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Temperature dependence of the optical-absorption edge in g thin films
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The optical absorption edge of semiconductgg fdms is studied in a wide temperature range of 8.8—-470
K. We find three temperature regimes for both the optical Bg@mnd the Urbach tail parametgx,: in the
rangeT<150 K, they do not change; 150T<260 K, they change gradually; arid>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 parameteE, 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 a(E)hve(E—E,)?, 2

which is based on the assumption of a constant optical-

fullerenes exhibit narrow electronic energy bands close tgnatrix element and a parahalic d‘?”S'W of states. Further-
those of the isolated molecul®st has been found that the MOre: both thermal- and structure-disorder parameters can be

. 11 . oy e
energy of the fundamental allowed transition between théleduced from the Urbach tail parametgy. ™ The definition

highest occupied molecular orbital and the lowest unoccu?f site disorder as the mean-square dispersion of a general-

pied molecular orbital in solid £ is ~2.3 eV? while the ized coordinate,Xz(qZ)X/<q2>Q, suggests the following
optical-absorption edge extends to a much lower energy wit§eneral form for the Urbach tail parametey:

The electronic densities of states of soligo@nd G,

an exponential tail. The optical gap is found to 44.6 eV P 1 1+X
in Cgo films at room temperatur®’ Several possibilities have E (T, X)= (—E [ + , 3
been suggested to explain the absorption edge, such) as o) expfe/T)—1 2

the presence of a weakly allowed transition level in thg C \where =~2 6, is the Einstein equivalent of the Debye

molecule? and (b) Cg intercalation with impurities. Addi-  temperaturé? o represents a reduction of thermal disorder
tionally, because the g molecule is not perfectly spherical, from kT because asT—®, E (T,X)—T/o; and X
there are two inequivalent orientations related b7y/3 rota- :<q2>xl<q2>o is a measure of structural disorder. However,

tion about a threefold axfs'® The orientational order/ the definition of structural disorder in the molecular solig) C
disorder of Gy molecules plays an important role in deter- should be not only the site disorder but also the orientational
mining the physical properties of the materials. It has beeRjisorder of the g, molecules. As we will see in the follow-
found theoretically that the density of the electronic states fo;ng, the orientational disorder of thegCmolecules affects
the fully ordered system has sharp peaks, whereas for th@e Urbach-tail parameteE,. In this paper, we study the
disordered system it has a rather smooth band with bangptical-absorption edge and its relation to both the thermal

tails.” There are three temperature regimes of the orientaang structural disorder in ¢ films in a wide temperature
tional disordef’™*° (1) T<150 K, orientation frozen phase, range of 8.8—470 K.

the two low-energy orientations are found 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 first-order struc-
tural transition from face-centered-cubifcc) to simple- Ceo thin films were prepared by thermal evaporation with
cubic phases was observed at 260 K. How does the moleca background vacuum 610 © Torr. Gy, powder with

lar orientation affect the optical absorption edge? It needs t89.98% purity was used as a source and preheated at 250 °C

Il. SAMPLE AND EXPERIMENT

be studied both experimentally and theoretically. for 8 h torelease @gas and toluene from the powder. The
Generally, the tail of the optical-absorption edge of asource temperature was 400 °C and the substrate temperature
semiconductor exhibits the characteristic Urbach form was 250 °C. The films were deposited on both Corning 7059
glass and quartz substrates. The sample thicknesses were
a(E)=agexpE—E;)/E,, (1) 1.0-8.5um. The films crystallized in the fcc structure at

room temperature. The crystalline sizes were 30—47 nm
wherea, andE; are constant. Based on studies of noncrysmeasured by x-ray diffraction patterhs.
talline semiconductors, the optical g&p can be deduced Photothermal-deflection spectroscofDS (Ref. 149
from the optical-absorption edge near the intrinsic transitiorand transmission spectroscopy were used to study optical-
by use of the Tauc modét, absorption spectra. For PDS measurements, a halogen tung-
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sten lamp and a semiconductor laser LTO15M&barp Cor- 10° — T T 7
poration were used as a pump-light and a probe-beam @) A
source, respectively. The probe-beam deflection caused by 104 Sy
the photon absorption of the sample was detected by a B
position-sensitive detector S392®amamatsu Photonigs 108 F -

At room temperature, perfluorohexane was used as the de-
flection medium, because perfluorohexane has high transmit-
tance(>90% in the energy region of 0.6—6 eV and does not
dissolve G films. At 77 K, liquid nitrogen was used as both

a cooling and deflection medium. There were two layers of
liquid nitrogen in the glass cryostat. The outer nitrogen res-
ervoir suppresses the bubbling of the ghas, and the inner
liquid nitrogen works as the deflecting medium. The sensi- 10!
tivity of the PDS system was aboutd=5x10° and 5 08 1.0 1.2 14 16 1.8 2.0
x107°, at 293 and 77 K, respective’rfi.qu transmission Photon Energy (eV)
spectroscopy, the sample was mounted in vacuum and the

measurements were carried out in a wide temperature range

of 8.8—470 K. In order to measure the absorption coefficient

from 10" to 10° cm™%, 5- and 8.5um-thick samples were 10¢

used. ®

102 -

Absorption Coefficient (cm'l)

Ill. EXPERIMENTAL RESULTS

The optical-absorption spectra for a group ofy @Ims

with thickness of 1.3, 2.4, 2.8, 5.0, and &®n were mea-
sured at room temperature by PDS. All the films were made
in the same deposition chamber under the same conditions
except a varied deposition time. We found the value of the
Urbach tail parameteE,, of 361 mV does not depend on
the thickness in the films that have been measured. This
means that the optical absorption is a bulk property of those

) . 10°
polycrystalline G films. Furthermore, we measured the ab- 15
sorption spectrum of a single-crystalsgdCsample (size 1
mm?), and found arE, of 43 meV, larger than the 36 meV Photon Energy (eV)
of the G, film. The sample was transfe_rred_from the oth_er FIG. 1. (a) Optical absorption measured by PDS and transmis-
laboratory. As we know, the PDS technique is very sensitive . , . X

" . . sion of a 5um-thick Gy film at 77 and 293 K. The solid dots are

to the surface conditions; the largét, value from this

inal | lei likelv d h ; transmission data, the solid triangles and open circles are PDS data
single-crystal G, sample is more likely due to rough surface at 77 and 293 K, respectively. Three characteristic absorption re-

contribu'tion. Therefore, we believe that the ab_sorpt.ion Ur'gions are denoted a&, B, andC. (b) Temperature dependence of
bach tailE, of 36=1mV in the G polycrystalline films  ihe gptical-absorption edge measured by transmission spectroscopy
originates from the optical transitions within thgs@olecu-  of a 8.5 um-thick Gy, film. The curves, from bottom to top, corre-
lar solid, not from the surface, interface, or grain boundariesspond to 8.8, 50, 110, 150, 200, 250, 292, 320, 370, 420, and 470 K,
The temperature dependence of the optical-absorptiorespectively. The 150-, 110-, 50-, and 8.8 K curves overlap.
edges was measured by both PDS and transmission spectros-
copy for two Gy films. Figure 1a) shows the optical- that the absorption edge of the polycrystalling, @Ims is
absorption spectra of a dm-thick Gy, film measured by the identical to that of single-crystal & In order to study the
PDS technique at 77 and 293 K. In the high-energy side ofemperature dependence of the absorption edge in more de-
the absorption spectra, the PDS data are normalized to thail, we concentrated on the fundamental transition region
transmission data. The high noise level at 77 K originatedand the exponential tail indicated by the box in Figp)1We
from both the rough surface of the film and the glass subplotted the results from a 8 sm-thick Gy, film measured by
strate. The characteristic absorption regions are denot&d as transmission spectroscopy in Figbl The sample tempera-
B, and C. In region A, the optical gapE, can be deduced tures were 8.8, 50, 110, 150, 200, 250, 292, 320, 370, 420,
according to Eq(2). In regionB, the Urbach parametédt,, and 470 K, respectively. The 150-, 110-, 50-, and 8.8-K
can be deduced according to E@). E,=1.7 and 1.65 eV  curves overlap.
and E,=30 and 37 meV were obtained at 77 and 293 K, According to the data shown in Figs(al and Xb), we
respectively. In regiorC, the subband-gap absorption in- calculated the Tauc optical gdn, and the Urbach tail pa-
duced by impurities was observed at both temperatures. IrameterE, following Egs.(1) and(2), and plotted the results
addition, an absorption shoulder near 1.7 eV is seen at 77 Kn Figs. 4a) and Zb). One can see the gradual decrease of
This absorption has been observed by photoacoustic speE;, and the increase d&, with increasing temperature. We
troscopy, and explained by the,-t,, transition in single- evaluated the changesE, andAE,, with measurement tem-
crystalline Go.*® These PDS results in Fig(d) again prove perature and found a good mirror symmetry, which implies
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FIG. 2. Temperature dependence(af optical gapE, , and(b) FIG. 3. Air-exposure time dependence for a lu-thick g,
Urbach-tail parameteE,, data deduced from the curves in Figs. fiim at room temperature(a) absorption spectra, an) subgap
1(a) (crossesand 1b) (solid dotg, respectively. absorption at 1.25 eV.

that a redshift(or reduction inE,) occurs simultaneously data in Fig. 2a) using an Einstein oscillatoE,=E,,

with a broadening of the tailor an increase iik,). Interest- —0.1[exp(=/T)—1].X8 For the best fit, two regimes sepa-
ingly, we found in Figs. &a) and 2b) that there are three rated atT~260 K are needed and shown by the dashed and
temperature regimes for bokh, andE,: (1) T<150 K, they  dotted lines withgg=450 and 250 K, respectively.A much

do not change, obviously?) 150<T<260 K, they change stronger temperature effect is shown i, when T
gradually; and(3) T>260 K, they change rapidly. In crys- >260 K, which is attributed to the free rotation of thg,C
talline semiconductors, the temperature effect on the opticaimolecules. Meanwhilek: ,(T) increases from 35 to 59 meV
absorption edge can be explained by changes in the ele@ the temperature range 260—470 K as shown in Hb);2
tronic band structure due to changes in the total thermathis is about a 50% increase I, .

energy and thermal expansion of the solid. In noncrystalline We further studied the effect of air exposure on the ab-
semiconductors, both thermal and structural disorder can akorption spectra of a 1.@m-thick G, film at 293 K and
fect the optical absorption edge as described in(BqHow-  show the results in Fig.(d). These spectra were measured at
ever, the definition of structural disorder in the molecularintervals from just after deposition to after 180 days of ex-
solid Ggo cannot be only the site disorder but is also theposure to air. The magnitude of the sub-band-gap absorption
orientational disorder of the §&g molecules. Moreover, we gradually increases with exposure time. This extra absorp-
found that the &, film structure has no changes with depo- tion can be removed by heat treatment at 200—250 °C in
sition temperature from 20 to 300 9CTherefore, the orien- vacuum. We found the same effect after exposing the film to
tational disorder does not depend on the sample preparatigrure oxygen ga$’ It indicates that the intercalation of,@n

or heat-treatment temperature, but is a function of the meahe G film during exposure to air gives rise to the extra
surement temperature. Concerning the temperature effect, tlsabgap absorption. However, after subtracting the subgap ab-
Ceo molecule can be considered a giant atom, that given theorption, the slope of the Urbach t&]|,, 35 meV, does not
nature of the vibration excitations an Einstein or Debyechange with the intercalation of ;0 This means that the
model can be applied with theggEmolecules as the corre- Urbach tail parameteE,, is an intrinsic property of the &
sponding vibration entities According to Eq.(3) we fit the  material. We plotted the subgap absorption at 1.25 eV as a
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function of air-exposure time in Fig.(8). We found results is reached, where thesgmolecules exhibit the orientational
similar to that of the oxygen-exposure time dependence oflisorder phase; upon further increasing the temperature up to
the electrical resistivity of oxygen-free single crystalp€ 260 K a first-order transition to the fcc structural phase oc-
This implies that the oxygen-impurity-induced electronic de-curs. Meanwhile, the g molecules are in a free rotation
fect states are located at the middle of the gap. The similaritphase, and the rotational, librational, and the intermolecular
of the two results can be explained by noting that as theibrational degrees of freedom are activated. In addition, ex-
density of the defect states increases, the sub-band-gap tra phonon modes are excited due to fluctuations in the in-
absorption increases, whil¢h) the Fermi level is pushed termolecular distance, the electron-phonon interaction may
further down into the gap, which increases the resistivity. also be enhanced in the molecule free rotation phase. Due to
both the thermal and structural disorder contributions to the
IV. DISCUSSION AND SUMMARY Urbach tail parametdgE ,, we observed a rapid increase from

The t t d d f th tical-ab i 35 to 59 meV when 268T<470 K.
€ temperature dependence o € opucal-absorption conclusion, we have observed that the structural disor-

edge in G films was StUd.ied by pho'tothermal deflection der, in other words, the orientational disorder of thg @ol-
spectroscopyPDS and optlcal transmission s_:pectroscopy. ecules, makes an important contribution to the exponential
We found a close correlation between the optical-absorptiof Ceo films. We also found that the slope of the Urbach
edgle an_?ghetgegre:‘[e of orletntatlona}l d|sorc:]er of t&ﬂ;@l 5 tail does not change with the intercalation of. 0 'his im-
ccules. The three temperaiure regimes shown in i3 é)lies that the Urbach tail parametgy, is an intrinsic prop-
and 2b) are consistent with the temperature regimes of th erty of the Gy material. More theoretical and experimental

. . . —10 . .
gnﬁr;:atzlozal hdlsordtﬁer, tvx;[gallé\;\?—(elrzet<105r(i)e|r§t’aiihoen§21$2t%un tudy is needed to understand the origin of the Urbach talil
on frozen phase, the 9 nd its temperature dependence.

to freeze out in a 5:1 ratid?) 150<T< 260 K, orientational
disorder phase; an@B@) T>260 K, free rotation phase. A
minimum in the structural disorder correlated E,= 30
+1 meV was obtained in & films whenT<<150 K. E(T) We would like to thank T. Itoh for useful discussions, T.
slightly increased from 30 to 35 meV in the temperatureKurokawa for experimental advice, and M. Morikawa and
range 150-260 K. Whereag,(T) rapidly increased from M. Kawade for sample preparation. This work was supported
35 to 59 meV in the temperature range 260—470 K; this idn part by the Grant-in-Aid for Scientific Research from the
about a 50% increase iB,. We explain the strong thermal Ministry of Education, Sport and Culture, and by grants from
effect on the optical-absorption edge in relation to the orienthe Research Foundation for Electrotechnology of Chubu,
tational order-disorder and phase transition at 150 and 26@apan. D.H. was supported by NSF Grant No. INT-9600229
K.5-1When we heat the film from liquid-helium tempera- and NREL Subcontract No. XAK-8-17619-11, and is grate-
ture, the Gy molecules in the crystal phase remain in theirful to J. P. Lu for helpful discussions, and to L. E. McNell
low-temperature frozen state until a temperature-d60 K for helpful discussions and for help in English as well.
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