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Phonon generation and decay in hydrogenated amorphous silicon
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We report on investigations of the temporal evolution of nonequilibrium phonon populations in hydroge-
nated amorphous silicon held at 1.8 K. Two types ofa-Si:H were examined, one grown by plasma enhanced
chemical vapor deposition~PE! and one by hot-wire assisted chemical vapor deposition~HW!. Phonons were
created during the relaxation and recombination of optically excited charge carriers, and detected by means of
pulsed anti-Stokes Raman spectroscopy. In the same setup, pulsed luminescence experiments were performed,
under identical experimental conditions. The temporal shape of the Raman signals turned out to be determined
both by the electronic processes responsible for the phonon generation and by the anharmonic decay of the
excited phonon population itself. In the PE films we observed a slowly decaying (@100 ns! contribution to the
Raman signal, which was not present in the HW layers. We propose a model to explain this slow background
as resulting from laser-induced fast nonradiative recombination of mobile with localized charge carriers. The
results of the pulsed luminescence experiments support our model. In addition, phonon decay times were
observed to be the same in all samples: decay times of;70 ns were obtained for LA- and TO-like vibrations,
whereas TA-like vibrations decayed faster (,10 ns! than could be resolved with the experimental setup. We
propose that the extreme longevity of the LA and TO phonons is related to the microstructure of amorphous
silicon.
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I. INTRODUCTION

An effective method to investigate dynamics of hig
frequency phonons in amorphous semiconductors is
vided by time-resolved Raman spectroscopy. Scholtenet al.1

employed this technique for the first time to examine tra
sient phonon populations in~hydrogenated! amorphous Si
held at 2 K, in a frequency range of 100 to 550 cm21. Es-
pecially interesting about this energy range is that it cor
sponds to the region where the exact nature of the vibratio
excitations ~for convenience called ‘‘phonons’’! in amor-
phous and glassy solids is still unclear. It is this frequen
range, namely, where phonons are scattered to such a d
that the phonon mean free path approaches its wavelen

The results of the early studies by Scholtenet al. are still
rather striking and under debate. First, the order of mag
tude of the population decay times measured for phonon
the highest frequencies appeared to be about four orde
magnitude greater than for phonons of the same energie
crystalline Si~having a lifetime2 of ;10 ps!. Secondly, the
dependence of the lifetime on phonon energy turned ou
be opposite to what one generally observes in crystals:
measured decay times ina-Si increasewith increasing en-
ergy. Identical results were obtained ina-Si anda-Si:H.

To explain these remarkable findings, it was proposed
in a-Si~:H! phonons with an energy higher than a critic
value are strongly localized. It was suggested that a cr
over ~mobility edge! from extended to localized vibration
occurs at a phonon frequency well below the frequenc
addressed in the experiments. In this explanation, the
duced decay rate is due to the fact that the localized exc
tions are decoupled from each other. A quantitative anal
of the data was presented in terms of the fracton mod3

yielding good agreement between the measurements an
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theoretical predictions, with a reasonable value for the anh
monic coupling constant.4

On the other hand, the outcome of computer simulatio
by Fabian and co-workers5 disagrees with the above
mentioned experimental results and is at variance with
idea of localization as presumed in the fracton model. A
harmonic decay rates were calculated for vibrational state
a 216-atom model ofa-Si. For these numerically built mate
rials, it was found that the high-frequency modes decayed
picosecond time scales, and at low temperatures vibratio
lifetimesdecreasedwith increasing frequency, as in crystal
Further, a mobility edge and crossover from extended to
calized modes were detected. However, the crossover
quency was determined to exceed the highest frequen
studied by Scholtenet al. Moreover, even the localized
modes have picosecond lifetimes according to these calc
tions.

One important difference between the calculations and
experiments lies in the influence of the electronic proper
of the amorphous semiconductor on the vibrational dyna
ics. In the experiments, vibrations are generated during
relaxation of optically excited charge carriers. At low tem
peratures, the electronic excitations may persist
milliseconds,6 which complicates the interpretation of th
observed vibrational signals. In the computer models ofa-Si,
electronic processes are not considered at all. Another p
is that, both in the fracton model and in the computer sim
lations, a-Si is assumed to be statistically homogeneo
which, as some authors claim, is not realistic.7 As a conse-
quence, in both approaches the possibility is ignored t
structural inhomogeneities, like voids, affect the vibration
dynamics ina-Si~:H!.

In this paper, we present results of pulsed anti-Stokes
man and luminescence experiments on two types ofa-Si:H.
8072 ©2000 The American Physical Society
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One type of layer was grown by ‘‘conventional’’ plasm
enhanced~PE! chemical vapor deposition, and the second
the relatively new hot-wire~HW! assisted chemical vapo
deposition method. With the latter growing technique, m
stable amorphous structures can be produced.8 In the present
study we were further able to monitor the temporal evolut
of a vibrational population during a much longer period af
its creation and over a larger frequency range than was
sible previously with the setup used by Scholtenet al. This
fact, and the combination of anti-Stokes Raman and lumin
cence experiments performed under the same experim
conditions, allowed us to investigate the influence of el
tronic processes on the vibrational signals. Indeed, the in
play of electronic and vibrational processes ina-Si:H has
received much attention recently,9 because of its suspecte
role in the light-induced degradation of this material, a
known as the Staebler-Wronski effect.10,11 Further, the re-
sults of our experiments confirm the longevity of phonons
a-Si:H reported by Scholtenet al. Finally, we discuss the
possibility that the long lifetimes are related to the micr
structure of the amorphous silicon material.

II. EXPERIMENTAL DETAILS

A. Samples

Device-quality intrinsica-Si:H layers were prepared i
two different ways. The first type of sample~PE! was grown
by means of plasma enhanced chemical vapor deposition
system described by Madanet al.12 One micrometer of
a-Si:H material was deposited on a crystalline silicon wa
held at a temperature of 320 °C. The layers contained ab
11 at. % hydrogen. Other samples~HW! with thicknesses of
1.0 and 1.5mm were prepared by hot-wire assisted chemi
vapor deposition,13 again onc-Si substrates, held at 450 °C
The hydrogen concentration of the HW material amounted
8 at. %. The thickness of thea-Si:H samples was chosen t
be much larger than the penetration depth (;100 nm! of the
green light used in the measurements.

Room-temperature Stokes Raman spectra of the two ty
of a-Si:H layers show that the TO peak centered at 480 cm21

has a slightly narrower width in the case of the HW mate
than for the PE layers~half width at half maximum of 32
60.5 cm21 compared to 3460.5 cm21). These numbers
suggest that the material of the HW samples is slightly l
disordered than that of the PE layers,14 which makes a com-
parison of the observed vibrational dynamics in the t
types ofa-Si:H of particular interest.

Feenstraet al. examined the optoelectronic material pro
erties ofa-Si:H layers deposited on glass substrates, in
same apparatus and under the same deposition conditio
for the samples we used.15 Their investigations indicate tha
the ~Tauc! band gaps of our samples are 1.7 and 1.78 eV
the HW and PE layers, respectively. These numbers wil
used in the quantitative analysis of the experimental resu
For the concentration of defect states, they found densitie
331016 cm23 and 531015 cm23 for as-grown HW and PE
samples, respectively. Under illumination, these numbers
creased to 231017 cm23 in the case of HWa-Si:H and 1
31017 cm23 for the PE film. The concentration of tail state
in both types of material is of the order of 1020 cm23.
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B. Pulsed Raman and luminescence experiments

The samples were immersed in superfluid He (T51.8 K!
to remove the thermal population of vibrations in the ene
range of interest. Then a vibrational population was crea
by means of optical excitation. Absorption of green photo
with an energy (;2.3 eV! larger than the gap results in th
excitation of charge carriers. These hot carriers relax o
picosecond time scale16 to localized states in the band tail
converting their excess energy into phonons. The relaxa
process proceeds via recombination, in which radiative
nonradiative decay channels compete, the latter being an
ditional source of vibrational excitations.

In the experiments described below, phonons were ge
ated by the output of two frequency-doubled,Q-switched
Nd:YAG ~yttrium aluminum garnet! lasers ~2.33-eV pho-
tons, with a penetration depth ina-Si:H of ;100 nm!. Both
lasers produced pulses with a width of;10 ns~full width at
half maximum! at a rate of 30 Hz. The beams were ma
collinear and focused to a;1 mm2 spot on the sample
where the average excitation power per beam typica
amounted to 5 mW. By means of polarization rotators,
specular reflections of both beams from the sample w
minimized, thereby maximizing the amount of light a
sorbed. The resulting absorbed energy density per p
amounted to;1.53103 J/cm3.

Scattered light was collected in a backscattering geom
and projected onto the entrance slit of a triple-grating mo
chromator equipped with a liquid-nitrogen-cooled charg
coupled device~CCD! detector. Anti-Stokes Raman spect
were recorded with a 15-min exposure time of the CCD ca
era. The spectral resolution was;40 cm21.

To investigate the temporal evolution of the phonon pop
lation created, pulses of one of the lasers~‘‘probe’’ ! were
electronically delayed with respect to those of the oth
~‘‘pump’’ !. Then, by measuring anti-Stokes intensities a
function of the delayDt between the pump and probe pulse
the dynamics of nonequilibrium phonons was examined
the range of 10 ns up to 15 ms.

Apart from Raman scattering, luminescence produced
the radiative recombination of excited carriers could also
detected. Because radiative and nonradiative recombina
processes are competing in the relaxation path descr
above, luminescence experiments also provide useful in
mation about nonradiative recombination and phonon g
eration, as we will show.

Pulsed luminescence measurements were performed
the same pump-probe configuration as used for the pu
Raman experiments, under identical experimental conditio
Only the spectral window selected by the triple-grati
monochromator was shifted. Limited by the range of t
gratings, a window of 1.53–1.45 eV was chosen. Ina-Si:H,
luminescence at these energies is caused by radiative re
bination of electrons and holes trapped in the tail states
the case of the luminescence measurements, spectra
recorded with a 2.5-min exposure time of the detector.

III. RESULTS

A. Pump-probe anti-Stokes Raman spectroscopy

In Fig. 1 time-integrated anti-Stokes Raman spectra
both the PE and HW samples are presented, in each cas
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8074 PRB 62van der VOORT, AKIMOV, AND DIJKHUIS
delaysDt of 100 ns and 15 ms. All spectra exhibit the cha
acteristic bands centered at 150, 300, and 480 cm21, corre-
sponding to TA-, LA-, and TO-like vibrations ina-Si~:H!.17

Since the spectrometer settings were not identical in
experiments on the two samples, the relative intensities
different peaks in the upper and lower two curves of Fig
cannot be directly compared. The suppression of elastic
scattered light was lower in the case of the measurement
the HW layer, resulting in the relatively high intensity in th
spectral region of the TA phonons. However, the differen
in the overall intensities of the signals of the two types
a-Si:H is real. Accurate measurements of the anti-Sto
spectra of the two layers, under exactly the same experim
tal conditions, namely, confirmed that the signal intensit
in the HW sample are higher. In the case of excitation w
one laser beam~power ;3 mW!, the height of the anti-
Stokes spectrum of this sample at all frequencies exce
that of the PE layer by a factor of;1.4, even though the
absorbed energy density in the two types ofa-Si:H is virtu-
ally the same.

For both samples, the dependence of the Raman inten
on excitation power was studied in the case of excitat
with one laser beam. The Stokes signalsI v

S are observed to
increase linearly withP, whereas the anti-Stokes signalsI v

AS

exhibit for all frequencies an almost quadratic depende
on P. The inset of Fig. 1 illustrates theP2 dependence of the
anti-Stokes intensity measured for HWa-Si:H. These results
are consistent with the results reported earlier by Scho
et al. for PE-growna-Si:H anda-Si.1 From the ratio between
I v

S andI v
AS, the phonon occupation numbersnv can be com-

puted, with the help of the relationnv5I v
AS/(I v

S2I v
AS). For

the range of frequencies and powers addressed in the ex
ments, nv ranged between;0.03 and 0.3, so thatnv

'I v
AS/I v

S . Then, the observations thatI v
S}P and I v

AS}P2 in-
dicate thatnv increases linearly withP, independent ofv.
The conclusion that the shape of the phonon spectrum
cited does not change withP demonstrates that the phono
distribution studied is not thermalized but has a nonequi
rium character.1

FIG. 1. Anti-Stokes Raman spectra of the HW and PE sam
~upper two curves and lower two curves, respectively!, measured at
1.8 K, for Dt5100 ns~solid lines! andDt515 ms~dashed lines!.
The inset shows the dependence of the~normalized! anti-Stokes
Raman intensityI AS on excitation power, measured in HW-grow
a-Si:H, for excitation with one laser beam (j5TO, m5LA, and
s5TA). The dotted and dashed lines indicate linear and quadr
dependences, respectively.
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A remarkable feature of Fig. 1 is that, in the PE samp
the anti-Stokes intensityI v

AS(Dt) significantly drops on going
from Dt5100 ns to 15 ms, whereasI v

AS(Dt) remains con-
stant in the HW layer. To examine this point in more deta
a series of anti-Stokes spectra was recorded as a functio
Dt. The time-dependent contributions to the signals w
obtained by subtracting a background spectrum taken w
Dt515 ms from each measurement.I v

AS(Dt) measured for
Dt515 ms, namely, was equal to the sum of the sepa
contributions of the two lasers. In Fig. 2~a!, the normalized
time-dependent anti-Stokes intensityh(Dt)5@ I v

AS(Dt)
2I v

AS(15 ms)#/I v
AS(15 ms) of both types ofa-Si:H is plotted

vs the delayDt, for the TO part of the spectrum. Figure 2~b!
shows the contributions from different parts of the phon
spectrum of the PE sample only. To improve signal-to-no
ratios, all intensities were integrated over a range of frequ
cies: 140–220 cm21, 240–380 cm21, and 420–550 cm21

for the TA, LA, and TO modes, respectively. Within th
selected spectral regions, no dependence of the decay ra
frequency could be observed. In both types of film, a re
tively fast decay timet;70 ns is measured for the TO spe
tral region. However, in the PE sample,I v

AS(Dt) does not
decay to zero, but instead to a slowly (@100 ns! decaying
background. The level of this background depends on e
tation power. For excitation with half of the power of bo
laser beams, the absolute value of the backgroundI v

AS(Dt
;200 ns)2I v

AS(15 ms) is about half of the value observe
with full power ~5 mW!. In the frequency region of the TO
phonons, this corresponds to anh(Dt;200 ns) of;30%, in
the case of excitation with full power. The slow contributio
is observed in the PE sample for the TO as well as the
and TA modes, but seems absent in the HW sample. Ye
measurements of the transient anti-Stokes spectra of
a-Si:H grown in a different laboratory,18 it showed up again,
suggesting that it is characteristic for PE-growna-Si:H.

Next, the time-dependent part of the signals will be co
sidered. According to Fig. 2~b!, in the LA region of the spec-
trum the population decays on about the same time scal
the TO part. The decays are nonexponential, and can be c
acterized by a mean decay time^t&, of 70610 ns. Here, we
used the relation̂t&5* tI v

AS(t)dt/* I v
AS(t)dt, with I v

AS cor-

s

ic

FIG. 2. ~a! Normalized time-dependent anti-Stokes sign
h(Dt) of the TO phonons as a function ofDt in the HW (L) and
PE (j) samples.~b! h(Dt) vs Dt measured in PEa-Si:H (j
5TO, m5LA and d5TA).
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rected for the background. Decay times of the TA part of
spectrum are too short to determine with the experime
setup. With the exception of the slow background, the sp
tra of the HW sample exhibit the same behavior~not shown!.
In both samples, the value of the decay times obtained
peared not to depend on excitation power.

Similar experiments on a barec-Si substrate did not show
any transient anti-Stokes contributions, confirming that
results presented above reflect the generation and deca
phonons in thea-Si:H layers.

B. Pump-probe luminescence measurements

Luminescence experiments were performed under
same experimental conditions as the Raman measurem
The inset of Fig. 3 shows how the intensity of the tail sta
luminescence of the two types ofa-Si:H layer depends on
excitation power, in the case of excitation with one las
beam. Obviously, the luminescence is saturated for the t
cal excitation powers~5 mW! used in the time-resolved Ra
man experiments. For these large absorbed energy dens
nonradiative~so called ‘‘bimolecular’’! recombination domi-
nates the final recombination step in the relaxation of
excited charge carriers.19 We note that the saturation leve
reached for the PE sample is two times higher than the m
mum luminescence intensity produced by the HW sam
~note that the anti-Stokes signals were higher in the H
layer!. This suggests a difference in the ratios of radiat
and nonradiative recombination rates in the two types
a-Si:H. Indeed, if nonradiative recombination is slower
PE-grown a-Si:H, both the higher saturation level of the
minescence and the lower anti-Stokes Raman signals in
material can be explained, as will be shown later.

In Fig. 3, results of the pump-probe luminescence m
surements are presented. The luminescence intensities
normalized to the sum of the luminescence intensities
tained with the pump and probe separately. For delays
several milliseconds, the luminescence generated in the

FIG. 3. Luminescence intensity at 840 nm of HW (n) and PE
(d) a-Si:H as a function ofDt, normalized to the sum of the
luminescence intensities obtained with each laser separately~dotted
line!. The measurements were performed under identical exp
mental conditions as the Raman experiments. The inset show
dependence of the luminescence intensities excited with a si
laser beam on excitation power, again for HW (n) and PE (d)
a-Si:H. The arrow indicates the typical power used for the tim
resolved Raman and luminescence experiments.
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layer equals this sum. For the excitation powers~5 mW! that
were used for the Raman measurements, it was not pos
to record spectra forDt ’s between;1 ms and 1 ms, due to
the appearance of a helium bubble caused by the vapo
tion of liquid He at the sample surface. For excitation pow
one order of magnitude lower, the luminescence could
monitored over the full range of delay times. The intens
appeared to increase gradually with the delay, until a ma
mum was reached after;10 ms. The characteristic tim
scale of the luminescence is comparable with the slowly
caying background observed in the Raman signals, wh
suggests that the latter is related to electronic processes

Finally, we note that no fast contributions to the tim
dependent signals are observed.

IV. DISCUSSION

Two contributions to the transient anti-Stokes Raman s
nals were observed~see Fig. 2!: a relatively fast decaying
part, and a slow background. Their main characteristics
summarized in Table I. Obviously, the two components
have quite differently. Both, however, are related to noneq
librium vibrational populations. To demonstrate this, we
sort to the same arguments as presented by Scholtenet al.,
which are based on the observed excitation power dep
dence of the Raman spectra and the frequency dependen
the obtained decay times.1 From the quadratic increase of th
anti-Stokes Raman intensity with excitation power, and
linear dependence of the Stokes intensity onP, one can con-
clude that the shape of the phonon spectrum excited is in
pendent ofP. In contrast, in the case of thermal equilibrium
the phonon occupation would be described by the Bo
Einstein distribution, characterized by an equilibrium te
perature increasing withP. Consequently, the shape of th
spectrum would significantly depend onP, which is not ob-
served. Further, the decay rate of a phonon population ob
ing Bose-Einstein statistics is an increasing function ofv.1

However, both the ‘‘slow’’ and ‘‘fast’’ contributions to the
Raman signals exhibit no indications of an increase of^t&21

with v.
These two arguments lead us to the conclusion that a n

equilibrium phonon distribution was present in our expe
ments, in the PE as well as in the HWa-Si:H layers. Both the
fast and slow components in the signals originate from t
nonequilibrium population.

ri-
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-

TABLE I. Main characteristics of the two contributions to th
anti-Stokes Raman signals. It should be noted that theq,2 power
dependence of the slow component was not investigated in de

Fast Slow
component component

Sample type PE present present
HW present absent

Decay time at TA ,10 ns ;1 ms
LA ;70 ns ;1 ms
TO ;70 ns ;1 ms

Power dependence I AS}Pq q ; 2 q,2
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A. Electronic and vibrational contributions

Now that we know that the phonon population monitor
via the anti-Stokes Raman intensity has a nonequilibri
character, the next question is what causes its decay. S
all decay times obtained are several orders of magnit
longer than the anharmonic decay times of phonons ge
ally observed in crystals, it is difficult to believe that the
times correspond to the bare lifetimes of phonons in am
phous silicon. Actually, it has been suggested that, due
disorder, the effect of anharmonicity ina-Si is even larger
than inc-Si, which would result in an increased anharmon
decay rate ina-Si, instead of a slower decay.5

An explanation one could think of is not that the phono
have long lifetimes, but that the source of electronic exc
tions that generate the phonons is long lived. The vibratio
signals may persist much longer than the phonons exist if
absorbed energy is not transformed instantaneously
phonons, but is accumulated in the electronic system of
amorphous semiconductor. Indeed, carriers that are trap
in the tail states ofa-Si:H are known to have up to millisec
ond lifetimes at low temperatures6 ~see also Fig. 3!. How-
ever, the very occurrence of electronic processes that h
characteristic time scales comparable with the decay time
the Raman signals does not necessarily explain our exp
mental results. Of course, the amount of phonons create
the electronic processes should also agree with the obse
phonon occupation numbers. Some rough estimates
given now to illustrate that only phonon generation and
cay rates in a certain range can account for the meas
occupation numbers.

Occupation numbers and lifetimes: Some estimates

In the exciteda-Si:H volume, roughly 0.7531016 optical
phonon modes are available. We assume for simplicity
all these modes have a frequency that corresponds to the
part of the Raman spectrum. Then, the maximum numbe
quanta that can be created from the;150 mJ energy ab-
sorbed during a pulse is;1.631016. If the phonons in the
excitation volume are generated at a constant rateG during
the laser pulse, and the population decays exponentially
a time constantt, the occupationn of the modes in the ex
cited volume at timet during the pulse can be written a
n(t)'Gt@12exp(2t/t)#/(0.7531016).

In the case that the population decay timet is much
shorter than the duration of the laser pulse and assuming
all electronic energy is converted to phonons during the la
pulse, we arrive forn50.1560.05 at a minimal average
population decay time of 700 ps under the relevant excita
conditions, which is much longer than the crystalline T
lifetime. Even when the majority of the modes has a pic
second population lifetime as expected from compu
simulations5 and consequently does not contribute to t
anti-Stokes Raman signal, the remaining part must reac
correspondingly highern and have a longert in order to
explain the measurements. If we associate the measure
ns time with the phonon population decay, then the aver
population number of the long-lived modes reached dur
the laser pulse isn(5 ns)51.0. Then, 15% of the phono
modes would have a long lifetime and 85% a short lifetim
If we alternatively assign the 70 ns lifetime to decay of t
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phonon source, we are still facing the minimal 700 ps av
age lifetime calculated above. In all cases, the measured
cay of the anti-Stokes Raman signals inevitably leads to
conclusion that at least some of the phonon modes in hy
genated amorphous silicon have a population decay time
exceeds the expected anharmonic TO lifetime by orders
magnitude.

From these considerations it also follows that we can
count for the high phonon occupation numbers obser
only if a large number of phonons is created during a sh
period. A scenario that may satisfy this constraint is that p
of the energy absorbed is stored in the form of long-liv
electronic excitations, for instance, by means of a tail st
population. If this stored energy can be released quickly
renewed optical excitation, relatively high phonon popu
tions could be generated with a second laser pulse.

In that case, the spectral distribution of the ‘‘extra
phonons that are created with the second pulse is not
pected to depend on the delay between the pump and p
pulses, since the energy distribution of the electronic exc
tions remains unaltered in the period between two la
pulses. We note that the shape of the Raman spectra m
sured for long delay times (Dt.100 ns! weakly depends on
Dt, in contrast to the behavior on short time scales. Fo
delay larger than the laser pulse width~10 ns! we completely
lose the TA contribution around 150 cm21 apart from the
slowly decaying background, but at the same time keep
extra LA and TO signals on top of the background, which
incompatible with electronic effects. This suggests that
slow part of the anti-Stokes Raman signals indeed is of e
tronic origin, while the fast part is related to phonon pop
lation decay.

In the next two subsections, both the electronic and vib
tional contributions to the temporal shape of the anti-Sto
Raman signals will be discussed in more detail.

B. Electronic contribution to the vibrational signals

Since the slow (@100 ns! contribution to the anti-Stokes
Raman signals cannot be accounted for by just the longe
of the phonons (t,100 ns!, we reconsider the mechanism
of phonon generation. We take the point of view that part
the phonon generation occurs during the first laser pu
synchronously with the absorption of the green photo
whereas another part is triggered by the absorption of
second laser pulse.

Phonons are produced at various stages in the proce
carrier relaxation that follows the photoexcitation ofa-Si:H.
The first step, thermalization, takes place on a picosec
time scale.16 Hence it is too fast to explain the slow bac
ground. However, the second stage, recombination, may
slow if carriers localized in the tail states are involved. In t
absence of optical pumping, the lifetime of carriers in the t
states is known to be as long as;1 ms,6 i.e., of the right
order to match the slow contribution to the Raman signa
The recombination of electrons and holes that are b
trapped in the tail states is far too slow to account for
measured occupation numbers. But the recombination of
carriers with carriers trapped in the tail states is efficie
enough to play an essential role in the phonon generation
will be demonstrated below.
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The idea is roughly as follows. During the first las
pulse, phonons are created both due to relaxation of car
to the band edges, and due to nonradiative recombination
course, all phonons contribute to the Raman signal. At
same time, tail states are filled with electrons and holes,
energy is stored. Because of the long lifetimes of these sta
trapped carriers survive the period between the first and
ond laser pulses~for delays up to;1 ms!. Consequently, a
the start of the second laser pulse, many tail states are
occupied. The abundantly present free carriers freshly
ated by the probe quite efficiently recombine with t
trapped ones. As a result, the number of nonradiative tra
tions, and hence the phonon generation rate during the
ond laser pulse, is higher than during the first pulse. In ot
words, even if the total phonon population has vanished,
second pulse may induce a more intense anti-Stokes Ra
spectrum than the first.

1. Model: Importance of the relative rates of relaxation
and recombination

To investigate the idea more quantitatively, we resort t
simple rate-equation model that connects the concentrat
of free carriers (Nf), trapped carriers (Nt), and phonons of
frequencyv (Nv). For simplicity, both the thermalization
rate of free carriers,w, and the bimolecular recombinatio
rateC are taken equal for electrons and holes. Further, ra
tive decay is not taken into account, consistent with the f
that nonradiative processes dominate the recombination
the excitation powers used in the experiments. Also, rec
bination of trapped holes with trapped electrons is neglec
because of the intrinsically low rates of such process
Thus, we arrive at the following coupled rate equations
the carrier concentrations:

Ṅf5g~ t !2wNf2CNf~Nf1Nt! and

Ṅt5wNf2CNfNt . ~1!

The termg(t) describes the generation of free carriers
pulsed optical excitation and is determined byP, and is taken
constant during the pulse. The termwNf relates to the trap-
ping of free carriers at the tail states. The phonon genera
rate due to relaxation is proportional to this component. T
contributions involvingC correspond to the nonradiative re
combination of free carriers with free and trapped carrie
where CNf(Nf1Nt) describes the phonon generation ra
caused by recombination, and the rate constants are t
equal. Because relaxation to the band edges is much fa
than the other processes, this term is approximated
CNfNt .

The total phonon generation rateGph(t) is equal to the
sum of the contributions originating from relaxation and
combination. The ratio of the amount of energy released
relaxation to the amount of energy released during recom
nation,b, is determined by the difference in energy betwe
the photons that excite the carriers,EYAG , and the gap,Egap,
of a-Si:H, so thatb5(EYAG2Egap)/Egap. Thus, the genera
tion rate for phonons of frequencyv is described by

Gph~ t !}CNfNt1bwNf . ~2!
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If we assume, for simplicity, that phonons decay monoex
nentially with a decay timetv that depends only on the
phonon frequency, the concentration of phonons of that
quency is given by

dNv~ t !

dt
5Gph~ t !2

Nv~ t !

tv
. ~3!

Then, if the sample is excited with a laser pulse of lengtht1,
starting att50 and causing an average carrier generat
rate g, the anti-Stokes Raman intensity for phonons of f
quency v due to this pulse isI v

AS}g*0
t1Nv(t)dt, where

Nv(t) is obtained from solving Eqs.~1! and ~3!.
Our goal is to investigate if the presence of electro

excitations may increase the height of the anti-Stokes Ra
spectrum detected with a second laser pulse as compar
the spectrum detected with the first pulse only, even in
case that the nonequilibrium phonon population has co
pletely decayed between the pulses. Therefore, the situa
is considered where a second laser pulse, of the same w
and intensity as the first pulse, succeeds the first pulse af
periodDt much longer than the phonon decay timetv . At
the same time,Dt is taken much shorter than the lifetime o
the tail states, so that at the start of the second pulse,Nt has
the same value as at the end of the first. In practice,
would correspond to aDt between 10 ns and 0.1 ms fo
phonons with the shortest lifetimes~TA! and to aDt between
;200 ns and 0.1 ms for the long-lived TO phonons. Fro
the pump-probe luminescence measurements shown in F
we know that indeed, in both samples studied, electro
excitations survive the delays that are relevant for the Ram
experiments.

To simplify the calculations, two extreme cases are d
tinguished. In the first case we consider, the phonon de
time is much shorter than the duration of the laser pu
(tv!t1), as is the case for TA phonons. Then, we may
sume that the population decay is in equilibrium with t
phonon generation, so thatṄv'0 and Nv(t)5Gph(t)tv .
Consequently, the anti-Stokes Raman intensities dete
with the first and second laser pulses,I TA

(1) and I TA
(2) , respec-

tively, are proportional to

I TA
( i ) }gtvE

0

t1
Gph

( i )~ t ! dt, ~4!

with i 51,2. The second situation occurs when the phon
decay time is much longer than the pulse duration (tv@t1),
but still much shorter thanDt. This is the case for TO
phonons. Under these circumstances, the phonon popula
increases as long as phonons are generated, andṄv'Gph

andNv(t)5*0
t Gph(t8)dt8. This leads to anti-Stokes Rama

intensitiesI TO
( i ) described by

I TO
( i ) }gE

0

t1E
0

t

Gph
( i )~ t8! dt8 dt. ~5!

Exact solutions of Eq.~1! can be obtained and used to eval
ate the integrals of Eqs.~4! and ~5!. In this way, the curves
presented below were obtained. Note that the calculated
I TO

(1)1I TO
(2) can be identified with the experimentally obtaine

intensity I TO
AS(Dt) for a Dt between;200 ns and;0.1 ms.
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Correspondingly, we definehcalc5(I TO
(2)2I TO

(1))/2I TO
(1) , analo-

gous to the experimentalh(Dt).

2. Application to the experiment

To apply the model to the experiments, numerical valu
have to be substituted for the parameters. Of these pa
eters,b, C, andw depend on the type of material. As alrea
mentioned, the Tauc gap of thea-Si:H layers used is 1.7 eV
for the HW sample and 1.78 eV for the PE layer, correspo
ing to b50.37 andb50.31, respectively. Values forC and
w are at present not available for exactly these two sam
and are therefore taken from the literature. Values given
C vary between 231029 cm3 s21 and 2.331028

cm3 s21.9,20–22For the thermalization ratew, values between
1013 s21 and 1012 s21 have been found.21 In the calculations,
only the ratio ofC/w enters the equations. From the numbe
given here, we find that the values forC/w range from 2
310222 cm3 to 2.3310220 cm3. Finally, g is estimated from
the pulse energy and pulse width, assuming that all abso
photons produce an excited electron.

Now the contributions of carrier recombination and rela
ation to the TO anti-Stokes Raman intensities can be ca
lated, for different combinations ofC/w andb. Exploratory
calculations were performed for two values ofC/w, 5
310222 cm3 and 5310221 cm3, andb50.31 taken the same
in both cases. From that calculation, we learned that only
the lower of the two values taken forC/w, 5310222 cm3,
the total intensity measured with the second pulse was hig
than that measured with the first pulse. Since that result
closest to the situation we encountered for the PE sam
and the curves for the other value ofC/w appeared to agre
with the experimental results obtained for HWa-Si:H, the
calculation was repeated. During the second evaluation,
Raman intensities were calculated for combinations of
lower C/w with b50.31 corresponding to the PE samp
and the higherC/w with b50.37 of the HW layer. The
results of that calculation are presented in Figs. 4 and 5.
note that differences in the results for the two combinatio
of C/w andb hardly depend onb.

From Fig. 4, it can be seen that it is indeed possible
obtain an ‘‘extra’’ contribution to the anti-Stokes Raman s
nals measured with a second pulse, as compared to th
tensities obtained with a first pulse, even in the case thaall
phonons have decayedduring the delay time between thes
two pulses. The combination of the values for the excitat
power and material parameters determines if this extra c
tribution is present or not. This explains why a ‘‘bac
ground’’ signal was observed in the PE sample, and no
the HW a-Si:H layer. These graphs further show that bo
relaxation and nonradiative recombination contribute sign
cantly to all signals obtained.

In Fig. 5~a! the ratio of the total TO intensity measure
with the first pulse, as predicted for the two combinations
C/w and b, is plotted as a function ofP. According to the
calculation, the total intensity should be between 1.2 and
times higher for the case thatC/w55310221 cm3 and b
50.37~the HW case! than for the other combination~the PE
case!. This is consistent with the result that, for an excitati
power of 3 mW, the anti-Stokes signal obtained in the H
sample was 1.4 times higher than that measured in the
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film. It is important to mention in this context that the di
ference in signal intensities measured in the PE and H
samples is not caused by a difference in absorption.
difference is exclusively due to the different values of t
ratio C/w.

According to the model, the number of phonons produc
during the laser pulses in the PE sample is lower than in
HW layer, which is consistent with the observation that t
luminescence intensity in the PE film exceeds that of the H
sample~see inset of Fig. 3!. If the nonradiative recombina
tion rateC is lower in PEa-Si:H, indeed a higher saturatio
level of the luminescence is expected for the PE sample
in addition,w is of the same order in both materials,C/w is
lower for the PE sample, as is also suggested by the outc
of the above calculations.

To further compare the model with the experiments,
show in Fig. 5~b! the calculatedhcalc as a function of exci-

FIG. 4. Calculated TO anti-Stokes Raman intensities vsP for
C/w55310222 cm3 and b50.31 @~a!, ~b!, and ~c!# and C/w55
310221 cm3 andb50.37 @~d!, ~e!, and~f!#. For both combinations
of C/w and b, the contributions to the signals due to relaxati
~solid lines! and nonradiative recombination~dashed lines! are
given, that are produced by the first laser pulses@~a! and ~d!# and
the second laser pulse@~b! and~e!#. The curves in~c! and~f! display
the total anti-Stokes Raman intensities calculated for the first
second laser pulse (I TO

(1) and I TO
(2) , dotted and dash-dotted lines, re

spectively!.

FIG. 5. ~a! Calculated total intensity measured with the fir
pulse forC/w55310221 cm3 andb50.37 ~HW case!, divided by
the total intensity obtained with the first pulse forC/w55310222

cm3 andb50.31 ~PE case!, as a function ofP. ~b! hcalc vs P, for
the PE and HW case, solid and dashed lines, respectively.
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tation power for both combinations ofC/w and b. For the
typical excitation power used during the Raman measu
ments~5 mW!, hcalc amounts to;13% for the PE case an
;2% for the HW case, in qualitative agreement with t
experimental observations.

We note that the curves presented in Figs. 4 and 5 h
been calculated in the long-phonon-lifetime limit~TO
phonons!, but that results obtained for the TA phonons a
qualitatively the same. In other words, the slow contribut
to the signals behaves similarly for different phonon frequ
cies, as was observed experimentally.

The analysis leading to Eq.~1! allows us to estimate the
densities of free and localized carriers for our experimen
conditions. For the HW sample we arrive at values of
31020 cm23 and 131016 cm23 for the trapped and free
carriers, respectively, and for PE at 231020 cm23 and 1
31016 cm23, respectively, in both cases for the maximu
excitation power used in the experiments. The value for
calized carriers is of the same order of magnitude as or e
slightly higher than the density of the available tail state15

(;1020 cm23). For reasons of tractability, our simplifie
model takes into account only two classes of carriers, lo
ized and free ones. In reality there are also intermediate c
of carriers that undergo down-hopping between tail sta
One may argue that these processes could well occur
nanosecond time scale and thus be responsible for the ex
mentally observed 70 ns decay. This view, however, is
compatible with the much faster decay time observed for
phonons, whereas the slowly decaying background is
tected for all phonon energies~Fig. 2!.

In our analysis, we assume that all absorbed energ
either present in the form of electronic excitations or direc
released by emission of phonons, which may in fact not
the case. Branz, for example, stated that, during the re
ation of photoexcited carriers ina-Si:H, SiH bonds may
break,11 leading to dangling bonds and mobile hydrogen
oms. The mobile H diffuses through the material, and
either retrapped at a dangling bond at another location
forms, together with another excited mobile H atom, a me
stable H2 complex. In both cases, energy is temporar
stored in a ‘‘cloud’’ of mobile H atoms, which prevents th
generation of phonons. This would mean that we overe
mate in the above model both the number of phonons cre
during thermalization and the population formed during
combination of the excited carriers. To explain the ba
ground, however, primarily the ratio of the amounts
phonons produced during the two processes is of importa
If energy is taken up and stored by alternative kinds of
citations, for instance, mobile H atoms, the background m
be accounted for with lower occupation numbers of the e
tronic populations. So the main point we make with t
model is that a significant part of the total energy that
eventually converted into phonons is released only when
sample is excited with a second pulse, as long as that p
appears within the electronic lifetime of the tail states. In t
way, the presented model qualitatively explains why a sl
background contribution to the transient anti-Stokes Ram
signals was observed, without the need to invoke extre
longevity (t@100 ns! of phononlike modes ina-Si:H.
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C. Phonon decay in amorphous silicon

As discussed above, we interpret the fast contribution
the Raman signals as corresponding to the lifetimes
‘‘phonons’’ in a-Si:H. Hence, the results of our experimen
indicate that high-frequency vibrations ina-Si:H can have
lifetimes up to ;70 ns, i.e., several orders of magnitud
longer than in crystals. This observation is in quantitat
agreement with the results of the Raman measurement
ported by Scholtenet al. Also, in different types of experi-
ment, indications for the existence of such long-liv
phonons in amorphous solids have been found.23–25

Theoretical descriptions that are consistent with the
currence of lifetimes of the order of magnitude observed
the experiments are the fracton model3 and the hopping
model by Damkeret al.27 Both models involve the localiza
tion of the major part of the vibrational modes ina-Si and
the assumption that the anharmonic decay of localized
localized vibrations can be neglected. In contrast, numer
simulations based on the diffuson model predict that mos
the vibrational excitations ina-Si are extended.5 According
to these simulations, and to the results of more recent
lecular dynamics calculations,28 vibrations of the frequencies
addressed in our experiments are extended~diffusions! and
have picosecond lifetimes.

A difficulty that arises when comparing the theoretic
descriptions with the experiments is that it is not at all cle
that both apply to the same system. Apart from the abse
of electronic processes in both the theoretical and numer
models, an obvious uncertainty concerns the structure
amorphous Si, which is in all models assumed to be~statis-
tically! homogeneous. However, it is known that a-Si co
tains structural inhomogeneities that lead, for instance, to
lower mass density ofa-Si as compared toc-Si.7 In 1970,
Brodskyet al. already stated that bulka-Si consists of build-
ing blocks with dimensions between 1 and 1.5 nm, and c
tains numerous internal microscopic surfaces.26 More re-
cently, electron microscopy studies have revealed t
amorphous tetrahedral semiconductors likea-Si anda-Ge are
structurally equivalent to a collection of polycrystallin
grains with diameters less than 3 nm.29 This concept is rel-
evant from the point of view of our experiments. The pre
ence of building blocks and microscopic surfaces may re
in phonon confinement effects.

As a crude estimate for the length scalel̃ that may be
relevant for the properties of a certain acoustic mode,
divide the average sound velocity ina-Si (53103 ms21) by
the frequency of that mode. Hence, we find thatl̃*1 nm for
frequencies&170 cm21. Remarkably, we obtained mean d
cay times that were much longer for the modes with frequ
cies*200 cm21 than for the modes with lower frequencie
We speculate that this may be a result of the high-freque
modes being ‘‘trapped’’ insidea-Si building blocks, rather
than being localized in Anderson’s sense. If the blocks
sufficiently decoupled from the surroundings, the anh
monic decay is suppressed when it involves the breakup
an eigenmode of the block into modes that have typi
wavelengths not fitting the block dimensions. Also, the d
cay of modes with lower frequencies may be slower than
homogeneous structures. One form of decoupling one co
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8080 PRB 62van der VOORT, AKIMOV, AND DIJKHUIS
think of is the case that a large acoustic mismatch exist
the boundaries of the blocks, for instance, due to voids.

We emphasize that, in order to explain our results follo
ing this line of reasoning, it is not required thatall building
blocks are decoupled. As the experimental setup used is
sitive only to long-lived phonons, the behavior observed
not necessarily representative for all phonons. In this resp
it is of interest to perform new experiments with a set
sensitive to decay times much shorter than the lifetimes
Scholtenet al. and we obtained. In addition, experimenta30

and theoretical studies on the dynamics of vibrations
mixed amorphous-nanocrystalline materials may provide
ther information on the possible relation between the
served anomalous vibrational properties and the microst
ture of a-Si:H. More generally, detailed knowledge of th
microstructure of amorphous Si may elucidate the rema
able findings.

V. CONCLUSIONS

In summary, we present results of pulsed Raman exp
ments on the population decay of optically excited phon
in hydrogenated Si. In all samples studied, mean decay ti
of ;70 ns were obtained for phonons with frequenc
*200 cm21. The lower-energy modes appeared to have l
times shorter (,10 ns! than could be resolved with the ex
perimental setup. The exact reason for the extremely l
phonon lifetimes is still a matter of debate. It has been s
gested that bulka-Si consists of building blocks with dimen
sions between 1 and 1.5 nm, length scales that are likel
be relevant for the dynamics of vibrations of the frequenc
studied. The idea that a portion of the phonons ina-Si:H
have such long lifetimes because they are confined to
,
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nometer scale regions in the amorphous structure is w
exploring further.

Apart from the relatively fast decays interpreted as ph
non lifetimes, an additional slowly (@100 ns! decaying con-
tribution to the Raman signals was detected ina-Si:H films
prepared by plasma enhanced chemical vapor deposi
This contribution was not observed in layers grown by h
wire assisted chemical vapor deposition. A model is p
sented that qualitatively explains the slow background as
sulting from electronic recombination processes. Furthe
turns out that both relaxation of hot charge carriers and n
radiative recombination of free carriers with carriers loc
ized in the tail states contribute significantly to the Ram
signals. The ratio between the relaxation and recombina
rates is demonstrated to depend on material parameters
the excitation power, and it determines if the slow contrib
tion is observed or not. This proves that the pulsed Ram
technique is sensitive to relative rates of electronic proces
Our results call for direct ultrafast optical measurements
these rates in HW material in order to find new clues
understanding the origin of the better stability of that ma
rial.
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