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The scattering of 29 cm21 phonons in hydrogenated amorphous silicon~a-Si:H! at 2 K is investigated by
means of optically generated heat pulses and the ruby phonon detector. The transport is shown to be governed
by elastic spatial diffusion and a diffusion coefficient of;1 cm2/s. Resonant scattering by soft oscillators, as
well as Rayleigh scattering by microvoids or by the disordered network itself account for the experimental
findings. In optically exciteda-Si:H, the transmission of 29 cm21 phonons is reduced byinelastic scattering,
proportional to the optical excitation density ina-Si:H and recovers on a 40-ns time scale. These results are
discussed in terms of interaction of 29 cm21 phonons with optically generated long-lived very high-frequency
phonons ina-Si:H. @S0163-1829~96!00541-3#

I. INTRODUCTION

It is well known that in amorphous materials phonons in
the terahertz~THz! region are scattered to such a degree, that
their mean free pathl̄ approaches their wavelengthl. The
question of whether or not this leads to localization of the
vibrational states is a controversial issue.1 In this paper we
will focus our attention on phonons that have an energy of 29
cm21 ~0.87 THz!, and are presumably close to the Ioffe-
Regel limit l̄5l, as judged from the thermal conductivity
data of amorphous silicon. The scattering of phonons in this
frequency region is of importance in the temperature region
of the heat-conductivity plateau, universally encountered in
amorphous solids. Many explanations have been suggested
in order to explain this remarkable plateau, for example Ray-
leigh scattering from either density or force-constant
fluctuations,2 that might eventually lead to phonon
localization,3,4 phonon-phonon scattering,5 and scattering of
phonons by soft modes.6 In order to check the validity of
these partly conflicting models, and to better understand the
anomalous thermal conductivity in these materials, it is rel-
evant to examine the transport of nonequilibrium terahertz
phonons in amorphous materials. At present, the number of
experimental studies in this field is, however, quite
limited.7–10

In this paper, we study the transport of 29 cm21 phonons
on nanosecond time scales ina-Si:H held at 2 K. This paper
is outlined as follows. In Sec. II, we will describe the experi-
mental setup, and explain the characteristics of the so-called
ruby phonon detector. In Sec. III, the experimental results for
a-Si:H in the dark are presented and discussed. We demon-
strate that the transport of 29 cm21 phonons ina-Si:H is
governed by elastic spatial diffusion, determine the diffusion
coefficient, and discuss various elastic-scattering mecha-
nisms. In Sec. IV, we present the measurements in optically
exciteda-Si:H. Here, the transmission coefficient of 29 cm21

phonons through an optically excited region ina-Si:H is de-
rived vs optical density and the emission of 29 cm21

phonons out of the optically excited region ina-Si:H is
monitored in a time-resolved fashion. These results are
shown to be in accordance with the long decay times for

high-frequency phonons, observed earlier in this material.1 In
Sec. V we summarize and conclude.

II. EXPERIMENTAL DETAILS

A. Samples

Hydrogenated amorphous silicon was deposited on sap-
phire ~Al2O3! substrates by means of plasma-enhanced
chemical vapor deposition. The substrates contain approxi-
mately 20-at. ppm Cr31 ions, as determined from optical ab-
sorption measurements.

We used several samples in the experiments. The first
sample, sample no. 1, has ana-Si:H layer of 700-nm thick-
ness, deposited at 110 °C. The hydrogen concentration
amounts to 19 at. %, as inferred from infrared absorption
spectroscopy. The other samples have film thicknesses of
100, 250, and 700 nm, respectively, and were all deposited at
180 °C. Here, the hydrogen concentration amounts to;10
at. %. On all samples, a 30-nm gold film was deposited that
covered part of thea-Si:H layer and part of the bare sub-
strate.

In order to remove thermal phonons, all experiments were
carried out on a sample at 2 K, located in an immersion
liquid-helium cryostat with optical access.

B. Phonon generation

Broadband heat pulses were injected either by picosecond
illumination of thea-Si:H or, alternatively, of the gold film.
Following optical excitation, namely, phonons are generated
as a result of rapid carrier relaxation.11,12Even at the lowest
excitation densities used, a helium gas bubble develops near
the phonon source,13 preventing the escape of phonons from
the pumped zone directly into the liquid helium.

C. Ruby detector

The Cr31 ions present in the Al2O3 substrates are used to
detect the 29-cm21 phonons arriving as part of the heat pulse
from thea-Si:H. The heat-pulse technique was used earlier
in a study of phonon transmission through amorphous ger-
manium films.8 The principle of the ruby detector14 is ex-
plained using the picture in Fig. 1. Following optical excita-
tion in the 4T2 band~not shown here! and fast nonradiative
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decay, the2E levels are populated on a picosecond time
scale. At low temperatures, the upper 2Ā(2E) level quickly
decays in a direct process to theĒ(2E) level, under the emis-
sion of a 29 cm21 phonon. TheĒ(2E) state is metastable and
decays radiatively to the4A2 ground state in 4 ms, producing
the intenseR1 luminescence line. At low temperatures the
lower Ē(2E) level is of course much higher populated than
the upper 2Ā(2E) level. Consequently, the intensity of the
R2 luminescence@transition 2Ā(

2E)→4A2# is negligible at 2
K. However, as soon as a phonon pulse appears in the opti-
cally pumped region of the crystal, the 29 cm21 phonons
induce a transitionĒ(2E)→2Ā(2E) ~Fig. 1! and anR2 lu-
minescence pulse emerges, with an intensity proportional to
the phonon occupation number,N. In equilibrium, the ratio
of luminescence intensitiesR2/R1 is given by

R2

R1
5

N

N11
, ~1!

for small values ofN reducing toR2/R15N. Here, the ra-
diative decay probability ofĒ(2E) and 2Ā(2E) are taken
equal, andN is the occupation number of 29 cm21 phonons
on speaking terms with theĒ(2E)→2Ā(2E) transition in the
crystal. In absence of phonon bottlenecking,15 i.e., for van-
ishing concentration of Cr31 ions in Ē(2E), the time resolu-
tion of this detector is ultimately limited by the spontaneous
phonon emission time, which amounts to 700 ps.16

D. Characteristics of the ruby detector

At this point, we discuss some of the properties of the
ruby detector that are relevant for the interpretation and
analysis of the experiments.

Phonon polarization.In our experiment, the phonon-
inducedR2 luminescence is dominated by transversely polar-
ized phonons. This is due to the fact that the density of states
for longitudinal phonons is a factor 2~nt/n1!

3'10 lower than
that of transverse phonons, both ina-Si:H and ruby. In ad-
dition, the matrix element of the coupling betweenĒ(2E)
and 2Ā(2E) is generally weaker for longitudinal phonons
than for transverse.

Ballistic transport and time resolution.The nature of the
transport of 29 cm21 phonons in our sapphire substrates cru-
cially determines the time resolution.14 Multiple capture and
reemission of 29 cm21 phonons by the excited Cr31 ions,
namely, may cause diffusive, instead of ballistic transport,

resulting in a so-called phonon bottleneck,15 and adversely
affect the characteristics of the detector.

In order to estimate the mean free path of 29 cm21

phonons in our detector, we make a comparison with early
work done in our group.17 For excitation densities compa-
rable with ours, a mean free path of 20mm was found for
transverse phonons in a 700-at ppm ruby crystal. Our nomi-
nally undoped samples, however, contain only approxi-
mately 20-at ppm Cr31 ions, leading by linear extrapolation
to a mean free path of;700mm under otherwise the same
conditions. This is much more than the radius of the optically
excited region~approximately 50mm!, and suggests ballistic
transport in our detector. Experimentally, we have verified
the absence of bottlenecking by applying magnetic fields as
high as 1.5 T, and detected no change in the decay ofR2(t).
This proves the absence of bottlenecking.18We conclude that
under the present conditions the transport of 29 cm21 in our
detector is ballistic and makes it to act as a perfect heat sink
for 29 cm21 phonons.

In the present experimental geometry, we can show that
the time resolution of the ruby detector is limited by the
velocity of sound, and not by the 2Ā(2E)→Ē(2E) transition
rate. The phonons are detected in an excited cylinder in the
sapphire which has a diameter ofd'100mm and a length of
800 mm. In case of surface phonon injection and isotropic
ballistic transport of the phonon fluxF(t), the detected sig-
nal R2(t) is given by

R2~ t !}E E E E E F~ t2urW2rW8u/v t!
urW2rW8u2

dx dy dz dx8 dy8.

~2!

Here, the triple integral is evaluated over the volume of the
excited cylinder, and the double integral over the area of the
phonon source on the detector surface~x50!. From numeri-
cal inspection of Eq.~2!, it is seen that the major part of the
phonon-inducedR2 luminescence signal is produced in the
part of the excited cylinder betweenx50 andx'd/2. Our
time resolution is therefore limited todt;d/2v t;10 ns,
wherev t56400 m/s is the sound velocity of TA phonons in
Al2O3.

E. Apparatus

In Secs. III and IV we use a synchronously pumped,
mode-locked Rhodamine 560 dye laser, equipped with a cav-
ity dumper. We adjusted the wavelength of the laser light to
match the4T2 absorption band in Al2O3:Cr

31, l5567 nm.
The penetration deptha into thea-Si:H then is 330 nm, as
checked by optical transmission experiments. The repetition
rate of the cavity dumper was set to 4 MHz. The duration of
the laser pulses was;25 ps, as determined by an autocorr-
elator.

In addition we used in Sec. IV a cavity-dumped, mode-
locked Ar1 laser, which produced light of a shorter wave-
length~l5514 nm!, and smaller penetration depth~143 nm!
in a-Si:H. The pulse length was 500 ps, short enough for our
purposes.

The luminescence photons are collected from the sub-
strate, imaged on the entrance slit of a double spectrometer
~spectral slit width 5 cm21!, and converted to electrical
pulses by means of a fast Peltier-cooled photomultiplier. By

FIG. 1. Principle of the detection of 29 cm21 phonons in ruby.
The graph shows an example of a time-resolvedR2 luminescence
measurement.
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means of two constant-fraction discriminators, a time-to-
amplitude converter, and a pulse-height-analyzer, photons
were counted with a time resolution better than 1 ns.

III. ELASTIC SCATTERING OF 29 cm 21 PHONONS
IN COLD a-Si:H

A. Results

We will present the experimental results below. We in-
clude~i! experiments where phonon generation occurs in the
a-Si:H film itself, and~ii ! experiments where the gold film
evaporated onto thea-Si:H acts as a phonon source.

~i! Experiments with phonon excitation in a-Si:H. Two
experimental configurations are compared, schematically de-
picted in Fig. 2. In the first, labeled ‘‘1,’’ phonon excitation
takes place from the liquid-helium side of the sample, and
the detector is excited by what is left of the laser light after
transmission through thea-Si:H layer. In the second, labeled
‘‘2,’’ the light penetrates from the sapphire side of the
a-Si:H film. In both experiments, we use sample no. 1. The
average distance that a phonon has to travel is 465 nm for
configuration 1, and 235 nm for configuration 2, a difference
of a factor of 2. The result of the experiment is shown in Fig.
3. Here, theR2 luminescence intensity, divided by the corre-
spondingR1 luminescence intensity, is shown vs time for

configuration 1~dotted lines! and 2 ~dashed lines! for an
excitation intensity of 0.5 and 3.5 MW/m2 for Figs. 3~a! and
3~b!, respectively. In both cases, we observe that the signal,
according to Eq.~1! the phonon occupation number in the
sapphire substrate, is virtually not affected when the phonons
have to traverse a longer path through thea-Si:H before
entering the detector. An identical result was obtained for
other excitation intensities between 0.5 and 3.5 MW/m2.

We note that the fast peaks aroundt50 are nonresonant,
not related to our detector, and probably point to surface
contamination of the samples.19 They, however, fixt50 and
yield the experimental time resolution of the photon counting
system. For the rest, they are irrelevant to our experiments
and further ignored.

~ii ! Experiments with gold-film heater.Here, phonons are
excited by illuminating the gold film on top of thea-Si:H
film. Again, we compare two experimental configurations,
schematically drawn in Fig. 4. In the first, the phonons are
generated in the gold film, travel through ana-Si:H layer of
thicknessL, and enter the sapphire substrate. In the second,
phonons are directly injected from the gold film into the
sapphire crystal. In these experiments we have used the three
10 at. %a-Si:H films. The excitation density is 2.0 MW/m2

for all curves shown.
We present the results in two different ways. First, the

raw data are shown ofR2(t) signals, divided by the corre-
spondingR1 intensities~see Fig. 5!. For all films, the inten-
sity of the phonon signal in the first configuration~solid
lines! is approximately two times smaller than the signals in
the second configuration~dashed curves!. Apparently,
phonons suffer losses ina-Si:H that areindependentof the
film thickness, a precursor of the phenomenon that we will
discuss in Sec. IV.

Second, we normalize the curves to a common maximum
intensity of 1, and examine the time dependence of the
curves in more detail~see Fig. 6!. It appears that the maxi-
mum of the curves is shifted a few nanoseconds when an
a-Si:H film is present between the gold film and the sub-
strate. This shift is most pronounced for the thickest film but
hardly discernible for the 100-nm film. In sample no. 1, con-
taining more hydrogen~19 at. %! the same results were ob-
tained~Fig. 7!.

B. Discussion

Elastic diffusion of 29 cm21 phonons in cold a-Si:H. In
the experiments~i!, we compared two configurations with an
average phonon-travel distance from generator to detector of
465 and 235 nm, respectively. In the first configuration, the

FIG. 2. Schematic picture of the experimental configurations.

FIG. 3. Phonon signals as a function of time for two excitation
densities 0.5 and 3.5 MW/m2, for ~a! and~b! respectively. The solid
lines are measured in configuration 2, the dashed lines in configu-
ration 1 ~see Fig. 2!.

FIG. 4. Schematic picture of the experimental configurations.
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phonons thus have to traverse a longer path through cold
a-Si:H, i.e., the part that is negligibly excited by the laser.
Quite surprisingly, we can detect no loss of the phonon sig-
nal, for all excitation densities used. This directly shows that
the mean free path against inelastic scattering in cold unex-
citeda-Si:H is much larger than;200 nm. In Sec. IV, how-
ever, we will show that inelastic processes are induced by
strong optical excitation ofa-Si:H. Thus our claim of the
predominance of elastic scattering ina-Si:H only holds for
cold a-Si:H in the dark, i.e., in the absence of significant
optical excitation.

In the experiments~ii ! the phonons are created in a thin
gold film, injected in thea-Si:H, and travel througha-Si:H
layers of thicknesses 100, 250, and 700 nm, respectively,
before entering the detector. For the 100-nm film in Fig. 4~a!
we observe that the phonon signal~dotted curve! has
dropped by a factor of;2 with respect to the reference
curve, taken with the gold film only~dashed curve!, indica-
tive for inelastic-scattering processes in optically excited
a-Si:H ~see Sec. IV!. For film thicknesses greater than the
penetration depth@see Figs. 5~b! and 5~c!#, the phonon sig-
nals ~dotted curves! remain constant, again with respect to
the reference curves~dashed lines!, confirming that inelastic
scattering is negligible in colda-Si:H in the dark.

Our conclusion that the scattering of 29 cm21 phonons in
a-Si:H is predominantly elastic is at variance with Ref. 9.
Based on tunnel-junction phonon transport measurements,
the authors claim to have foundinelastic phonon scattering
in a-Si:H, in a temperature and frequency range comparable
to our measurement, and attribute this to atomically bonded
hydrogen. They estimated theinelastic mean free path for
[H]510% a-Si:H to be 90–120 nm, remarkably close to
what we find for theelasticmean free path, as we will show

below. This discrepancy can be removed considering their
scheme of detection around 0.875 THz, which is based on a
phonon absorption resonance of interstitial oxygen in crys-
talline silicon. This absorption namely must depend on pho-
non polarization. The mean free path should then be identi-
fied with elastic TA-LA scattering, and brought into
accordance with our measurements. In order to check the
above suggestions, it would be interesting if the authors of
Ref. 9 would repeat their measurements ona-Si:H films that
are much thicker than the mean free path that they found.
Finally, we note that inelastic scattering in 1-mm a-Si films
was also observed in Ref. 8, but for phonons with higher
frequencies~.0.9 THz! than in our experiments.

Diffusion coefficient.Below we treat the transport through
thin colda-Si:H samples aselastic diffusion. In the curves of
Fig. 6, a nanosecond delay is observed as soon as the

FIG. 6. The same measurements as in Fig. 5. The curves have
now been normalized in order to single out the different time de-
pendences for the two configurations of Fig. 4. Solid lines are fits,
based on a simple elastic diffusion model, discussed in the text.

FIG. 7. Time-resolved phonon signals for sample no. 1, for an
excitation density of 2.0 MW/m2. Again, the dotted line corre-
sponds to configuration 1, and the dashed line to configuration 2
~see Fig. 4!. Solid lines are fits, discussed in the text.

FIG. 5. Results of the experiments with a gold-film heater. Dot-
ted curves are the time-resolved phonon signals in configuration 1,
dashed curves correspond to configuration 2~see Fig. 4!.
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phonons have to traverse ana-Si:H layer between the gen-
erator gold film and the ruby detector. The magnitude of this
shift amounts toDt;5 ns forL5700 nm and corresponds in
the case of diffusive transport to a diffusion constant of the
order ofL2/Dt51 cm2/s.

At this point we will present a more detailed analysis
describing the shape of the measured curves, in order to ex-
tract a more precise value for the diffusion coefficient. We
will neglect inelastic collisions, treat the interface with the
helium as being totally reflective, and consider the sapphire
substrate to be a perfect heat sink. The time resolution of the
ruby detector is computed using Eq.~2!. Finally, we consider
transversely polarized phonons only, in both thea-Si:H and
the sapphire.

The phonon injection by the gold film is approximated by
an instantaneous rise followed by a simple exponential de-
cay. To justify this, we present a numerical fit to the ‘‘refer-
ence data’’ with a gold film only, substituting the exponen-
tial decay in Eq.~2! ~solid curves in Fig. 5!. This calculation
yields adjusted values of 25, 18, and 20 ns for the injection
decay time for theL5100, 250, and 700 nm experiments,
respectively, and a diameter of the phonon source ofd575
mm, a quite reasonable value.

Next we solve the diffusion equation forn(x,t), the den-
sity of phonons in thea-Si:H that are resonant with the ruby
detector,

]n~x,t !

]t
5D

]2n~x,t !

]x2
~3!

under the condition thatn(x,0)5n0d(x), wheren0 is the
number of resonant phonons per unit area in they-z plane,
andd(x) is the Dirac delta function, symmetric aroundx50,
consistent with total reflection of the helium interface. The
solution of Eq.~3! reads

n~x,t !5
n0

A4pDt
expS 2

x2

4Dt D , ~4!

corresponding to a phonon fluxf(x,t), equal to

f~x,t !52D
dn~x,t !

dx
5

2pDn0x

~4pDt !3/2
expS 2

x2

4Dt D . ~5!

Using the method of images, we further construct the bound-
ary conditions such that the sapphire substrate acts as an
ideal heat sink and let the concentrationn(L,t) vanish at all
times. This is achieved by positioning anegativeconcentra-
tion of phonons atx52L, or n(2L,0)52n0d(x). To pre-
serve symmetry aroundx50, another negative phonon dis-
tribution has to be introduced atx522L, namely
n(22L,0)52n0d(x). But by doing this we of course spoil
the condition thatn(L,t)50 at all times. As a remedy, yet
another phonon distribution is put atx54L, namely
n(4L,0)5n0d(x), and successively carrying through this
procedure leads to an infinite number of image phonon dis-
tributions. This procedure yields at thea-Si:H-sapphire in-
terface a resulting fluxF(t), given by the following series:

F~ t !5(
i50

`

~21! i
4pDn0~2i11!L

~4pDt !3/2
expH 2

@~2i11!L#2

4Dt J ,
~6!

that nicely converges at any timet. We evaluate Eq.~6!
numerically to a precision better than 1%. Subsequently, the
calculated curves are convoluted with the exponentially de-
caying phonon injection, and plugged into Eq.~2! to com-
puteR2(t).

In the fitting procedure, the cooling time of the gold film
and the diffusion coefficientD are adjustable parameters.
The best fits in Fig. 7 are all encountered when usingD51.2
cm2/s. This value ofD corresponds to a mean free path of
3D/v t570 nm, making the calculation quite meaningless for
the 100-nm film. The fitted decay times were 25, 38, and 45
ns for L5100, 250, and 700 nm, respectively. The decay
time is slightly longer than found above for a gold film only,
and increases for thickera-Si:H layers, probably because the
cooling of the gold film is further impeded by the amorphous
layer beneath it.

The same analysis was also performed for the measure-
ment on the film containing 19-at. % hydrogen, and yielded a
value ofD51.2 cm2/s and cooling times of 50 ns and 20 ns
for the curves taken with and without the amorphous film,
respectively.

Thus we conclude that the diffusion coefficient for
29 cm21 phonons is 1.2 cm2/s, which corresponds to a mean
free path of 70 nm and an elastic-scattering time of
tel53D/v t

2515 ps. Since values here have an estimated er-
ror of 50%, differences could unfortunately not be detected
between various samples. From the average time spent in the
thickesta-Si:H layer, a lower limit is found for the inelastic-
scattering time,tinel*L2/2D52 ns.

C. Elastic-scattering mechanisms

We now review possible candidates that cause elastic
scattering ina-Si:H: ~i! soft potentials,20 arising from, e.g.,
Si-H bonds,~ii ! microvoids, abundantly present ina-Si:H,21

and~iii ! intrinsic disorder of the amorphous silicon network:
~i!Soft potentials.The soft-potential model, an extension

of the well-known two-level system model, is capable of
explaining the thermal properties of amorphous solids up to
100 K.22 It postulates the existence of ‘‘soft potentials,’’
which are local defects with small harmonic constants. In
case the lowest energy levels have a separation smaller than
a characteristic energyW, they reduce to two-level systems.
At energiesE@W one speaks of ‘‘soft oscillators,’’ which
are quasilocal almost-harmonic vibrations. The energyW is
typically 2–6 cm21 ~3–10 K!, so we anticipate resonant scat-
tering of 29 cm21 phonons with soft oscillators.23 This pro-
cess is characterized by an interruption timetel and generally
leads to a diffusion constant,17

D5
vs
2tel

2

3~T11tel!
, ~7!

with T1 the spontaneous emission time of a soft oscillator.
This equation expresses the fact that a resonant scattering
event is not instantaneous, but has a duration that is, in ab-
sence of stimulated emission, equal toT1, which is in our
case related totel by

T15tel
Dso

Dph
. ~8!
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Here,Dso andDph are the densities of states for soft oscilla-
tors and phonons, respectively. Using the estimate
Dso/Dph;2 at\v529 cm21,24 we derive from Eq.~8! thattel
must be;50 ps in order to find the experimental diffusion
coefficient by means of Eq.~7!.

The resonant scattering rate by soft oscillators is23

1

tel
'

pvC

6&
S \v

W D 3, ~9!

whereC is a dimensionless parameter. Identifying the mea-
sured elastic-scattering ratetel550 ps with Eq.~9! yields

C

W3 5531061 J23. ~10!

How realistic is this value forCW23 for a-Si:H? The dimen-
sionless parameterC normally follows from the dependence
of the low-temperature sound velocity on temperature.25

These data are not available fora-Si:H. Therefore, we adopt
C;1024, a value found in nearly all amorphous solids stud-
ied until now.25 Then, we findW'6 cm21, or 9 K, a quite
reasonable value.

It is of interest next to find out if the absence of inelastic
scattering ina-Si:H that we demonstrated above at 2 K is
consistent with the predictions of the soft-potential model
when we identify the scattering by soft oscillators as the
main source of elastic scattering. To address this point we
resort to the treatment by Kozubet al.20 At low tempera-
tures, the relevant inelastic processes are~1! nonresonant ab-
sorption of a phonon with frequencyv by a soft oscillator
with energyE,\v, accompanied by the emission of a pho-
non taking up the difference in energy,~2! resonant absorp-
tion of a phonon by a soft oscillator, followed by the emis-
sion of two phonons of lower energy. The rates of both
processes turn out to be comparable in magnitude. Acting
together, they yield an inelastic-scattering rate at low tem-
peraturesT!W/kB

1

t inel
'
4&

27p S LhL
2

W D 2vAhLCS \v

W D . ~11!

Here,L is the so-called bilinear coupling constant, which is
of the order of the atomic energy,;10 eV. The dimension-
less parameterhL is typically 10

22. From Eqs.~9! and ~11!
the ratio of elastic- and inelastic-scattering times is obtained

tel
t inel

5
48

27
hL
9/2S L

\v D 2. ~12!

Using the experimental lower limit for the inelastic scatter-
ing time, ~;2 ns!, we find a ratio smaller than 0.025. For
hL'1022, we arrive atL&13 eV, quite a reasonable value.
Thus the experimental finding that inelastic scattering is neg-
ligible in cold a-Si:H does not exclude elastic diffusion gov-
erned by resonant scattering by soft oscillators.

~ii ! Voids. Next, we discuss elastic phonon scattering by
microvoids. Evidence for the existence of these microscopic
cavities in a-Si:H is abundant from small-angle x-ray
~SAXS! experiments.21Microvoids typically have a radius of
0.5 nm, about ten times smaller than the wavelength of 29
cm21 phonons ina-Si:H and act as point scatterers. The

cross sectiong for transverse-phonon scattering off a spheri-
cal cavity with radiusr is given by26

g5z~pr 2!~kr !4. ~13!

The numerical factorz depends in a complex manner on the
ratio of transverse and longitudinal sound velocities.26 For
a-Si:H, this ratio is approximately 0.6 which givesz'1. Ne-
glecting mode conversion, the mean free pathl̄ for transverse
phonons may now be calculated according to 1/l̄5nvoidg.

SAXS measurements yield a concentration of the voids
nvoid5531019 cm23, and a typical void radiusr50.43 nm.21

Recalling that x rays scatter from the electrons, and phonons
from the nuclei, we add the atomic radius of silicon~0.12
nm! to this value, and arrive atr50.55 nm. With these val-
ues forr andnvoid , we compute a mean free path of 160 nm
for transversely polarized phonons, which exceeds the ex-
perimental result by only a factor of;2. However, because
of the r 6 dependence of Eq.~13!, taking into account the
~unknown! distributionof void sizes and shapes will enhance
the cross section considerably, since the average^r 6& always
exceeds the average^r &6. This suggests that Rayleigh scat-
tering is an important scattering mechanism in our experi-
ment.

~iii ! Disorder-induced Rayleigh scattering. In any inho-
mogeneous material, phonons will suffer from Rayleigh scat-
tering if the phonon wavelength is large relative to the size of
the local fluctuations in the composition.27 Rayleigh scatter-
ing by voids, discussed above, is just a special case of
disorder-induced Rayleigh scattering. Nonresonant elastic
scattering by soft potentials is another special case, but may
be ignored for\v@W, being much weaker than the resonant
scattering by these entities.

A contribution that we did not consider yet, operative in
any amorphous solid, even in absence of soft potentials and
voids, is the Rayleigh scattering by the disordered network
itself. This contribution was estimated by Zaitlin and
Anderson28 on the basis of the Rayleigh-Klemens law for
scattering by point imperfections in crystals.29 Their estimate
for the phonon mean free pathl̄ against Rayleigh scattering
in an amorphous material is

l̄'0.2 mK4S kB\v D 4, ~14!

yielding l̄567 nm for 29 cm21 phonons, in close agreement
with our experimental result of 70 nm. This agreement is
perhaps fortuitous, but it forms a basis to conclude that this
type of scattering has at least a significant contribution.

In conclusion, all three scattering mechanisms discussed
above seem to possess cross sections that are of the right
order of magnitude to explain our data. However, it is not
possible to estimate the relative contribution of each, due to
the uncertainty in both the experimental results and the cal-
culations.

IV. INELASTIC SCATTERING OF 29 cm 21 PHONONS
IN OPTICALLY EXCITED a-Si:H

A. Experimental configuration

In this experiment, we investigate the transport of 29
cm21 phonons through a laser-excited region ina-Si:H.
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As illustrated in Fig. 8, we consider a phonon flux passing
through a regionA in a-Si:H, that is pumped by pulsed laser
excitation. The excitation densityEA(x) is defined as the
absorbed pulse energy per unit volume, withx positive to-
wards the helium surface andx50 located at the interface
between thea-Si:H film and the sapphire substrate. Because
EA(x) decays exponentially with respect tox, the excitation
density at this interface, denotedE0A, is equal to the pulse
energy per unit area, divided by the penetration deptha.

The initial phonon flux in the form of a heat pulse is
generated by means of pulsed laser excitation of the gold
film, H. The pulsed phonon injection intensity is kept con-
stant during the experiments. After injection intoa-Si:H, the
heat pulse travels diffusively and traverses the excited region
A, just opposite toH. The heating ofH and the optical
pumping ofA simultaneously occurs using two beams de-
rived from the same laser, that were focused to either side of
the sample to a spot with a diameter of; 100mm. Optimi-
zation of the focus and spatial overlap of the spots were
achieved by means of a 100-mm pinhole, mounted on the
surface of the gold film. The ruby detector is prepared by
both laser beams, and used to detect the 29 cm21 phonons,
arriving from bothH andA.

We also study the emission of 29 cm21 phonons from
region A in a-Si:H. This beam simultaneously creates the
excited regionA and prepares the sapphire phonon detector,
allowing for the time-resolved probing of the emitted
phonons.

B. Results

We now present the phonon absorption experiments. The
gold film H is excited with a constant pulse energy per unit
area of 300 mJ/mm2. EA can be varied both by changing the
power and the penetration depth of the exciting laser light.

In each experiment, we successively measure~i! the heat-
pulse-induced luminescence in absence of excitation ofA,
R2H

0 , andR1H, yielding NH
0 , the corresponding phonon oc-

cupation number in the sapphire crystal;~ii ! the lumines-
cence pulse induced by phonons when excitingA only ~i.e.,
in absence of the heat pulse fromH!, R2A

0 , andR1A, yielding
NA

0, the corresponding phonon occupation number in the
sapphire crystal;~iii ! the luminescence signal when bothA
andH are excited,R2(A1H), andR1(A1H), yielding the sum
of NA andNH ~without superscript ‘‘0’’!, the corresponding
phonon occupation numbers in the sapphire crystal, effected
by A andH, respectively. We note thatR1H!R1A, due to the

strong absorption of the laser light in the gold film and the
a-Si:H film, and, of courseR1(A1H)5R1A1R1H, as checked
experimentally.

Figure 9 shows an example of a time-resolved measure-
ment of theR2H

0 , R2A
0 , andR2(A1H) luminescence signals.

Such sets of curves were measured for a range of excitation
densitiesE0A. In Fig. 10 we plotDR2, defined as

DR2[R2~A1H !2R2H
0 2R2A

0 S 11
R1H

R1A
D , ~15!

at two rather arbitrary instants of time,t515 ns andt5100
ns, and for two laser wavelengthsl5567 nm andl5514
nm. For t5100 ns a linear dependence onE0A is found,
while at t515 ns the dependences strongly deviate from be-

FIG. 8. Scheme of the phonon absorption experiment.

FIG. 9. Example of a set of time-resolvedR2 luminescence mea-
surements.R2H

0 is measured in the absence ofA, R2A
0 in the ab-

sence ofH, andR2(A1H) in the presence of bothA andH.

FIG. 10.DR2 vsE0A, measured att515 ns~a! and att5100 ns
~b!, with l5567 nm ~d! and l5514 nm, ~s!, corresponding to
penetration depths of 330 and 143 nm, respectively. Straight lines
show the correspondingDR2, expected in the absence of phonon
absorption. Deviation from the straight lines in~a! signifies phonon
absorption.
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ing linear for both excitation wavelengths. The linear depen-
dence directly shows that no phonon absorption takes place
in regionA, because in that case it can be derived from Eq.
~1!, thatDR2}R1A}E0A. The sublinear dependence att515
ns, however, tells us that 29 cm21 phonons are significantly
absorbedat t515 ns in regionA.

The straight lines in the upper panel of Fig. 10 are the
extrapolated values ofDR2 in absence of absorption,
DR2

no abs, as computed by multiplying the slope of the
t5100-ns straight line by the factorR2H

0 ~15 ns!/R2H
0 ~100

ns!. For the case ofl5514 nm ~open circles!, the straight
line tracks the data points at lowE0A, corresponding to the
absence of phonon absorption. Forl5567 nm, however, no
data point touches the expected line. This implies that, al-
ready at the lowest power, absorption is present for this
wavelength.

We can now straightforwardly compute the transmission
coefficientT[NH/NH

0

T'
DR2 /DR2

no abs1R1H /R1A

11R1H /R1A
. ~16!

The phonon transmission coefficient is presented in Fig. 11,
where the open and solid circles refer to the penetration
depthsa5143 and 330 nm, respectively. The solid lines are
fits that will be discussed in the analysis of Sec. IV C.

Finally we examine 29 cm21 phonon emission from re-
gion A in a-Si:H. Figure 12 shows theR2A(t) luminescence
signals measured for different excitation densities
~E0A50.5–8.4 MJ/m3! and for the two laser wavelengths.
TheR2A(t) signals exhibit two important features. First, the
total duration of theR2 pulses increases withE0A and a,
mainly in the form of a flattening of the top of theR2A

0 pulse
aroundt'15 ns. Second, att.30 ns all theR2A(t) curves
display an identical decay of;45 ns, i.e., independent of
bothE0A anda.

In Fig. 13~a! we present the dependences of the phonon
signalNA5R2A/R1A as they were measured att515 ns vs
the excitation densityE0A. In Fig. 13~b!, the data fort565 ns
are shown. The solid drawn curves in Fig. 13 correspond to
a 29 cm21 phonon generation that is linear inE0A, as will be
discussed in Sec. IV C.

C. Analysis

From the data presented above, we wish to extract the
empirical relations that catch the dependence of the absorp-
tion and generation rates of 29 cm21 phonons onE0A. There-
fore, we consider in a phenomenological way the diffusion
of 29 cm21 phonons in an absorbing regionA, where, addi-
tionally, 29 cm21 phonons are generated according to a time-
and space-dependent generation rateG(x,t), that further de-
pends onE0A. The incoming phonon fluxfin from the heater
H traverses regionA and can be absorbed. The outcoming
flux at the a-Si:H-sapphire boundary~fout!, in turn flows
ballistically into the sapphire and is finally measured.

FIG. 11. Phonon transmissionT vsE0A, at t515 ns, forl5567
nm ~d! and for l5514 nm ~s!, corresponding to penetration
depths of 330 and 143 nm, respectively. Solid lines are fits to the
data, as explained in text.

FIG. 12. Time traces of theR2 luminescence for different exci-
tation densitiesPA and penetration depthsa. The dashed curves 1,
3, and 5 are measured forl5514 nm, with excitation intensitiesPA

of 0.24, 0.72, and 1.2 J/m2, respectively. The solid curves 2, 4, and
6 are taken forl5567 nm, withPA50.18, 0.46, and 0.62 J/m2,
respectively.

FIG. 13. The dependence of the ratioR2A/R1A on E0A, mea-
sured att515 ns~a! and 65 ns~b! for penetration depthsa5140 nm
~s! anda5250 nm~d!. The solid lines are based on the assump-
tion of linear phonon generation, as explained in the text. Devia-
tions from these curves imply nonlinear phonon generation.
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The diffusion equation reads

D
]2n~x,t !

]x2
2w~x,t !n~x,t !1G~x,t !2

]n~x,t !

]t
50,

~17!

wherew(x,t)n(x,t) is the balance between absorption and
stimulated emission of 29 cm21 phonons inA. Assuming
that the absorption ratew(x,t)n(x,t) in Eq. ~17! greatly ex-
ceeds the term]n(x,t)/]t, we are left with the quasistation-
ary case

D
d2n~x!

dx2
2w~x!n~x!1G~x!50. ~18!

For reasons of tractability, we further approximate the
exponentially decaying excitation density in space in the
a-Si:H layer as being a constantE0A for x,a, and zero for
x.a, and replacew(x) andG(x) by a constantw andG for
x,a, and zero forx.a. Solving Eq. ~18! we arrive at a
density of 29 cm21 phonons

n~x!5
Ga2

Dh2 F11b1expS hx

a D1b2expS 2hx

a D G , ~19!

whereb1 and b2 are constants to be determined from the
boundary conditions, andh is given by

h5aAw

D
. ~20!

The first boundary condition is that the flux
F52D[dn(x)/dx] x5a is equal tofin . The second boundary
condition follows from the consideration that the substrate
acts as a heat sink, and forces a vanishingn(x) at thea-Si:H-
sapphire interface, or [n(x)] x5050. Inserting these bound-
ary conditions we arrive at a formula for the outgoing flux

fout5
Ga

h
tanhh1

f in

coshh
. ~21!

This formula contains an emission term proportional toG
and an absorption term proportional toFin , and serves to
interpret both the absorption and emission experiment.

We first analyze the absorption experiment. In the follow-
ing the emission term is taken to be due only to the optical
excitation ofA and not affected by phonon injection fromH.
In fact, this emission term and other contributions tofin and
fout caused byA, are subtracted in our transmission experi-
ment. What we do measure is the ratioT5fout

H /f in
H , where

f in
H andfout

H denote the contributions tofin andfout caused
by the excitation of regionH. According to Eq.~21!, T
equals

T5
1

coshh
. ~22!

Adopting a power-law dependence of the net absorption rate
w on E0A, w(E0A)5(jE0A)

k, and using Eq.~22!, we adjust
the parametersj andk such, to fit all the experimental results
of Fig. 11 simultaneously usingD51.2 cm2/s from Sec. III.

This yields k51.060.2. For k51, we find j55.53103

m3 J21 s21 ~the solid curves in Fig. 11!. Thus, the empirical
relation that we find reads

w~E0A!5jE0A , ~23!

with j55.53103 J m23 s21. Indeed, the valueE0A5106 J/m3

already leads to an absorption probability ofw;53109 s21,
sufficiently rapid to justify the quasistationary assumption in
deriving Eq.~22!.

~ii ! Emission experiment.Next we analyze the phonon
emission experiments. Here, the fluxfin is negative and
equal to the phonon flux into the helium, and will be ne-
glected. We substitutefin50 into Eq.~21!, and arrive at

R2a
0

R1a
}
G

h
tanhh, ~24!

whereh is connected tow @Eq. ~20!#, which in turn is known
as a function ofE0A, see Eq.~23!. This enables us to single
out the dependence of the generation rateG on E0A.

To born this further out, let us assume for the moment a
linear dependence ofG(E0A) on E0A, and compare Eq.~24!
with the experimental results fort515 ns. Fora5330 nm
~solid circles!, the data are indeed well described by a linear
dependence ofG onE0A up toE0A'1.5 M J/m3. Above this
excitation density, the data significantly drop below the solid
curve, implying a strongly sublinear dependence ofG(E0A)
onE0A in this regime. This effect is less pronounced or pos-
sibly even absent for thea5143-nm data. Only the last two
data points seem to indicate sublinear phonon generation.

At t565 ns, the situation is markedly different. For
a5143 nm~open circles!, a linear dependence of the emitted
signal onE0A is observed. In this case we havew50, and
Eq. ~24! reduces toNA

0}G0 . Thus the linear behavior of the
a5143-nm data not only indicates the absence of phonon
absorption processes at this instant of time but also a phonon
generation term that is linear inE0A. Fora5330 nm, the data
show a linear rise up toE0A'1 M J/m3. For higher excitation
densities a superlinearE0A dependence is observed, suggest-
ing a superlinear dependence ofG onE0A as well. It appears
that the point where the superlinear rise sets in, almost coin-
cides with the onset of the sublinear phonon generation at
t515 ns.

D. Discussion

The experimentally observed absorption of THz phonons
indicates the existence of inelastic phonon scattering in op-
tically exciteda-Si:H. The inelastic scattering of 29 cm21

phonons in a heat-pulse-induced ‘‘hot spot’’ was studied ear-
lier in a crystal.30 In these experiments, the effect of inelastic
scattering was much weaker~5%! and survived much longer
~2 ms! than in oura-Si:H experiments. Thus we seek a scat-
tering mechanism that is typical for amorphous materials.

As a result of this scattering process the THz phonons
should finally be converted to an excitation that may reach
the temperature bath. If the absorbed energy is released in
the form of phonons, we need to look for an anharmonic
process which down-converts THz phonons to low-energy
phonons that escape easily from the hot region by virtue of
their long mean free path. In this connection we note that the
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measured absorption process is characterized by a decay time
of ;50 ns, which is remarkably close to the decay times~up
to 70 ns! of vibrations~150,\v,480 cm21!, found in Ref.
1. This leads us to believe that it is the interaction of THz
phonons with these long-lived high-frequency phonons that
causes the experimentally observed absorption. In Ref. 1, the
population of these high-frequency phonons was shown to
depend linearly on excitation density, as does the absorption
effect in the present experiments.

As a mechanism for the down conversion of THz phonons
in a-Si:H at cryogenic temperatures, we suggest phonon-
assisted hopping between localized high-frequency vibra-
tions. At first sight, the large value of the inelastic-scattering
rate ~w;53109 s21! already at low optical pumping, seems
incompatible with the slow anharmonic relaxation rate~;107

s21! of the high-energy vibrations observed in the experi-
ments of Ref. 1. In an amorphous solid, this discrepancy can
be remedied in a natural way by assuming a broad distribu-
tion of relaxation times, ranging from 10213 up to 1027 s.31

The fast three-phonon processes, then, connect the localized
vibrations nearby, cause the THz phonon absorption fol-
lowed by down conversion and spatial escape of the end
products, and lead to a local quasiequilibrium. The slow pro-
cesses, in turn, connect the regions of quasiequilibrium, pre-
sumably located around a local minimum in vibrational fre-
quency. These are more distant from each other and give rise
to spatial transport and the slow decay of vibrational energy
observed in Ref. 1. Only after the long-lived vibrations have
been broken up, say after tens of nanoseconds, the THz pho-
non absorption disappears.

The model also explains the results of the emission ex-
periments in terms of the decay of the high-frequency vibra-
tions. Obviously, the generation rate of THz phonons is in
this case proportional to the number of excited long-lived
vibrations, and tracks the slow decay. Nonlinear effects in
the phonon generation are expected when the occupation
numbers of these long-lived vibrations become of the order
of 1. This situation may be easily reached for moderate ex-
citation density due to the small density of states of the long-
lived vibrations and their long lifetime.

Alternatively, the THz phonons may scatter from charge
carriers. It is known, however, that hot charge carriers in
a-Si:H decay very rapidly, i.e., faster than 1 ps, to the band
tail states,11 where they are trapped for times that range from
microseconds up to milliseconds.32 Thus the relevant time
scale of the dynamics of charge carriers seems incompatible
with the experimental observation of an inelastic-scattering
process that vanishes on a 10-ns time scale.

V. SUMMARY AND CONCLUSION

Let us summarize the main results of our experiments on
29 cm21 phonons ina-Si:H. In Sec. III, we have demon-
strated that 29 cm21 phonons propagate througha-Si:H at 2
K by means of elastic diffusion, and extracted a diffusion
coefficient ofD51.2 cm2/s. It was found that resonant scat-
tering by soft oscillators, as well as Rayleigh scattering by
microvoids or by the disordered network itself are of the
right order of magnitude to contribute to the measured scat-
tering rate.

In Sec. IV, significant absorption of 29 cm21 phonons was
observed as soon as we optically excitea-Si:H. The absorp-
tion appears to depend linearly on the intensity of illumina-
tion E0A. This inelastic scattering, however, is absent for
longer times after firing the exciting laser pulse, say after 100
ns. In addition to this linear absorption, nonlinear effects
were observed in the dependence of the phonon feeding rate
onE0A, becoming prominent above an energy density of;1
M J/m3 for a penetration depth of 330 nm. In case of a pen-
etration depth of 143 nm, this nonlinearity was absent to at
leastE0A*7M J/m3. Quite strikingly, a long time constant of
the order of 45 ns was found in all the 29 cm21 phonon
emission curves, measured for different laser powers and
penetration depths.

We proposed anharmonic interaction of 29 cm21 phonons
with localized high-frequency phonons to be responsible for
the experimentally found absorption. This relates the decay
times of high-frequency vibrations, measured in Ref. 1, natu-
rally to the time scale of the disappearance of the absorption
effect. Moreover, the 45-ns tail in the emission curves is
explained by the assumption that the high-frequency phonon
decay process is responsible for the generation of 29 cm21

phonons ina-Si:H. The linear dependence of absorption and
emission on excitation density also follows from the model.
Both the experiments and the proposed model show the pro-
found influence of the long-lived high-frequency phonon
populations on the dynamics of THz phonons in optically
exciteda-Si:H.
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