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Abstract

We present results of ultrafast vibrational transient-transmission, transient-grating and photon-echo experiments,
performed with the infrared light of a free-electron laser on Si}H stretching vibrations in hydrogenated amorphous
silicon. The observations indicate that the nature of the dynamics of the local stretching mode is quite di!erent from that
of the same mode in a crystalline environment. ( 1999 Elsevier Science B.V. All rights reserved.
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Since the early 1970s, many experimental and
theoretical studies have been devoted to the prop-
erties of vibrations in amorphous solids. In#uenced
by structural disorder, vibrational excitations in
these systems behave quite di!erently than in their
crystalline counterparts, and, in spite of all scienti"c
e!orts, the picture describing the behavior is still
incomplete. An e!ective way to study dynamics of
high-frequency vibrations is provided by pulsed
laser experiments in the infrared wavelength re-
gime. With infrared light, a monochromatic vibra-
tional population can be generated directly, i.e.
without intervention of any other excitations as for
example hot electrons. Although the advantages of
such studies seem obvious, the number of reported

experiments on the dynamics of vibrations in dis-
ordered solids, is quite limited [1}5].

In this contribution, we present results of tran-
sient-transmission, transient-grating and photon-
echo experiments on Si}H vibrations in a-Si : H,
performed with the pulsed infrared output of
a free-electron laser. The dynamics turns out to be
markedly di!erent from that observed in a compa-
rable crystalline system. Studying high-frequency
vibrations in amorphous Si samples is of particular
interest because the dynamics have been studied
earlier by another technique, namely Raman spec-
troscopy [6,7]. Results of those investigations con-
tradict the results obtained quite recently by
computer simulations [8,9]. Here, we intend to use
the Si}H vibrations as a probe for the local vibra-
tional properties in an amorphous material.

The samples we used are 1-lm-thick a-Si : H
layers, grown by plasma-enhanced chemical vapor
deposition on a c-Si substrate. The substrates are
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Fig. 1. Absorption spectrum of the a-Si : H samples used in
the experiments, measured with a Fourier transform infrared
spectrometer at room temperature.

Fig. 2. Typical signals measured with the transient-transmission
(open circles in (a)), transient-grating (solid line in a) and open
triangles in (b)) and photon-echo ("lled circles in (b)) techniques
at a temperature of 10}15 K. For comparison, the time-axis
of the transient-grating signal in (a) has been scaled with a factor
of 2.

polished on both sides, and transparent for the
infrared light. Due to the presence of Si}H

x
bonds,

the infrared absorption spectra of the a-Si : H "lms
exhibit several absorption lines. For example, at
2000 cm~1 a 100 cm~1-wide line exists, that corres-
ponds to the Si}H stretching mode (see Fig. 1). The
required resonant infrared light-beam is generated
by the free-electron laser FELIX (Rijnhuizen,
Netherlands). In the experiments described below,
FELIX produces Fourier-limited micropulses with
a duration of 0.5 ps at a repetition rate of 25 MHz.
The pulse train lasts 2.5 ls, and is repeated at a rate
of 5 or 10 Hz. When the wavelength of FELIX is
tuned in resonance with the Si}H stretching mode,
12% of the light is absorbed in the sample and
converted into a vibrational population. The relax-
ation of the population is monitored by standard
transient-transmission and transient-grating
techniques, whereas information on the phase
relaxation of the vibrations is acquired from
photon-echo measurements [1,4,10]. We note here
that the transient-transmission signals are charac-
terized by the population decay time ¹

1
, the grat-

ing signals by ¹
1
/2, and the photon-echo

measurements by ¹
2
/4, with ¹

2
the phase relax-

ation time. The sample is mounted in a He #ow
cryostat, allowing for temperature-dependent
measurements.

In Fig. 2, we present signals that are typically
measured at a temperature of 10}15 K, when

FELIX is tuned to the center of the Si}H stretching
line (j"5.0 lm). In Fig. 2a, results of the tran-
sient-transmission and transient-grating experi-
ments are collected (for comparison the time-axis of
the grating signal is scaled with a factor of 2).
Fig. 2b shows an (unscaled) transient-grating and
photon-echo measurement. Apart from a coherent
artifact in the grating measurement around t"0,
the two curves in Fig. 2a show essentially the same
temporal behavior. This directly shows that other
mechanisms than population decay, such as heat-
ing, which also may cause grating signals, can be
neglected in our case. The signal-to-noise ratio of
the grating signal, however, is higher than that of
the transient-transmission measurement. This is
due to the fact that the experimental con"guration
used for the transient-grating experiments allows
for background-free signal detection, in contrast to
the standard transient-transmission setup, which
su!ers from a #uctuating background. The im-
proved signal-to-noise ratio in the transient-grating
measurements is important, because it makes accu-
rate ¹

1
experiments possible as a function of the
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Fig. 3. (a) Normalized intensities of the transient-grating (open
triangles) and photon-echo ("lled circles) measurements, as
a function of the excitation wavelength. The line represents the
square of the normalized absorption spectrum shown in Fig. 1.
(b) Mean decay and dephasing rates (open triangles and "lled
circles respectively) versus excitation wavelength, obtained from
the transient-grating and photon-echo experiments.

excitation wavelength within the absorption line,
and versus excitation power. For the system we
study, this is not the case with the standard tran-
sient-transmission technique. A detail which is not
so obvious from Fig. 2a, but which can be clearly
seen in Fig. 2b, is the nonexponential decay of both
the transient-grating and photon-echo signals. Sim-
ilar experiments on Si}H stretching vibrations of
an H-terminated c-Si surface did not show any
nonexponentiality [11,12]. This illustrates the
importance of the amorphous surrounding for the
dynamics of the Si}H stretching mode.

To examine if the nonexponential decays can
be traced back to a dependence of ¹

1
on the reso-

nance frequency of the stretching mode and the
"nite spectral width of the pump pulse, we repeated
the transient-grating and photon-echo experiments
for di!erent excitation wavelengths within the in-
homogeneous Si}H stretching absorption line. Re-
sults of those measurements are collected in Fig. 3.
All signals observed show a quadratic dependence
of the amplitude on the power of the FEL-beam.
This is in agreement with the results shown in
Fig. 3a, where it can be seen that the normalized
signal intensity at 10}15 K nicely tracks the square
of the absorption pro"le measured at room temper-
ature. The rates plotted in Fig. 3b are mean rates,
determined from the mean decay times, S¹T"
:tI(t) dt/:I(t) dt, of all measured curves I(t). At
10}15 K, the mean population decay time, S¹

1
T,

and the mean dephasing time, S¹
2
T, are of compa-

rable magnitude, indicating that S¹
2
T is governed

by S¹
1
T and barely in#uenced by the pure dephas-

ing time ¹H
2
.

From the values of 1/S¹
2
T, the homogeneous

line width through the line, c, can be estimated,
using c"1/(p¹

2
), a relation which is exactly true

for exponential dephasing. We "nd values ranging
from 0.07 to 0.13 cm~1, con"rming that in the
amorphous material, the Si}H stretching line
(FWHM"100 cm~1) is strongly inhomogeneous-
ly broadened.

We "nd in Fig. 3 that S¹
1
T varies no more than

a factor of two within the Si}H stretching line. For
S}H stretching vibrations in hydrogen-doped
As

2
S
3

glass, much larger changes have been re-
ported [2]. Considering the nonexponentiality ob-
served in Fig. 2b, this observation is rather striking.

If the sum of two exponentials, namely, is "tted to
the transient-grating signal measured at the center
of the line (Fig. 2b), the ratio of the two decay times
appears to be about 7, i.e. much larger than the
variation of S¹

1
T through the line in Fig. 3b. This

excludes the possibility to explain the nonexponen-
tiality of the decay by the dependence of ¹

1
on the

oscillator frequency. Still, it is possible that di!erent
oscillators have a di!erent lifetime because of a dif-
ferent local environment. For example the local
density of vibrational states to which the stretching
vibrations decay, and the coupling with those states
is likely to di!er from site to site in an amorphous
system.

An explanation given earlier is, that the nonex-
ponential decay results from a sequence of pro-
cesses that have di!erent characteristic times
as they are assisted by vibrations of di!erent
energies [3]. However, this explanation is ruled
out by the measured temperature dependence of
S¹

1
T we will present in another paper [13]. From

those experiments we know that the degree of
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nonexponentiality is independent of temperature.
We also demonstrated that the stretching mode
decays to one TA Si-phonon (133$5 cm~1) and
three Si}H bending modes (623 cm~1). It appears
that a TA phonon of the amorphous host is instru-
mental in coupling the stretching to the bending
mode and achieve energy conservation in the an-
harmonic break up. If we assume that the density of
the Si}H bending modes and the coupling of the
stretching with the bending modes is strongly cor-
related with the resonance frequency of the stretch-
ing mode (as they are all expected to depend on the
local con"guration of the Si and H atoms), then the
wavelength dependence presented in Fig. 3b sug-
gests that it is not the variation in the density and
mutual coupling of those modes which causes the
nonexponential decay of the stretching mode. Pos-
sibly, the nonexponentiality is related to a variation
of the local density of states around 133 cm~1 of
the TA mode or the coupling of the Si}H modes to
the TA mode.

Clearly, more experiments and more detailed
analyses are needed to arrive at de"nitive answers
to the question of the nonexponential decay of the
Si}H stretching mode in a-Si : H.
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