocurrent decreases by factors of
about 45. The shape of photocurrent versus wavelength
curve of the laser modified C60 thin film is also changed
by exposure in air. The major charge carriers in C60
solid film are electrons. If laser irradiation on C60 film
was carried out in air, its photocurrent became so small
that the electron meter could not measure them because
laser irradiation could enhance the diffusion of oxygen
in C60. Oxygen with strong affinity with electrons could
work as a carrier trap or recombination center [22–25].

4. Conclusions
Photoconductivity of fullerene C60 film has been im-
proved after modification of laser irradiation at room
temperature because some dimer, trimer and polymer

of C60 have been formed under laser irradiation. This
leads to some change of charge transfer (CT) states
and reduction of resistance to transport of photocarri-
ers. The reasons that photoconductivity of C60 modified
by laser irradiation at about 100◦C (373 K) has a great
increase are thermal effect except of the formation of
some dimer, trimer and polymer among C60 molecules
under laser irradiation. Thermal treatment of the laser
modified C60 thin film at above 100◦C (373 K) for a few
hours make a great improvement on its photoconduc-
tivity because this treatment causes reduction of trap
centers for photocarriers resulted from an increase on
its crystallinity and some change on its morphology.
Oxygen could greatly reduce photoconductivity of the
laser modified C60 thin film.

References
1. H . W. K R O T O , J . R . H E A L T H and S . C . O’B R I E N , Nature

318 (1985) 162.
2. N O B U T S U G U M I N A M I , Chem. Lett. 1991 (1991) 1791.
3. J . M O R T , K . O K U M U R A , M. M A C H O N K I N , R . Z I O L O ,

D. R . H U F F M A N and M. I . F E R G U S O N , Chem. Phys. Lett.
186 (1991) 281.

4. S . K A Z A O U I , N . M I N A M I and Y. T A N A B E , Physical
Review B 58(12) (1998) 7689.

925



5. S . K A Z A O U I , R . R O S S and N. M I N A M I , Solid State
Communications 90(10) (1994) 623.

6. S . K A Z A O U I , R . R O S S and N. M I N A M I , Synthetic Metals 70
(1995) 1403.

7. C . H . L E E , G . Y U , D. M O S E S and V. I . S R D A N O V ,
Synthetic Metals 70 (1995) 1413.

8. J . D . W R I G H T , Molecular Crystals, 2nd ed. (Cambridge
University Press, Cambridge, 1995) p. 183.

9. S . K A Z A O U I and N. M I N A M I , Synthetic Metals 86 (1997)
2345.

10. S . K A Z A O U I , R . R O S S and N. M I N A M I , Physical Review B
52(16) (1995) 11665.

11. E . F R A N K E V I C H , Y. M A R U Y A M A and H. O G A T A , Chem.
Phys. Lett. 214 (1993) 39.

12. E . F R A N K E V I C H , Y. M A R U Y A M A and H. O G A T A ,
J. Phys. Chem. Solids 57 (1996) 483.

13. Y I N G W A N G , J . M. H O L D E N and Z H E N G H O N G D O N G ,
Chemical Physics Letters 211(4,5) (1993) 341.

14. S . P A R K , H. H A N , R . K A I S E N , T . W E R N I N G H A U S ,
A . S C H N E I D E R , D . D R E W S and D. R . T . Z A H N , J. Applied
Physics 84(3) (1998) 1340.

15. P I N G Z H O U , Z H E N G-H O N G D O N G , A. M. R A O and
P . C . E K L U N D , Chemical Physics Letters 211(4,5) (1993)
337.

16. P I N G Z H O U , A. M. R A O , K A I A N W A N G , J . D .
R O B E R T S O N , C . E L O I , M A R K S. M E I E R , S . L . R E N ,

X I A N G X I B I and P . C . E K L U N D , Appl. Phys. Lett. 60(23)
(1992) 2871.

17. Y I N G W A N G , J . M. H O L D E N , X I A N G X I N B I and P . C .
E K L U N D , Chemical Physics letters 217(4) (1994) 413.

18. B I N M A , J A S O N E. R I G G S and Y A P I N G S U N , J. Phys.
Chem. B102 (1998) 5999.

19. N . M I N A M I , S . K A Z A O U I and R. R O S S , Synthetic Metals 70
(1995) 1397.

20. K I Y O S H I Y A S E , N O R I H I K O A R A-K A T O , T A K A S H I

H A N A D A and H I R O S H I T A K I G U C H I , Thin Solid Films 331
(1998) 131.

21. L . A K S E L R O D , H. J . B Y R N E , M. K A I S E R and S . R O T H ,
Synthetic Metals 70 (1995) 1427.

22. A . H A M E D , Y. Y. S U N , Y. K. T A O , R . L . M E N G and
P . H . H O R , Physical Review B B47 (1993) 10873.

23. C . H . L E E , G . Y U , B . K R A A B E L and D. M O S E S , Physical
Review B 49(15) (1994) 10572.

24. A . M. R A O , K. A. W A N G , J . M. H O L D E N , Y. W A N G ,
P . Z H O U and P . C . E K L U N D , J. Mater. Res. 8 (1993) 2277.

25. P I N G Z H O U , A. M. R A O , K A I A N W A N G , J . D .
R O B E R T S O N , C . E L O I , M A R K S M E R I E R , S . L . R E N ,
X I A N G X I N B I and P . C . E K L U N D , Appl. Phys. Lett. 60(23)
(1992) 2871.

Received 20 May
and accepted 21 November 2002

926


