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Temperature dependence of the optical-absorption edge in C60 thin films
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The optical absorption edge of semiconductor C60 films is studied in a wide temperature range of 8.8–470
K. We find three temperature regimes for both the optical gapEo and the Urbach tail parameterEu : in the
rangeT,150 K, they do not change; 150,T,260 K, they change gradually; andT.260 K, they change
rapidly. We also find that the subgap absorption increases with prolonged exposure of the film to air but the
Urbach tail parameterEu is not affected. The results are discussed in terms of the relation of the electron
density of states to the molecular orientational disorder and the structural phase transition.
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I. INTRODUCTION

The electronic densities of states of solid C60 and C70
fullerenes exhibit narrow electronic energy bands close
those of the isolated molecules.1 It has been found that th
energy of the fundamental allowed transition between
highest occupied molecular orbital and the lowest unoc
pied molecular orbital in solid C60 is '2.3 eV,2 while the
optical-absorption edge extends to a much lower energy w
an exponential tail. The optical gap is found to be'1.6 eV
in C60 films at room temperature.3,4 Several possibilities have
been suggested to explain the absorption edge, such a~a!
the presence of a weakly allowed transition level in the C60
molecule,5 and ~b! C60 intercalation with impurities.3 Addi-
tionally, because the C60 molecule is not perfectly spherica
there are two inequivalent orientations related by ap/3 rota-
tion about a threefold axis.6–10 The orientational order
disorder of C60 molecules plays an important role in dete
mining the physical properties of the materials. It has be
found theoretically that the density of the electronic states
the fully ordered system has sharp peaks, whereas for
disordered system it has a rather smooth band with b
tails.7 There are three temperature regimes of the orie
tional disorder:6–10 ~1! T,150 K, orientation frozen phase
the two low-energy orientations are found to freeze out i
5:1 ratio; ~2! 150,T,260 K, orientational disorder phase
and ~3! T.260 K, free rotation phase. A first-order stru
tural transition from face-centered-cubic~fcc! to simple-
cubic phases was observed at 260 K. How does the mol
lar orientation affect the optical absorption edge? It need
be studied both experimentally and theoretically.

Generally, the tail of the optical-absorption edge of
semiconductor exhibits the characteristic Urbach form

a~E!5a0exp~E2E1!/Eu , ~1!

wherea0 andE1 are constant. Based on studies of noncr
talline semiconductors, the optical gapEo can be deduced
from the optical-absorption edge near the intrinsic transit
by use of the Tauc model,11
PRB 580163-1829/98/58~15!/10060~4!/$15.00
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a~E!hn}~E2Eo!2, ~2!

which is based on the assumption of a constant opti
matrix element and a parabolic density of states. Furth
more, both thermal- and structure-disorder parameters ca
deduced from the Urbach tail parameterEu .11 The definition
of site disorder as the mean-square dispersion of a gen
ized coordinate,X5^q2&x /^q2&0 , suggests the following
general form for the Urbach tail parameterEu :

Eu~T,X!5S uE

s D H 1

exp~uE /T!21
1

11X

2 J , ~3!

where uE' 3
4 uD is the Einstein equivalent of the Deby

temperature;12 s represents a reduction of thermal disord
from kT because asT→`, Eu(T,X)→T/s; and X
5^q2&x /^q2&0 is a measure of structural disorder. Howev
the definition of structural disorder in the molecular solid C60
should be not only the site disorder but also the orientatio
disorder of the C60 molecules. As we will see in the follow
ing, the orientational disorder of the C60 molecules affects
the Urbach-tail parameterEu . In this paper, we study the
optical-absorption edge and its relation to both the therm
and structural disorder in C60 films in a wide temperature
range of 8.8–470 K.

II. SAMPLE AND EXPERIMENT

C60 thin films were prepared by thermal evaporation w
a background vacuum 531026 Torr. C60 powder with
99.98% purity was used as a source and preheated at 25
for 8 h to release O2 gas and toluene from the powder. Th
source temperature was 400 °C and the substrate temper
was 250 °C. The films were deposited on both Corning 70
glass and quartz substrates. The sample thicknesses
1.0–8.5mm. The films crystallized in the fcc structure a
room temperature. The crystalline sizes were 30–47
measured by x-ray diffraction patterns.13

Photothermal-deflection spectroscopy~PDS! ~Ref. 14!
and transmission spectroscopy were used to study opt
absorption spectra. For PDS measurements, a halogen
10 060 © 1998 The American Physical Society
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sten lamp and a semiconductor laser LT015MF0~Sharp Cor-
poration! were used as a pump-light and a probe-be
source, respectively. The probe-beam deflection cause
the photon absorption of the sample was detected b
position-sensitive detector S3929~Hamamatsu Photonics!.
At room temperature, perfluorohexane was used as the
flection medium, because perfluorohexane has high trans
tance~.90%! in the energy region of 0.6–6 eV and does n
dissolve C60 films. At 77 K, liquid nitrogen was used as bo
a cooling and deflection medium. There were two layers
liquid nitrogen in the glass cryostat. The outer nitrogen r
ervoir suppresses the bubbling of the N2 gas, and the inne
liquid nitrogen works as the deflecting medium. The sen
tivity of the PDS system was aboutad5531026 and 5
31025, at 293 and 77 K, respectively.15 For transmission
spectroscopy, the sample was mounted in vacuum and
measurements were carried out in a wide temperature ra
of 8.8–470 K. In order to measure the absorption coeffici
from 101 to 103 cm21, 5- and 8.5-mm-thick samples were
used.

III. EXPERIMENTAL RESULTS

The optical-absorption spectra for a group of C60 films
with thickness of 1.3, 2.4, 2.8, 5.0, and 8.5mm were mea-
sured at room temperature by PDS. All the films were ma
in the same deposition chamber under the same condit
except a varied deposition time. We found the value of
Urbach tail parameterEu of 3661 mV does not depend o
the thickness in the films that have been measured. T
means that the optical absorption is a bulk property of th
polycrystalline C60 films. Furthermore, we measured the a
sorption spectrum of a single-crystal C60 sample ~size 1
mm3!, and found anEu of 43 meV, larger than the 36 meV
of the C60 film. The sample was transferred from the oth
laboratory. As we know, the PDS technique is very sensi
to the surface conditions; the largerEu value from this
single-crystal C60 sample is more likely due to rough surfac
contribution. Therefore, we believe that the absorption
bach tail Eu of 3661 mV in the C60 polycrystalline films
originates from the optical transitions within the C60 molecu-
lar solid, not from the surface, interface, or grain boundar

The temperature dependence of the optical-absorp
edges was measured by both PDS and transmission spe
copy for two C60 films. Figure 1~a! shows the optical-
absorption spectra of a 5-mm-thick C60 film measured by the
PDS technique at 77 and 293 K. In the high-energy side
the absorption spectra, the PDS data are normalized to
transmission data. The high noise level at 77 K origina
from both the rough surface of the film and the glass s
strate. The characteristic absorption regions are denotedA,
B, and C. In region A, the optical gapEo can be deduced
according to Eq.~2!. In regionB, the Urbach parameterEu
can be deduced according to Eq.~1!. Eo51.7 and 1.65 eV
and Eu530 and 37 meV were obtained at 77 and 293
respectively. In regionC, the subband-gap absorption in
duced by impurities was observed at both temperatures
addition, an absorption shoulder near 1.7 eV is seen at 7
This absorption has been observed by photoacoustic s
troscopy, and explained by thehu-t1u transition in single-
crystalline C60.

16 These PDS results in Fig. 1~a! again prove
by
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that the absorption edge of the polycrystalline C60 films is
identical to that of single-crystal C60. In order to study the
temperature dependence of the absorption edge in more
tail, we concentrated on the fundamental transition reg
and the exponential tail indicated by the box in Fig. 1~a!. We
plotted the results from a 8.5-mm-thick C60 film measured by
transmission spectroscopy in Fig. 1~b!. The sample tempera
tures were 8.8, 50, 110, 150, 200, 250, 292, 320, 370, 4
and 470 K, respectively. The 150-, 110-, 50-, and 8.8
curves overlap.

According to the data shown in Figs. 1~a! and 1~b!, we
calculated the Tauc optical gapEo and the Urbach tail pa-
rameterEu following Eqs.~1! and~2!, and plotted the results
in Figs. 2~a! and 2~b!. One can see the gradual decrease
Eo and the increase ofEu with increasing temperature. W
evaluated the changesDEo andDEu with measurement tem
perature and found a good mirror symmetry, which impl

FIG. 1. ~a! Optical absorption measured by PDS and transm
sion of a 5mm-thick C60 film at 77 and 293 K. The solid dots ar
transmission data, the solid triangles and open circles are PDS
at 77 and 293 K, respectively. Three characteristic absorption
gions are denoted asA, B, andC. ~b! Temperature dependence o
the optical-absorption edge measured by transmission spectros
of a 8.5mm-thick C60 film. The curves, from bottom to top, corre
spond to 8.8, 50, 110, 150, 200, 250, 292, 320, 370, 420, and 47
respectively. The 150-, 110-, 50-, and 8.8 K curves overlap.
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that a redshift~or reduction inEo! occurs simultaneously
with a broadening of the tail~or an increase inEu!. Interest-
ingly, we found in Figs. 2~a! and 2~b! that there are three
temperature regimes for bothEo andEu : ~1! T,150 K, they
do not change, obviously;~2! 150,T,260 K, they change
gradually; and~3! T.260 K, they change rapidly. In crys
talline semiconductors, the temperature effect on the opti
absorption edge can be explained by changes in the e
tronic band structure due to changes in the total ther
energy and thermal expansion of the solid. In noncrystal
semiconductors, both thermal and structural disorder can
fect the optical absorption edge as described in Eq.~3!. How-
ever, the definition of structural disorder in the molecu
solid C60 cannot be only the site disorder but is also t
orientational disorder of the C60 molecules. Moreover, we
found that the C60 film structure has no changes with dep
sition temperature from 20 to 300 °C.17 Therefore, the orien-
tational disorder does not depend on the sample prepara
or heat-treatment temperature, but is a function of the m
surement temperature. Concerning the temperature effec
C60 molecule can be considered a giant atom, that given
nature of the vibration excitations an Einstein or Deb
model can be applied with the C60 molecules as the corre
sponding vibration entities.1 According to Eq.~3! we fit the

FIG. 2. Temperature dependence of~a! optical gapEo , and~b!
Urbach-tail parameterEu , data deduced from the curves in Fig
1~a! ~crosses! and 1~b! ~solid dots!, respectively.
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data in Fig. 2~a! using an Einstein oscillatorEo5Eoo
20.1/@exp(uE /T)21#.18 For the best fit, two regimes sepa
rated atT'260 K are needed and shown by the dashed
dotted lines withuE5450 and 250 K, respectively.19 A much
stronger temperature effect is shown inEo when T
.260 K, which is attributed to the free rotation of the C60
molecules. Meanwhile,Eu(T) increases from 35 to 59 meV
in the temperature range 260–470 K as shown in Fig. 2~b!;
this is about a 50% increase inEu .

We further studied the effect of air exposure on the a
sorption spectra of a 1.3-mm-thick C60 film at 293 K and
show the results in Fig. 3~a!. These spectra were measured
intervals from just after deposition to after 180 days of e
posure to air. The magnitude of the sub-band-gap absorp
gradually increases with exposure time. This extra abso
tion can be removed by heat treatment at 200–250 °C
vacuum. We found the same effect after exposing the film
pure oxygen gas.20 It indicates that the intercalation of O2 in
the C60 film during exposure to air gives rise to the ext
subgap absorption. However, after subtracting the subgap
sorption, the slope of the Urbach tailEu , 35 meV, does not
change with the intercalation of O2. This means that the
Urbach tail parameterEu is an intrinsic property of the C60
material. We plotted the subgap absorption at 1.25 eV a

FIG. 3. Air-exposure time dependence for a 1.3-mm-thick C60

film at room temperature,~a! absorption spectra, and~b! subgap
absorption at 1.25 eV.
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function of air-exposure time in Fig. 3~b!. We found results
similar to that of the oxygen-exposure time dependence
the electrical resistivity of oxygen-free single crystal C60.

21

This implies that the oxygen-impurity-induced electronic d
fect states are located at the middle of the gap. The simila
of the two results can be explained by noting that as
density of the defect states increases,~a! the sub-band-gap
absorption increases, while,~b! the Fermi level is pushed
further down into the gap, which increases the resistivity

IV. DISCUSSION AND SUMMARY

The temperature dependence of the optical-absorp
edge in C60 films was studied by photothermal deflectio
spectroscopy~PDS! and optical transmission spectroscop
We found a close correlation between the optical-absorp
edge and the degree of orientational disorder of the C60 mol-
ecules. The three temperature regimes shown in Figs.~a!
and 2~b! are consistent with the temperature regimes of
orientational disorder,6–10 that is ~1! T,150 K, the orienta-
tion frozen phase, the two low-energy orientations are fou
to freeze out in a 5:1 ratio;~2! 150,T,260 K, orientational
disorder phase; and~3! T.260 K, free rotation phase. A
minimum in the structural disorder correlated toEu530
61 meV was obtained in C60 films whenT,150 K. Eu(T)
slightly increased from 30 to 35 meV in the temperatu
range 150–260 K. Whereas,Eu(T) rapidly increased from
35 to 59 meV in the temperature range 260–470 K; this
about a 50% increase inEu . We explain the strong therma
effect on the optical-absorption edge in relation to the ori
tational order-disorder and phase transition at 150 and
K.6–10 When we heat the film from liquid-helium temper
ture, the C60 molecules in the crystal phase remain in th
low-temperature frozen state until a temperature of;150 K
,
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is reached, where the C60 molecules exhibit the orientationa
disorder phase; upon further increasing the temperature u
260 K a first-order transition to the fcc structural phase
curs. Meanwhile, the C60 molecules are in a free rotatio
phase, and the rotational, librational, and the intermolecu
vibrational degrees of freedom are activated. In addition,
tra phonon modes are excited due to fluctuations in the
termolecular distance, the electron-phonon interaction m
also be enhanced in the molecule free rotation phase. Du
both the thermal and structural disorder contributions to
Urbach tail parameterEu , we observed a rapid increase fro
35 to 59 meV when 260,T,470 K.

In conclusion, we have observed that the structural dis
der, in other words, the orientational disorder of the C60 mol-
ecules, makes an important contribution to the exponen
tail in C60 films. We also found that the slope of the Urba
tail does not change with the intercalation of O2. This im-
plies that the Urbach tail parameterEu is an intrinsic prop-
erty of the C60 material. More theoretical and experiment
study is needed to understand the origin of the Urbach
and its temperature dependence.

ACKNOWLEDGMENTS

We would like to thank T. Itoh for useful discussions,
Kurokawa for experimental advice, and M. Morikawa a
M. Kawade for sample preparation. This work was suppor
in part by the Grant-in-Aid for Scientific Research from th
Ministry of Education, Sport and Culture, and by grants fro
the Research Foundation for Electrotechnology of Chu
Japan. D.H. was supported by NSF Grant No. INT-96002
and NREL Subcontract No. XAK-8-17619-11, and is gra
ful to J. P. Lu for helpful discussions, and to L. E. McNe
for helpful discussions and for help in English as well.
B

eat

d

1M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund,Science of
Fullerenes and Carbon Nanotubes~Academic, San Diego
1996!, Chap. 14.

2R. W. Lof, M. A. van Veenendaal, B. Koopmans, H. T. Jonkma
and G. A. Sawatzky, Phys. Rev. Lett.68, 3924~1992!.

3S. Hasegawa, T. Nishiwaki, H. Habuchi, S. Nitta, and S. No
mura, Fullerene Sci. Technol.3, 313 ~1994!; 3, 163 ~1995!.

4A. Skumanich, inSilicon Molecular Beam Epitaxy, edited by J.
C. Bean, S. Iyer, and K. Wang, MRS Symposia Proceedings
220 ~Materials Research Society, Pittsburgh, 1991!, p. 299.

5A. Skumanich, Chem. Phys. Lett.182, 486 ~1991!.
6W. F. David, R. M. Ibberson, J. C. Mattewman, K. Prassides

J. S. Dennis, J P. Hare, J. W. Kroto, R. Taylor, and D. R.
Walton, Nature~London! 353, 147 ~1991!.

7J. P. Lu, X. P. Li, and R. M. Martin, Phys. Rev. Lett.68, 1551
~1992!.

8C. Chen and C. Lieber, Science259, 655 ~1993!.
9M. P. Gelfand and J. P. Lu, Phys. Rev. Lett.68, 1050~1992!.

10P. A. Heiney, J. E. Fisher, A. R. McGhie, W. J. Romanow, A.
Denenstein, J. P. McCauley, Jr., and A. B. Smith, Phys. R
Lett. 66, 2911~1991!.

11G. D. Cody,The Optical Absorption Edge of a-Si:H, edited by J.
,

-

o.

.
.

v.

I. Pankove, Semiconductors and Semimetals Vol. 21~Academ-
ic,San Diego, 1984!, Vol. 21, Pt. B.

12B. Batterman and D. R. Chioman, Phys. Rev.127, 690 ~1962!.
13T. Itoh, S. Nitta, and S. Nonomura, Appl. Surf. Sci.113/114,

4076 ~1997!.
14N. M. Amer and W. B. Jackson, Semicond. Semimet.21, 83

~1984!.
15S. Nonomura, T. Nishiwaki, and S. Nitta, Philos. Mag. B69, 335

~1994!.
16S. Matsuura, I. Takaehiko, K. Koichi, and A. Yoji, Phys. Rev.

51, 10 217~1995!.
17T. Itoh ~private communication!.
18W. Bludau, A. Onton, and H. Heinke, J. Appl. Phys.45, 1846

~1974!.
19The Debye temperature of crystal carbon is 2230 K.uD

'70– 80 K was obtained from low-temperature specific h
data in solid C60, see Ref. 1.

20Daxing Han, Hitoe Habuchi, and Shoji Nitta, Phys. Rev. B57,
3773 ~1998!.

21T. Arai, Y. Murakami, H. Suematsu, K. Kikuchi, Y. Achiba, an
I. Ikemoto, Solid State Commun.84, 827 ~1991!.


