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Abstract

The dynamics of electronic excited states is studied for thin Cg, films on quartz by second harmonic generation. Time
resolved measurements show that for films thicker than 100 nm a single excited state is observed, which is occupied in faster
than 45 ps and decays over 20 ns or longer. Spectroscopic studies reveal that the state can be excited over the entire visible
range following the Cg, absorbance down to 1.6 eV. This indicates that excitonic states below the band gap, most likely the
lowest singlet and triplet states, determine the suppression mechanism. For thin films below 100 nm thickness a second
excited state with a substantially reduced lifetime of 70 ps is observed. This state is attributed to the C¢,/substrate interface
and gives access to the coupling between C, excitonic states and the immediate environment of the molecule.

Considerable interest has been shown recently in
the photophysical and photochemical properties of
fullerenes [1-6]. Many studies have demonstrated
interesting fundamental and perhaps technologically
relevant properties. Of particular interest are the
optical properties in heterogeneous media. Under-
standing interactions at interfaces is a prerequisite
for recognizing the opportunities for potential appli-
cations. Specifically, the lifetime of long-lived (¢ > 1
ns) electronic excitations in Cg, is assumed to be
determined by external and internal interfaces [7].
Non-linear optical methods, such as second harmonic
generation (SHG) or sum frequency generation
(SFQG), are well known to be sensitive tools for the
study of excitations at interfaces [8—10).

From the similarity of carbon bonding in Cg, and
conjugated chain molecules it was assumed that
non-linear optical properties may change signifi-

cantly on electronic excitation. A strong increase was
indeed reported for degenerate four wave mixing
(DFWM) in Cq, toluene solutions [11]. Due to the
different properties of the tensors involved these
results cannot be transposed to three wave mixing
experiments like second harmonic generation (SHG).
In fact recent UV pump~SHG probe experiments for
Cgo crystals [12] demonstrated that the SH signal
significantly decreases on a picosecond timescale
upon optical excitation by UV light pulses. In this
Letter we present evidence, that the SHG quenching
is an intrinsic effect of solid Cg,. The study focuses
on polycrystalline thin films where energy transfer
processes become observable. In addition to the
long-lived state observed at single crystal surfaces
thin films exhibit a short-lived state which decays
with a 70 ps time constant. The state is ascribed to
excitons with reduced lifetime at the Cg, / substrate
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interface. The study demonstrates that pump and
SHG probe measurements can easily access the cou-
pling between C,, molecules and their environment.

The experiments are performed at room tempera-
ture for thin C,, films evaporated in high vacuum
(HV) onto polycrystalline quartz substrates. The sub-
strates were cleaned by a dip in HF solution (con-
centration 5%), rinsing in deionized water followed
by thorough rinsing in ethanol. The C, powder
(99.9% Cq, purity) was cleaned from residual sol-
vent by heating in vacuum to 550 K for 48 hs. The
sublimation was made from a Knudsen cell at 680 K
with a rate of less than 1 monolayer per minute onto
a heated substrate (415 K). The thickness of each
film was determined by edge profile measurements
with nanometer resolution at the film edge and by
spectrometric absorption measurements in the 900-
200 nm wavelength region [13]. Samples with a
thickness between 1200 and 20 nm were studied.

In the optical apparatus the fundamental wave-
length of a 20 Hz Nd: YAG laser (hv=1.17 eV)
with 35 ps pulse duration was used for second
harmonic generation (SHG) at the samples. The third
harmonic of the laser radiation (v = 3.49 eV) was
used either as a direct pump pulse for the C, sample
or it was used to generate pump pulses tunable in the
range 0.6 to 3.0 ¢V by means of an OPG/OPA
set-up similar to the scheme described by Krause and
Daum [14]. SHG measurements were performed in
air and in a HV chamber in transmission through the
sample. There was no significant SHG contribution
from the amorphous quartz substrate.

The geometry of the experimental apparatus is
shown in Fig. 1. Probe and pump pulses are incident
at approximately 45° with respect to the surface
normal. The pump pulse is reflected away from the
detection unit of the SH signal thus reducing the
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Fig. 1. Experimental geometry of the C, film experiments.
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Fig. 2. UV pump-SHG probe transients for C4, single crystals
with 3.49 eV pump beam and a 1.17 eV probe beam [12]. (a)
Normalized SH signal transient with the pump beam incident at
1=0 ps. (b) Measured SH signal at 330 ps probe delay as a
function of the pump energy per area (dots). The solid line is a
single exponential fit with a 1 /e decay at 3 pJ/cm?.

background and excluding detection of any fre-
quency mixing. Typical probe pulse energies are 200
wJ on a 0.5 mm? spot. The spot illuminated by the
pump beam is much larger than the spot illuminated
by the probe beam.

We first give a short introduction to the observed
quenching of the second harmonic (SH) signal for
Cgo single crystals [12]. Fig. 2a shows the response
of the SH signal to the incidence of a UV pump
beam (3.49 eV). The signal has been normalized to
the SH signal without the pump beam. On the arrival
of the pump pulse a sharp drop of the signal occurs
within the experimental time resolution (45 ps). The
SH signal stays at a low level for more than 20 ns. It
has recovered completely after 50 ms when the next
laser pulse arrives. Fig. 2b plots the SH signal at a
probe delay of 330 ps as a function of the pump
energy per area. A 1 /e reduction is reached at pump
densities of 3 wJ/cm® which corresponds at this
photon energy to an absorption density at the sample
surface of 1 photon per 1000 C,, molecules demon-
strating that essentially no depletion of the ground
state occurs. The required pump density is more than
five orders of magnitude smaller than for C ‘linear’
optical switching in solution [15]. The SH signal
from the C,, crystal exhibits a threefold symmetry
as expected for an fcc(111) surface plane. The signal
reduction occurs independently of azimuth and is
independent of the polarizations of probe beam, SH
beam and pump beam. It corresponds to quenching
of the SH signal and is not due to a destructive
interference with an additional transient SH compo-
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nent. The SH signal can typically be reduced to less
than 10% of the original signal. The small excitation
density required to quench the signal suggests that
each excitation significantly reduces the second or-
der non-linear susceptibility of Cg, in a sphere of 5.5
nm radius. The exponential decrease of the signal
with pump intensity reflects a Lambert—-Beer type
behavior. The SHG decrease can be explained by
excited states perturbing the SH response of many
molecules or may be due to electric fields resulting
from charge separation.

The time and energy dependences of the SHG
quenching observed for thick films of the order of
1 wm are similar to the ones of the C,, crystal. The
azimuthal signal dependence observed for the crys-
tals is not present for the films due to their polycrys-
talline nature on the quartz substrate. The curve for
3.49 eV in Fig. 3a shows the pump density depen-
dent reduction of SHG for a thick film in good
agreement with the result of the single crystal
(Fig. 2b). The residual SH signal at maximum sup-
pression by the pump pulse is slightly larger than in
the case of the single crystal. The residual intensity
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becomes still larger if the films are not heated during
C, evaporation, indicating that unquenchable contri-
butions are arising from structural defects.

The quenching of the SH signal is a true effect of
the non-linear polarizability. Transient absorption
changes for the fundamental (1.17 eV) and the sec-
ond harmonic (2.33 eV) beams are too small to
explain the observed decrease. The effect is not due
to local heating by the pump pulse of the order of
AT =1 K. The low excitation density which is suffi-
cient to quench the SH signal might indicate the
involvement of impurities. However, the pump den-
sity necessary to reduce the SH signal to 1/e was
found to be similar for a wide variety of differently
prepared samples. In particular, it was verified that
the efficiency does not change when the concentra-
tion of the main impurity, C,, is increased by a
factor of ten. The suppression is not due to the
presence of oxygen as the same behavior is observed
in air and in a high vacuum cell (10~ mbar).
Finally, it must be taken into consideration that the
use of strongly absorbed pump radiation can result in
a slow photo polymerization. However, the identical
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Fig. 3. (a) Quenching of the normalized SH signal of a thick film (250 nm) as a function of pump density for different photon energies at
300 ps probe delay. Compare to the single crystal result in Fig. 2b. The solid lines are best fits to a single exponential, Eq. (1). From the fit
parameters the SHG quenching cross section is calculated. (b) SH quenching cross section m,,,, (definition see Eq. (2)) as a function of
photon energy (dots) compared to the film absorption (solid line) taken from Ref. [17]. A scaling factor was used to overlay the two curves.
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observation of SH quenching in air and vacuum
suggests that a polymer is not involved as the pres-
ence of oxygen is known to inhibit polymerization
[16]. Moreover, in comparison to the doses required
for a measurable polymerization the energy de-
posited by the pump pulse is negligible: we observe
SH quenching already in a 7 min measurement with
a 2.5 eV pump beam from a freshly prepared thin
film. After this measurement the sample which was
transferred to the experiment under dark room illu-
mination has been exposed to a total pump energy of
only 0.004 ] /mm? compared to a dose of 55 J /mm’
at the same wavelength necessary to obtain de-
tectable polymerization [16]. Raman spectroscopy
from one of our samples which was irradiated by
3.49 eV photons at an energy density of 30 pJ/cm?
over 150 000 laser shots did not indeed show any
indications of polymerization.

In Fig. 3 the pump density (energy per area)
dependence of the SH quenching is plotted for dif-
ferent photon energies. For decreasing photon energy
larger pump densities are necessary to achieve the
same SH signal reduction. In order to quantify the
efficiency the experimental data at each photon en-
ergy have been fitted by a single exponential (solid
lines in Fig. 3a)

Iy(p) =A+(1-A)e"7, (1)

with the unquenchable SH contribution A, the pump
density p and the efficiency parameter y. We define
the quenching cross section

Npump = ROY (2)

and obtain m,,.. =19 nm’ for the above case of
3.49 eV pump photon energy and 1/vy =3 pnJ/cm?.
This result for the thick film agrees within experi-
mental uncertainty with the result obtained for the
single crystal. In Fig. 3b we have plotted the quench-
ing cross section as a function of photon energy
together with the absorbance of a Cg, film. The
suppression efficiency decreases by three orders of
magnitude between the near UV and the near IR
nicely following the C, film absorption measured
by photothermal deflection spectroscopy [17]. The
absorbance of a film is proportional to the fraction of
photons absorbed per unit length at its surface. It is
also proportional to o, the inverse of the penetration

depth of the pump beam. The measurement thus
demonstrates that the ratio m,,,,/a is constant. In
the entire range of measurements (Fig. 3) the same
number of absorbed photons per volume results in
the same SH reduction. The observed cut-off at 1.85
eV proves that states below the band gap (2.3 eV)
[18] play a decisive role in SH suppression. The
observation demonstrates that free carriers do not
determine the SH suppression as else a cut-off at 2.4
eV [19] would be expected. Photoexcitation of Cg,
results in the creation of an electron—hole pair which
rapidly relaxes to the band gap where it binds to
form an exciton. Carrier relaxation was observed to
occur on a timescale of 1 ps and is thus much faster
than the observed transients [20}. Due to the spin
states of the electron and hole immediately after their
creation a singlet exciton at 1.8 eV is formed at first.
It then undergoes an intersystem crossing in 1.2 ns
[7] to a triplet exciton (1.55 eV [21]) with a lifetime
of the order of 100 ws. The observed decrease of the
SH signal (see Fig. 2a) on a picosecond timescale
thus demonstrates that the singlet exciton causes the
SH quenching in agreement with the spectroscopic
result. The absence of any decay of SH quenching
within 1 ns suggests that the triplet state may also be
involved in the late stage of the process. The SH
signal may respond similarly to the excitation of the
singlet and triplet excitons.

With respect to the described observations it is
interesting to note that a similar SH quenching effect
was observed for C4, films protected by a SiO,
capping and exposed to corona poling fields at 140°C
[22]. Corona poled films were reported to exhibit a
substantial increase in SHG efficiency. The quench-
ing of SHG upon excitation by a UV pump pulse
was interpreted as a generation of free carriers com-
pensating for the effect of the exposure to the poling
field. Our results, however, demonstrate that if the
quenching mechanism in the two experiments should
be similar the effect is more general and does not
rely on the enhancement of SHG induced by a poling
field.

In the following we discuss the results for films
below 100 nm thickness. In addition to the long-lived
state observed for crystals and thick films a short-
lived state appears for decreasing film thickness
(Figs. 4b—4d). A fit taking into account the instru-
mental time resolution (45 ps) indicates a decay time
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of this state of about 70 ps. The short lifetime is
likely to be due to the influence of the interface
between C,, and the substrate. This interface is not
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Fig. 4. 3.49 ¢V pump and SHG probe transients for Cg, films of
decreasing thickness, (a)-(d). The 1100 nm thick film exhibits a
response similar to the single crystal (see Fig. 2a). With decreas-
ing film thickness a short-lived state (70 ps) becomes prominent.

equivalent to the film surface because the C,,
molecules are situated close to a dielectric. The
dynamic dipole coupling to the dielectric results in a
changed radiative rate constant [23]. Moreover, addi-
tional decay channels can arise due to the breaking
of site symmetry at the interface. Both mechanisms
will lead to a reduction of observed lifetime. Another
mechanism might be the quantum confinement of the
excitonic states. In a study of multiple quantum wells
of crystalline organic semiconductors a continuous
reduction of exciton lifetime with decreasing film
thickness was reported which results from the
squeezing of the exciton volume [24]. Even though
the layer thickness in the present case is of the same
magnitude (< 100 nm) the fact that we see a second
state with a lifetime which is independent of film
thickness suggests that this model, although appeal-
ing, is not compatible with our observation. The
short-lived state can thus be assigned to an excitonic
state located at the interface.

In fact the observed appearance of the short-lived
interface state below 100 nm film thickness can be
explained by a simple calculation. For decreasing
film thickness, the ratio of the amplitude of the
short-lived state A, . and the amplitude of the
long-lived state A, increases. We compare this
ratio to the ratio of the pump intensities present at
the film surface and the pump intensity at the
film /substrate interface. The latter is calculated from
the extinction depth of Cg, for the 3.49 eV pump
light of 30 nm [13,25]. The absorption of the funda-
mental and SH photons can be neglected in this
estimate. The two ratios are found to be proportional
to each other, supporting the assignment of the
short-lived state to the Cg,/quartz interface. It is
likely that the SH quenching by the short-lived state
and by the long-lived state are due to a similar type
of excitation. Further efficiency measurements are
necessary to prove an equivalent spectral behavior. It
appears, however, reasonable to assume that Cg,
excitons below the band gap exhibit a reduced life-
time at the interface. One may speculate about the
role of internal interfaces in polycrystalline films. If
the lifetime of the exciton decreases far below our
experimental time resolution (45 ps) the short-lived
state will not be observable. At the same time the
long-lived state will only exhibit a small amplitude
even for large pump intensities. This situation is
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exactly found in the transients measured for films
with small grain sizes. Internal grain boundaries may
thus act similarly to external interfaces resulting in a
reduced lifetime quite in contrast to the surface
which does not exhibit a short-lived state.

The observation of the short-lived state at the
Cqo/quartz interface gives access to detailed studies
of the coupling of the molecular solid to its immedi-
ate environment. The small difference between ab-
sorption spectra of isolated molecules and the molec-
ular crystal is regarded as an indication of the weak-
ness of interaction within the C¢, solid resulting in
rather localized electronic ground states. Studies on
the C,, adsorption on metals [26-28] and semicon-
ductors have demonstrated a strong interaction lead-
ing to covalent bonding and charge transfer. In these
cases the electronic properties of the Cg, layer at the
interface are substantially altered. The coupling at a
Co/quartz interface will be much weaker. The tech-
nique described in this Letter proves to be sensitive
to these comparatively weak interactions. The tech-
nique may also be applicable to the observation of
exciton decay in C4, molecules which are separated
from a metal by a spacer layer [23].

In summary, we have shown that the SH quench-
ing for films thicker than 100 nm is similar to the
quenching observed for Cg, crystals: a decay within
less than 45 ps is followed by a recovery time of 20
ns or longer. The efficiency of SH suppression traces
the absorbance of the Cg, solid for photon energies
between 3.5 and 1.6 eV. In this range the same
intensity reduction is observed for the same number
of photons absorbed per unit of volume. This identi-
fies the lowest states leading to SH quenching to be
excitonic states below the band gap (the singlet state
at 1.8 eV and the triplet state at 1.55 eV). For films
thinner than 100 nm an additional state with a life-
time of 70 ps is observed. With decreasing film
thickness this state becomes more and more promi-
nent; its lifetime is independent of thickness. The
short-lived state is ascribed to the Cg;,/quartz inter-
face, where the coupling to the dielectric induces a
reduction of the Cg, exciton lifetime.

This research has been generously supported by
the Schweizerischer Nationalfonds. RB acknowl-
edges financial support from the Deutscher
Akademischer Austauschdienst.

References

[1] L.W. Tutt and A. Kost, Nature 356 (1992) 225.

[2] J.R. Lindle, R.G.S. Pong, F.J. Bartoli and Z.H. Kafafi, Phys.
Rev. B 48 (1993) 9447.

(3] B. Koopmans, A.-M. Janner, H.T. Jonkman, G.A. Sawatzky
and F. van der Woude, Phys. Rev. Letters 71 (1993) 3569.

[4] A.-M. Janner, B. Koopmans, H.T. Jonkman and G.A.
Sawatzky, in: Physics and chemistry of fullerenes and deriva-
tives, eds. H. Kuzmany, J. Fink, M. Mehring and S. Roth
(World Science, New York, 1995) pp. 234.

[5] D. Wilk, D. Johannsmann, C. Stanners and Y.R. Shen, Phys.
Rev. B 51 (1995) 10057.

[6] A.F. Hebard, C.B. Eom, R.M. Fleming, Y.J. Chabal, AJ.
Muller, S.H. Glarum, G.J. Pietsch, R.C. Haddon, A.M.
Mujsce, M.A. Paczkowski and G.P. Kochanski, Appl. Phys.
A 57 (1993) 299.

[7]1 H.J. Byme, W. Maser, W.W. Riihle, A. Mittelbach, W.
Honle, H.G. von Schnering, B. Movaghar and S. Roth,
Chem. Phys. Letters 204 (1993) 461.

[8] A.L. Harmis, N.J. Levinos, L. Rothberg, L.H. Dubois, L.
Dhar, S.F. Shane and M. Morin, J. Electron Spectrosc.
Related Phenom. 54 /55 (1990) 5.

[9] K. Kuhnke, M. Morin, P. Jakob, N.J. Levinos, Y.J. Chabal
and A.L. Harris, J. Chem. Phys. 99 (1993) 6114.

[10] M.S. Yeganeh, J. Qi, A.G. Yodh and M.C. Tamargo, Phys.
Rev. Letters 68 (1992) 3761.

[11] F. Li, J. Song, S. Qian and Y. Li, in: Proc. SPIE 2284
(1994) 169.

{12] K. Kuhnke, R. Becker, H. Berger and K. Kem, J. Appl.
Phys. 79 (1996) 3781.

[13] A.F. Hebard, R.C. Haddon, R.M. Fleming and A.R. Kortan,
Appl. Phys. Letters 59 (1991) 2109.

[14] H.-J. Krause and W. Daum, Appl. Phys. Letters 60
(1992) 2180.

[15] C. Li, L. Zhang, R. Wang, Y. Song and Y. Wang, J. Opt.
Soc. Am. B 11 (1994) 1356.

[16} P.C. Eklund, A.M. Rao, P. Zhou, Y. Wang and J.M. Holden,
Thin Solid Films 257 (1995) 185.

[17] A. Skumanich, Chem. Phys. Letters 182 (1991) 486.

[18] R.W. Lof, M.A. van Veenendahl, B. Koopmans, H.T.
Jonkman and G.A. Sawatzky, Phys. Rev. Letters 68
(1992) 3924.

[19] S. Kazaoui, R. Ross and N. Minami, in: Physics and chem-
istry of fullerenes and derivatives, eds. H. Kuzmany, J. Fink,
M. Mehring and S. Roth (World Science, New York, 1995)
pp. 242.

[20] S.D. Brorson, M.K. Kelly, U. Wenschuh, R. Buhleier and J.
Kuhl, Phys. Rev. B 46 (1992) 7329.

[21] A. Lucas, G. Gensterblum, J.J. Pireaux, P.A. Thiry, R.
Caudano, J.P. Vigneron, L. Ph. and W. Kratschmer, Phys.
Rev. B 45 (1992) 13694.

[22] X.K. Wang, T.G. Zhang, P.M. Lundquist, W.P. Lin, Z.Y.
Xu, G.K. Wong, J.B. Ketterson and R.P.H. Chang, Thin
Solid Films 257 (1995) 244.



K. Kuhnke et al. / Chemical Physics Letters 257 (1996) 569575 575

[23] K.H. Drexhage, in: Progress in optics, Vol. 12, ed. E. Wolf [26] Y. Kuk, D.K. Kim, Y.D. Suh, K.H. Park, H.P. Noh, S.J. Oh
(North-Holland, Amsterdam, 1974) pp. 163 ff. and S.K. Kim, Phys. Rev. Letters 70 (1993) 1948.
[24] F.F. So and S.R. Forrest, Phys. Rev. Letters 66 (1991) 2649. [27] S.J. Chase, W.S. Basca, M.G. Mitch, L.J. Pilione and J.S.
[25] S.L. Ren, Y. Wang, AM. Rao, E. McRae, JM. Holden, T. Lannin, Phys. Rev. B 46 (1992) 7873.
Hager, K. Wang, W. Lee, HF. Ni, J. Selegue and P.C. [28] A.J. Maxwell, P.A. Brithwiler, A. Nilsson, N. Mirtensson

Eklund, Appl. Phys. Letters 59 (1991) 2678. and P. Rudolf, Phys. Rev. B 49 (1994) 10717.



