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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 typesa&8i:H were examined, one grown by plasma enhanced
chemical vapor depositioPE) and one by hot-wire assisted chemical vapor deposititfy). 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 decayA@@ ng 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#ff ns were obtained for LA- and TO-like vibrations,
whereas TA-like vibrations decayed fastet 10 n9 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.

[. INTRODUCTION theoretical predictions, with a reasonable value for the anhar-
monic coupling constarft.

An effective method to investigate dynamics of high- On the other hand, the outcome of computer simulations
frequency phonons in amorphous semiconductors is prasy Fabian and co-worketsdisagrees with the above-
vided by time-resolved Raman spectroscopy. Schataal!  mentioned experimental results and is at variance with the
employed this technique for the first time to examine tran-idea of localization as presumed in the fracton model. An-
sient phonon populations ithydrogenated amorphous Si harmonic decay rates were calculated for vibrational states in
held at 2 K, in a frequency range of 100 to 550 ¢mEs-  a 216-atom model o&-Si. For these numerically built mate-
pecially interesting about this energy range is that it correrials, it was found that the high-frequency modes decayed on
sponds to the region where the exact nature of the vibrationglicosecond time scales, and at low temperatures vibrational
excitations (for convenience called “phonong”in amor-  lifetimesdecreasedvith increasing frequency, as in crystals.
phous and glassy solids is still unclear. It is this frequencyFurther, a mobility edge and crossover from extended to lo-
range, namely, where phonons are scattered to such a degresdized modes were detected. However, the crossover fre-
that the phonon mean free path approaches its wavelengthquency was determined to exceed the highest frequencies

The results of the early studies by Scholtgral. are still  studied by Scholteret al. Moreover, even the localized
rather striking and under debate. First, the order of magnimodes have picosecond lifetimes according to these calcula-
tude of the population decay times measured for phonons dfons.
the highest frequencies appeared to be about four orders of One important difference between the calculations and the
magnitude greater than for phonons of the same energies #xperiments lies in the influence of the electronic properties
crystalline Si(having a lifetimé of ~10 p9. Secondly, the of the amorphous semiconductor on the vibrational dynam-
dependence of the lifetime on phonon energy turned out tics. In the experiments, vibrations are generated during the
be opposite to what one generally observes in crystals: theelaxation of optically excited charge carriers. At low tem-
measured decay times mSi increasewith increasing en- peratures, the electronic excitations may persist for
ergy. ldentical results were obtainedarSi anda-Si:H. milliseconds® which complicates the interpretation of the

To explain these remarkable findings, it was proposed thatbserved vibrational signals. In the computer models-8f,
in a-Si(:H) phonons with an energy higher than a critical electronic processes are not considered at all. Another point
value are strongly localized. It was suggested that a crosss that, both in the fracton model and in the computer simu-
over (mobility edge from extended to localized vibrations lations, a-Si is assumed to be statistically homogeneous,
occurs at a phonon frequency well below the frequenciesvhich, as some authors claim, is not realitiss a conse-
addressed in the experiments. In this explanation, the reguence, in both approaches the possibility is ignored that
duced decay rate is due to the fact that the localized excitastructural inhomogeneities, like voids, affect the vibrational
tions are decoupled from each other. A quantitative analysidynamics ina-Si(:H).
of the data was presented in terms of the fracton mddel, In this paper, we present results of pulsed anti-Stokes Ra-
yielding good agreement between the measurements and thean and luminescence experiments on two typea-8f:H.
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One type of layer was grown by “conventional” plasma B. Pulsed Raman and luminescence experiments
enhancedPE) chemical vapor deposition, and the second by The samples were immersed in superfluid He=(L.8 K)

the relatively new hot-wirgHW) assisted chemical vapor o remove the thermal population of vibrations in the energy
deposition method. With the latter growing technique, morexange of interest. Then a vibrational population was created
stable amorphous structures can be prodidedhe present by means of optical excitation. Absorption of green photons
study we were further able to monitor the temporal evolutionyjth an energy 2.3 e\) larger than the gap results in the
of a vibrational population during a much longer period aftereycitation of charge carriers. These hot carriers relax on a
its creation and over a larger frequency range than was pogsicosecond time scal@to localized states in the band tails,
sible previously with the setup used by Scholeral This  converting their excess energy into phonons. The relaxation
fact, and the combination of anti-Stokes Raman and lumineyrocess proceeds via recombination, in which radiative and
cence experiments performed under the same experimenighnradiative decay channels compete, the latter being an ad-
conditions, allowed us to investigate the influence of elecyjtional source of vibrational excitations.
tronic processes on the vibrational signals. Indeed, the inter- | the experiments described below, phonons were gener-
play of electronic and vibrational processesarbi:H has  teqd by the output of two frequency-double@;switched
received much attention recenﬂy)ecause of its suspected Ng:YAG (yttrium aluminum garnétlasers(2.33-eV pho-
role in the light-induced degradation of this material, aIsotonS' with a penetration depth @Si:H of ~100 nm). Both
known as the Staebler-Wronski effé€t:" Further, the re- |asers produced pulses with a width-6fL0 ns(full width at
sults of our experiments confirm the longevity of phonons inp, 5 maximum at a rate of 30 Hz. The beams were made
a-Si:H reported by Scholteet al. Finally, we discuss the gjiinear and focused to a1 mn? spot on the sample,
possibility that the long Iifetir_nes are related to the micro-\ypere the average excitation power per beam typically
structure of the amorphous silicon material. amounted to 5 mW. By means of polarization rotators, the
specular reflections of both beams from the sample were
minimized, thereby maximizing the amount of light ab-
Il. EXPERIMENTAL DETAILS sorbed. The resulting absorbed energy density per pulse
amounted to~1.5x 10° J/cnt.
Scattered light was collected in a backscattering geometry
Device-quality intrinsica-Si:H layers were prepared in and projected onto the entrance slit of a triple-grating mono-
two different ways. The first type of samplEE) was grown  chromator equipped with a liquid-nitrogen-cooled charge-
by means of plasma enhanced chemical vapor deposition in@upled devicf CCD) detector. Anti-Stokes Raman spectra
system described by Madaet al’” One micrometer of were recorded with a 15-min exposure time of the CCD cam-
a-Si:H material was deposited on a crystalline silicon waferera. The spectral resolution was40 cni L.
held at a temperature of 320 °C. The layers contained about To investigate the temporal evolution of the phonon popu-
11 at. % hydrogen. Other sampl@3$W) with thicknesses of  |ation created, pulses of one of the lasétprobe”) were
1.0 and 1.5um were prepared by hot-wire assisted chemicallectronically delayed with respect to those of the other
vapor depositiort? again onc-Si substrates, held at 450 °C. (“pump” ). Then, by measuring anti-Stokes intensities as a
The hydrogen concentration of the HW material amounted tgynction of the delayAt between the pump and probe pulses,
8 at. %. The thickness of theSi:H samples was chosen to the dynamics of nonequilibrium phonons was examined in
be much larger than the penetration depthl00 nm of the  the range of 10 ns up to 15 ms.
green light used in the measurements. Apart from Raman scattering, luminescence produced by
Room-temperature Stokes Raman spectra of the two typege radiative recombination of excited carriers could also be
of a-Si:H layers show that the TO peak centered at 480tm detected. Because radiative and nonradiative recombination
has a slightly narrower width in the case of the HW materialprocesses are competing in the relaxation path described
than for the PE layerghalf width at half maximum of 32 above, luminescence experiments also provide useful infor-
+0.5 cnm ' compared to 340.5 cnit). These numbers mation about nonradiative recombination and phonon gen-
suggest that the material of the HW samples is slightly lesgration, as we will show.

A. Samples

disordered than that of the PE |6_1yé/l‘SNhiCh makes a com- Pulsed luminescence measurements were performed with
parison of the observed vibrational dynamics in the twothe same pump-probe configuration as used for the pulsed
types ofa-Si:H of particular interest. Raman experiments, under identical experimental conditions.

Feenstreet al. examined the optoelectronic material prop- Only the spectral window selected by the triple-grating
erties ofa-Si:H layers deposited on glass substrates, in thenonochromator was shifted. Limited by the range of the
same apparatus and under the same deposition conditions @itings, a window of 1.53—1.45 eV was chosenai8i:H,
for the samples we uséd.Their investigations indicate that |uminescence at these energies is caused by radiative recom-
the (Taug band gaps of our samples are 1.7 and 1.78 eV fobination of electrons and holes trapped in the tail states. In
the HW and PE layers, respectively. These numbers will bghe case of the luminescence measurements, spectra were
used in the quantitative analysis of the experimental resultgecorded with a 2.5-min exposure time of the detector.

For the concentration of defect states, they found densities of

3x10% cm™2 and 5x10'® cm™ 2 for as-grown HW and PE . RESULTS
samples, respectively. Under illumination, these numbers in- )
creased to X 10 cm™2 in the case of HWA-Si:H and 1 A. Pump-probe anti-Stokes Raman spectroscopy

X 10" cm 2 for the PE film. The concentration of tail states  In Fig. 1 time-integrated anti-Stokes Raman spectra of

in both types of material is of the order of P@&m 3. both the PE and HW samples are presented, in each case for
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FIG. 1. Anti-Stokes Raman spectra of the HW and PE samples
(upper two curves and lower two curves, respectiyatyeasured at

1.8 K, for At=100 ns(solid lineg and At=15 ms(dashed line . .

The inset shows the(de endegce of (hermalizv(sd anti-StokEs 7(At) of the TO phonons as a function 4t in the HW (¢ ) and
- . pend : PE (@) samples.(b) 7(At) vs At measured in PE&-Si:H (H

Raman intensityt o5 ON excitation power, measured in HW-grown —TO, A=LA and ®=TA)

a-Si:H, for excitation with one laser beanll=TO, A =LA, and
O=TA). The dotted and dashed lines indicate linear and quadratic
dependences, respectively.

FIG. 2. (@ Normalized time-dependent anti-Stokes signal

A remarkable feature of Fig. 1 is that, in the PE sample,
the anti-Stokes intensiﬂyﬁS(At) significantly drops on going

delaysAt of 100 ns and 15 ms. All spectra exhibit the char-from At=100 ns to 15 ms, whered$>(At) remains con-
acteristic bands centered at 150, 300, and 480%croorre-  Stant in the HW layer. To examine this point in more detail,
sponding to TA-, LA-, and TO-like vibrations ia-Si(:H).}” & series of anti-Stokes spectra was recorded as a function of

Since the spectrometer settings were not identical in thét. The time-dependent contributions to the signals were
experiments on the two samples, the relative intensities opbtained by subtracting a background spectrum taken with
different peaks in the upper and lower two curves of Fig. 1At=15 ms from each measuremetf>(At) measured for
cannot be directly compared. The suppression of elasticallAt=15 ms, namely, was equal to the sum of the separate
scattered light was lower in the case of the measurements @ontributions of the two lasers. In Fig(&, the normalized
the HW layer, resulting in the relatively high intensity in the time-dependent anti-Stokes intensitw(At)z[Iﬁ,S(At)
spectral region of the TA phonons. However, the difference—125(15 ms)]/125(15 ms) of both types oé-Si:H is plotted
in the overall intensities of the signals of the two types ofys the delayAt, for the TO part of the spectrum. Figuréop
a-Si:H is real. Accurate measurements of the anti-Stokeshows the contributions from different parts of the phonon
spectra of the two layers, under exactly the same experimerspectrum of the PE sample only. To improve signal-to-noise
tal conditions, namely, confirmed that the signal intensitiesatios, all intensities were integrated over a range of frequen-
in the HW sample are higher. In the case of excitation withcies: 140—220 cm!, 240—-380 cm?, and 420-550 cm'
one laser beantpower ~3 mW), the height of the anti- for the TA, LA, and TO modes, respectively. Within the
Stokes spectrum of this sample at all frequencies exceedselected spectral regions, no dependence of the decay rate on
that of the PE layer by a factor of 1.4, even though the frequency could be observed. In both types of film, a rela-
absorbed energy density in the two typesaei:H is virtu-  tively fast decay timer~70 ns is measured for the TO spec-
ally the same. tral region. However, in the PE samplE}>(At) does not

For both samples, the dependence of the Raman intensiffecay to zero, but instead to a slowly {00 n3 decaying
on excitation power was studied in the case of eXCitatiorbackground_ The level of this background depends on exci-
with one laser beam. The Stokes signijsare observed to tation power. For excitation with half of the power of both
increase linearly wittP, whereas the anti-Stokes signéf§  |aser beams, the absolute value of the backgro)TdAt
exhibit for all frequencies an almost quadratic dependence- 200 ns)—IﬁS(ls ms) is about half of the value observed
on P. The inset of Flg 1 illustrates the? dependence of the with full power (5 mW). In the frequency region of the TO
anti-Stokes intensity measured for H¥Si:H. These results phonons' this Corresponds to a(]At,VZOO ns) of~30%, in
are consistent with the results reported earlier by Scholtefhe case of excitation with full power. The slow contribution
et al.for PE'grOWna'Si:H anda—Si.l From the ratio between is observed in the PE Samp]e for the TO as well as the LA
IS and1%®, the phonon occupation numbers can be com-  and TA modes, but seems absent in the HW sample. Yet, in
puted, with the help of the relatiamw=lf)5/(li—lﬁs). For  measurements of the transient anti-Stokes spectra of PE
the range of frequencies and powers addressed in the expes-Si:H grown in a different laborator}? it showed up again,
ments, n, ranged between~0.03 and 0.3, so thah, suggesting that it is characteristic for PE-groessi:H.
~1%5/13 | Then, the observations thigt= P and |45« P? in- Next, the time-dependent part of the signals will be con-
dicate thatn,, increases linearly withP, independent of».  sidered. According to Fig.(B), in the LA region of the spec-
The conclusion that the shape of the phonon spectrum exrum the population decays on about the same time scale as
cited does not change with demonstrates that the phonon the TO part. The decays are nonexponential, and can be char-
distribution studied is not thermalized but has a nonequilib-acterized by a mean decay tirge), of 7010 ns. Here, we
rium charactef. used the relatio 7= [tIA5(t)dt/[125(t)dt, with 15 cor-
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iy g T T T " TABLE I. Main characteristics of the two contributions to the
L “'A';““ anti-Stokes Raman signals. It should be noted thatti@ power
& . dependence of the slow component was not investigated in detail.
:E 0.75 — T T T T
2 a8 gor L Fast Slow
T [ aSeere 21, component  component
> 050l *° 3 2
& T 05
@ Z e 4 a8 2 Sample type PE present present
g s ¢ HW present absent
T 025p =00 Fmmtmt Decay time at TA <10 ns ~1 ms
power (mW) LA ~70 ns ~1 ms
0.00 b R . L L L TO ~70 ns ~1ms
10° 107 10° 0% 10" 10° 10° Power dependence |5 PY q~ 2 q<2
delay (s)

FIG. 3. Luminescence intensity at 840 nm of HX )Y and PE
(®) a-Si:H as a function ofAt, normalized to the sum of the layer equals this sum. For the excitation powé&snW) that
luminescence intensities obtained with each laser sepafdietied  were used for the Raman measurements, it was not possible
line). The measurements were performed under identical experito record spectra foAt’s between~1 us and 1 ms, due to
mental conditions as the Raman experiments. The inset shows thge appearance of a helium bubble caused by the vaporiza-
dependence of the luminescence intensities excited with a singlgyn of liquid He at the sample surface. For excitation powers
Ias?.r beam on excitation power, again for HWX and PE .). one order of magnitude lower, the luminescence could be
aSkH. The arrow indicates the typical power used for the time-  isoroq ver the full range of delay times. The intensity
resolved Raman and luminescence experiments. . . . .
appeared to increase gradually with the delay, until a maxi-

rected for the background. Decay times of the TA part of thgnum was reached after 1_0 ms. The charactensﬂc time
spectrum are too short to determine with the experimentafc@/€ Of the luminescence is comparable with the slowly de-
setup. With the exception of the slow background, the specS@ying background observed in the Raman signals, which
tra of the HW sample exhibit the same behaxiuot shown. suggests that the latter is related to el_ectr_omc processes.

In both samples, the value of the decay times obtained ap- Finally, we note that no fast contributions to the time-
peared not to depend on excitation power. dependent signals are observed.

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

IV. DISCUSSION

Two contributions to the transient anti-Stokes Raman sig-
nals were observe(see Fig. 2 a relatively fast decaying
part, and a slow background. Their main characteristics are

Luminescence experiments were performed under theummarized in Table I. Obviously, the two components be-
same experimental conditions as the Raman measuremenksve quite differently. Both, however, are related to nonequi-
The inset of Fig. 3 shows how the intensity of the tail statelibrium vibrational populations. To demonstrate this, we re-
luminescence of the two types afSi:H layer depends on sort to the same arguments as presented by Schettah,
excitation power, in the case of excitation with one laserwhich are based on the observed excitation power depen-
beam. Obviously, the luminescence is saturated for the typidence of the Raman spectra and the frequency dependence of
cal excitation power$5 mW) used in the time-resolved Ra- the obtained decay timészrom the quadratic increase of the
man experiments. For these large absorbed energy densities)ti-Stokes Raman intensity with excitation power, and the
nonradiative(so called “bimolecular’) recombination domi- linear dependence of the Stokes intensityRorone can con-
nates the final recombination step in the relaxation of theclude that the shape of the phonon spectrum excited is inde-
excited charge carriefS.We note that the saturation level pendent ofP. In contrast, in the case of thermal equilibrium,
reached for the PE sample is two times higher than the maxihe phonon occupation would be described by the Bose-
mum luminescence intensity produced by the HW sampléinstein distribution, characterized by an equilibrium tem-
(note that the anti-Stokes signals were higher in the HWperature increasing witP. Consequently, the shape of the
layen. This suggests a difference in the ratios of radiativespectrum would significantly depend &) which is not ob-
and nonradiative recombination rates in the two types oferved. Further, the decay rate of a phonon population obey-
a-Si:H. Indeed, if nonradiative recombination is slower in ing Bose-Einstein statistics is an increasing functionwof
PE-grown a-Si:H, both the higher saturation level of the lu-However, both the “slow” and “fast” contributions to the
minescence and the lower anti-Stokes Raman signals in thRaman signals exhibit no indications of an increasérf
material can be explained, as will be shown later. with .

In Fig. 3, results of the pump-probe luminescence mea- These two arguments lead us to the conclusion that a non-
surements are presented. The luminescence intensities agquilibrium phonon distribution was present in our experi-
normalized to the sum of the luminescence intensities obments, in the PE as well as in the H&#Si:H layers. Both the
tained with the pump and probe separately. For delays ofast and slow components in the signals originate from this
several milliseconds, the luminescence generated in the HWonequilibrium population.

B. Pump-probe luminescence measurements
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A. Electronic and vibrational contributions phonon source, we are still facing the minimal 700 ps aver-

Now that we know that the phonon population monitored®9€ lifetime calculated above. In all cases, the measured de-
via the anti-Stokes Raman intensity has a nonequilibriun?ay of the anti-Stokes Raman signals inevitably leads to the

character, the next question is what causes its decay. Sing% Qgtlfd'o;”fg?thﬁdgi‘?ﬁs;:nﬁaefetge ghglg?ignmggfas Igrrr:)eﬂi;lc;t
all decay times obtained are several orders of magnitudg P Pop y

longer than the anharmonic decay times of phonons gene(re_xceeds the expected anharmonic TO lifetime by orders of

ally observed in crystals, it is difficult to believe that thesemaggxdtﬁése considerations it also follows that we can ac-
times correspond to the bare lifetimes of phonons in amor-

phous silicon. Actually, it has been suggested that, due tgoun'; for the high phonon occupatlon number; observed
disorder, the effect of anharmonicity mSi is even larger only if a large number of phonons is created during a short

than inc-Si, which would result in an increased anharmonicperiOd' A scenario that may satisfy _this constraint is that_ part
decay rate’ira—Si instead of a slower decdy of the energy absorbed is stored in the form of long-lived

An explanation one could think of is not that the phonons‘alecmr?iC excita}tions, for instance, by means of a tfi“ state
have long lifetimes, but that the source of electronic excitaP°Pulation. If this stored energy can be released quickly by
tions that generate the phonons is long lived. The vibrationalc"cVed Igpglcal eXCItatl(;)n,_rr:]alat|vely :ﬁh pho”?” popula-
signals may persist much longer than the phonons exist if th 'OTS iﬁut € ger:;.\rate V\f['t Iad'setc'(k))nt' aserf ptlﬁ Se;‘ tra”

absorbed energy is not transformed instantaneously intoh " athce;se, € stp%c r&'lth tlr?e”sgclgg do Isg 'se)r(lc:tae i
phonons, but is accumulated in the electronic system of thBonons that are created wi pu ! X

amorphous semiconductor. Indeed, carriers that are trappé)(?ded o depend on the d_elay bgtween the pump gnd probe
in the tail states 0&-Si:H are known to have up to millisec- pulses, since the energy distribution of the electronic excita-

ond lifetimes at low temperaturdgsee also Fig. B How- tions remains unaltered in the period between two laser

ever, the very occurrence of electronic processes that ha\PeUIseS' We note that the shape of the Raman spectra mea-

characteristic time scales comparable with the decay times Oc‘flire.ﬂ fc?(;r:?r;gstdte()la%;mt:((:ﬁtli):ooon nsh\évﬁli(gedgggis ggr a
the Raman signals does not necessarily explain our expeléeia' lar e: than the laser pulse widli 9 we com Iefel
mental results. Of course, the amount of phonons created ﬂ y larg P pietely

the electronic processes should also agree with the observé € Ithg TA _contbrlbuktlon aré)ugdt 1?(:h6r‘h apartt_fromk the the
phonon occupation numbers. Some rough estimates ae Ot\;\;yL Aegr?g'q% sacnglrs(;)lé)g t’o uof%che Eascéll(mr?) Irr:jewﬁiec% i
given now to illustrate that only phonon generation and de- Xcom atible with :aglectron'c e?fects This sg uest’s that the
cay rates in a certain range can account for the measuré patible with € : - ITIS SUggests

: slow part of the anti-Stokes Raman signals indeed is of elec-
occupation numbers. T ; :

tronic origin, while the fast part is related to phonon popu-

. o . lation decay.
Occupation numbers and lifetimes: Some estimates In the next two subsections, both the electronic and vibra-

In the exciteda-Si:H volume, roughly 0.7% 10 optical  tional contributions to the temporal shape of the anti-Stokes

phonon modes are available. We assume for simplicity thag@man signals will be discussed in more detail.
all these modes have a frequency that corresponds to the TO
part of the Raman spectrum. Then, the maximum number of
guanta that can be created from thel50 nJ energy ab-
sorbed during a pulse is 1.6x 10%. If the phonons in the Since the slow ¥ 100 ng contribution to the anti-Stokes
excitation volume are generated at a constant Gtiiring  Raman signals cannot be accounted for by just the longevity
the laser pulse, and the population decays exponentially witbf the phonons £<100 nsg, we reconsider the mechanisms
a time constant, the occupatiom of the modes in the ex- of phonon generation. We take the point of view that part of
cited volume at timet during the pulse can be written as the phonon generation occurs during the first laser pulse,
n(t)~G[1—exp(t/n]/(0.75x 10%). synchronously with the absorption of the green photons,
In the case that the population decay times much  whereas another part is triggered by the absorption of the
shorter than the duration of the laser pulse and assuming thaécond laser pulse.
all electronic energy is converted to phonons during the laser Phonons are produced at various stages in the process of
pulse, we arrive fom=0.15+-0.05 at a minimal average -carrier relaxation that follows the photoexcitationasfi:H.
population decay time of 700 ps under the relevant excitatioThe first step, thermalization, takes place on a picosecond
conditions, which is much longer than the crystalline TOtime scale’® Hence it is too fast to explain the slow back-
lifetime. Even when the majority of the modes has a pico-ground. However, the second stage, recombination, may be
second population lifetime as expected from computeslow if carriers localized in the tail states are involved. In the
simulations and consequently does not contribute to theabsence of optical pumping, the lifetime of carriers in the tail
anti-Stokes Raman signal, the remaining part must reach states is known to be as long asl ms® i.e., of the right
correspondingly highen and have a longer in order to  order to match the slow contribution to the Raman signals.
explain the measurements. If we associate the measured The recombination of electrons and holes that are both
ns time with the phonon population decay, then the averaggapped in the tail states is far too slow to account for the
population number of the long-lived modes reached duringneasured occupation numbers. But the recombination of free
the laser pulse i®1(5 ns)=1.0. Then, 15% of the phonon carriers with carriers trapped in the tail states is efficient
modes would have a long lifetime and 85% a short lifetime.enough to play an essential role in the phonon generation, as
If we alternatively assign the 70 ns lifetime to decay of thewill be demonstrated below.

B. Electronic contribution to the vibrational signals
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The idea is roughly as follows. During the first laser If we assume, for simplicity, that phonons decay monoexpo-
pulse, phonons are created both due to relaxation of carrierentially with a decay timer,, that depends only on the
to the band edges, and due to nonradiative recombination. Qdhonon frequency, the concentration of phonons of that fre-
course, all phonons contribute to the Raman signal. At theuency is given by
same time, tail states are filled with electrons and holes, and
energy is stored. Because of the long lifetimes of these states, dN,(t) N, (1)
trapped carriers survive the period between the first and sec- dt Gpn(t) = Tw ®)
ond laser pulsefor delays up to~1 mg. Consequently, at . . ) )
the start orf) the second )I/asepr) pulse, many tail gtatesyare stiihen. if the sample is excited with a laser pulse of lerigth
occupied. The abundantly present free carriers freshly credirting att=0 and causing an average carrier generation
ated by the probe quite efficiently recombine with thefate g, the anti-Stokes Raman mtensnyt for phonons of fre-
trapped ones. As a result, the number of nonradiative transAuency o due to this pulse isif°<g[N,(t)dt, where
tions, and hence the phonon generation rate during the sebk,(t) is obtained from solving Eqg1) and(3).
ond laser pulse, is higher than during the first pulse. In other Our goal is to investigate if the presence of electronic
words, even if the total phonon population has vanished, thexcitations may increase the height of the anti-Stokes Raman
second pulse may induce a more intense anti-Stokes Ramapectrum detected with a second laser pulse as compared to

spectrum than the first. the spectrum detected with the first pulse only, even in the
case that the nonequilibrium phonon population has com-

1. Model: Importance of the relative rates of relaxation pletely decayed between the pulses. Therefore, the situation
and recombination is considered where a second laser pulse, of the same width

To investigate the idea more quantitatively. we resort to aand intensity as the first pulse, succeeds the first pulse after a
g q Y eriod At much longer than the phonon decay time. At

simple rate-equation model that connects the concentratio Re same timeAt is taken much shorter than the lifetime of

?rlfrﬁsniazle(ﬁ N)f)":g?‘;?r?‘d“iimeézm) ihzn?hgrrggﬁ;astigz the tail states, so that at the start of the second pMseas
q y ol picity, the same value as at the end of the first. In practice, that

rate of free carriersw, and the bimolecular recombination would correspond to at between 10 ns and 0.1 ms for

rateC are taken equal for electrons and holes. Further, radia- ) o
. - - - o honons with the shortest lifetim€EA) and to aAt between
tive decay is not taken into account, consistent with the facPN 200 ns and 0.1 ms for the long-lived TO phonons. From

that nonradiative processes dominate the recombination f%e UMD-Drobe luminescence measurements shown in Fia. 3
the excitation powers used in the experiments. Also, recom- pump-p 9-

inaion o apoedoes wih apped lecons s negleced . 1 1% 10Eed, 1 hal sampis s octoni

because of the intrinsically low rates of such processes. o ant y

Thus, we arrive at the following coupled rate equations forsXPENMENts. . .
To simplify the calculations, two extreme cases are dis-

the carrier concentrations: N : .
tinguished. In the first case we consider, the phonon decay
time is much shorter than the duration of the laser pulse

N¢=g(t) —wN;—CN¢(N;+Ny)  and (r,<t;), as is the case for TA phonons. Then, we may as-
sume that the population decay is in equilibrium with the
N;=wN;—CN;N;. (1)  phonon generation, so th&t,~0 and N, (t)=Gpp(t) 7, -

Consequently, the anti-Stokes Raman intensities detected
The termg(t) describes the generation of free carriers bywith the first and second laser pulsda%) and|(T2A), respec-
pulsed optical excitation and is determinedmyand is taken  tively, are proportional to
constant during the pulse. The temN; relates to the trap-
ping of free carriers at the tail states. The phonon generation 0 t 0
rate due to relaxation is proportional to this component. The ITA*9 7, 0 Gpa(t) dt, )
contributions involvingC correspond to the nonradiative re-
combination of free carriers with free and trapped carriersyith i=1,2. The second situation occurs when the phonon
where CN¢(N¢+N,) describes the phonon generation ratedecay time is much longer than the pulse duratiogt,),
caused by recombination, and the rate constants are taként still much shorter thandt. This is the case for TO
equal. Because relaxation to the band edges is much fastehonons. Under these circumstances, the phonon population
than the other processes, this term is approximated bjncreases as long as phonons are generatedN@,ﬁdeh
CN;N;. andN,,(t) = [4Gpn(t')dt’. This leads to anti-Stokes Raman

The total phonon generation ra@,,(t) is equal to the jntensities] () described by
sum of the contributions originating from relaxation and re-

combination. The ratio of the amount of energy released by 0 B iy e

relaxation to the amount of energy released during recombi- |To°‘§1J'0 fOGph(t ) dt’ dt. ©)

nation, 8, is determined by the difference in energy between

the photons that excite the carrieEs;,g , and the gapEg,p, Exact solutions of Eq(1) can be obtained and used to evalu-

of a-SiH, so thatB=(Eyac —Egap/Egap- Thus, the genera- ate the integrals of Eqg4) and (5). In this way, the curves

tion rate for phonons of frequenay is described by presented below were obtained. Note that the calculated sum

10 +1{) can be identified with the experimentally obtained

Gpn(t) < CNyN+ SWN; . (2) intensity125(At) for a At between~200 ns and~0.1 ms.
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Correspondingly, we defing.,= (12— 15)/21$Y, analo- _C/w=5"10%om’ O/w=5"10% om’

T T T T T T T T

gous to the experimentaj(At). a) |

-
o
T
-
3
o
c
&
©
3
T

2. Application to the experiment

(=4

To apply the model to the experiments, numerical values
have to be substituted for the parameters. Of these param-
eters,3, C, andw depend on the type of material. As already
mentioned, the Tauc gap of tlzeSi:H layers used is 1.7 eV -
for the HW sample and 1.78 eV for the PE layer, correspond- : - s -
ing to 8=0.37 andB=0.31, respectively. Values fa& and s
w are at present not available for exactly these two samples ,f P

i TP VT § - 1 L

and are therefore taken from the literature. Values given for T 4 6 80 2 4 & s
—9 —1 —8
C vary between X10 cm’s and 2.%10 power (mW)

cm’ s~ 1.929722For the thermalization rate, values between

. . — — 22 — _
only the ratio ofC/w enters the equations. From the numbers"/W=5%10 cm® and 5=0.31[(a), (b), and(c)] and C/w=5
x 10" % cm?® and 8=0.37[(d), (e), and(f)]. For both combinations

given here, we find that the values f@/w range from 2 LU . .

%1022 cnP to 2.3 10~ 20 e Finally, g is estimated from of C/w and B, the contributions to the signals due to relaxation
’ . ' . (solid lines and nonradiative recombinatiofdashed lines are

the pulse energy and pulse width, assuming that all absorbegaiven, that are produced by the first laser pulies and (d)] and

phﬁons r[])roduce_t;’;ln.excnefd elgctron. binati d rel the second laser pul$é) and(e)]. The curves ir(c) and(f) display
ow the contributions of carrier recombination and re @ the total anti-Stokes Raman intensities calculated for the first and

ation to the TO anti-Stokes Raman intensities can be calclseoong jaser pulsd ) and 143, dotted and dash-dotted lines, re-
lated, for different combinations @/w and 3. Exploratory spectively.

calculations were performed for two values Gfw,

x 10" 22cm?® and 5x 10”2 cm?, and3=0.31 taken the same film. It is important to mention in this context that the dif-
in both cases. From that calculation, we learned that only foference in signal intensities measured in the PE and HW
the lower of the two values taken f@/w, 5x 10 %2 cn?, samples is not caused by a difference in absorption. The
the total intensity measured with the second pulse was highatifference is exclusively due to the different values of the
than that measured with the first pulse. Since that result wasatio C/w.

closest to the situation we encountered for the PE sample, According to the model, the number of phonons produced
and the curves for the other value ©fw appeared to agree during the laser pulses in the PE sample is lower than in the
with the experimental results obtained for H&Si:H, the  HW layer, which is consistent with the observation that the
calculation was repeated. During the second evaluation, thieminescence intensity in the PE film exceeds that of the HW
Raman intensities were calculated for combinations of thesample(see inset of Fig. B If the nonradiative recombina-
lower C/w with 8=0.31 corresponding to the PE sample, tion rateC is lower in PEa-Si:H, indeed a higher saturation
and the higherC/w with 8=0.37 of the HW layer. The level of the luminescence is expected for the PE sample. If,
results of that calculation are presented in Figs. 4 and 5. Wi addition,w is of the same order in both materia3/w is

note that differences in the results for the two combinationdower for the PE sample, as is also suggested by the outcome
of C/w and B hardly depend orB. of the above calculations.

From Fig. 4, it can be seen that it is indeed possible to To further compare the model with the experiments, we
obtain an “extra” contribution to the anti-Stokes Raman sig-show in Fig. %b) the calculatedy., as a function of exci-
nals measured with a second pulse, as compared to the in- ' ’
tensities obtained with a first pulse, even in the casealiat 16} a) -

phonons have decayetlring the delay time between these vl ]
two pulses. The combination of the values for the excitation o 1

o
1

N
+

intensity (arb. units)

S
T
N

3
°
=
3
N

N
1

T
N,
2
=
173
(]
\

\
1

-
o
T
\
\,
1
T
1

Q
power and material parameters determines if this extra con- [P 3
tribution is present or not. This explains why a “back- ol ]
ground” signal was observed in the PE sample, and not in 0:2 —— t t bl) 1

the HW a-Si:H layer. These graphs further show that both
relaxation and nonradiative recombination contribute signifi-
cantly to all signals obtained.

In Fig. 5@) the ratio of the total TO intensity measured

with the first pulse, as predicted for the two combinations of 0.0 : PR sidealetbict I
0

C/w and B, is plotted as a function dP. According to the
calculation, the total intensity should be between 1.2 and 1.6
times higher for the case th&/w=5x10"% cm’ and B FIG. 5. (a) Calculated total intensity measured with the first
=0.37(the HW casgthan for the other combinatiothe PE  pulse forC/w=5x10"2 cn® and 8=0.37 (HW case, divided by
casg. This is consistent with the result that, for an excitationthe total intensity obtained with the first pulse 8fw=5x 10~22
power of 3 mW, the anti-Stokes signal obtained in the HWcm® and 8=0.31 (PE casg as a function of. (b) 7y Vs P, for
sample was 1.4 times higher than that measured in the Pihe PE and HW case, solid and dashed lines, respectively.

power (mW)
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tation power for both combinations @/w and 3. For the C. Phonon decay in amorphous silicon

typical excitation power used during the Raman measure- aq giscussed above, we interpret the fast contributions to
ments(5 mW), 7c,c amounts to~13% for the PE case and e Raman signals as corresponding to the lifetimes of
~2% for the HW case, in qualitative agreement with the«phonons” in a-SiH. Hence, the results of our experiments
experimental observations. indicate that high-frequency vibrations @&Si:H can have

We note that the curves presented in Figs. 4 and 5 haVigetimes up to~70 ns, i.e., several orders of magnitude
been calculated in the long-phonon-lifetime IMT@O  |ghger than in crystals. This observation is in quantitative
phonons, but that results obtained for the TA phonons areygreement with the results of the Raman measurements re-
qualitatively the same. In other words, the slow contributionported by Scholteret al. Also, in different types of experi-

t(_) the signals behaves similar_ly for different phonon frequen-ment, indications for the existence of such long-lived
cies, as was observed experimentally. _ phonons in amorphous solids have been fotid®

The analysis leading to Eql) allows us to estimate the  Thegretical descriptions that are consistent with the oc-
densities of free and localized carriers for our experimentalrrence of lifetimes of the order of magnitude observed in
conditions. For the HW sample we arrive at values of 5i¢ experiments are the fracton mcdeind the hopping
X107 cm® and 1x10' cm? for the trapped and free model by Damkeet al?’ Both models involve the localiza-
carriers, respectively, and for PE a20” cm™® and 1 tjgn of the major part of the vibrational modes #Si and
X 10" cm”®, respectively, in both cases for the maximum he assumption that the anharmonic decay of localized into
excitation power used in the experiments. The value for 101pcalized vibrations can be neglected. In contrast, numerical
calized carriers is of the same order of magnitude as or evegimylations based on the diffuson model predict that most of
slightly higher than the density of the available tail stétes the vibrational excitations im-Si are extended According
(~10%° cm™®). For reasons of tractability, our simplified o these simulations, and to the results of more recent mo-
model takes into account only two classes of carriers, localfecular dynamics calculatiof vibrations of the frequencies
ized and free ones. In reality there are also intermediate casggdressed in our experiments are exten@#fiusions and
of carriers that undergo down-hopping between tail stategygye picosecond lifetimes.

One may argue that these processes could well occur on a A difficulty that arises when comparing the theoretical
nanosecond time scale and thus be responsible for the expegascriptions with the experiments is that it is not at all clear
mentally observed 70 ns decay. This view, however, is inthat both apply to the same system. Apart from the absence
compatible with the much faster decay time observed for TAyf glectronic processes in both the theoretical and numerical
phonons, whereas the slowly decaying background is demodels, an obvious uncertainty concerns the structure of
tected for all phonon energigig. 2. amorphous Si, which is in all models assumed to$tatis-

In our analysis, we assume that all absorbed energy ifcally) homogeneous. However, it is known that a-Si con-
either present in the form of electronic excitations or directlyains structural inhomogeneities that lead, for instance, to the
released by emission of phonons, which may in fact not bggwer mass density o&-Si as compared ta-Si.” In 1970,
the case. Branz, for example, stated that, during the relaxgrodskyet al. already stated that butkSi consists of build-
ation of photoexcited carriers ia-Si:H, SiH bonds may ng plocks with dimensions between 1 and 1.5 nm, and con-
break;" leading to dangling bonds and mobile hydrogen atains numerous internal microscopic surfateddore re-
oms. The mobile H diffuses through the material, and iscently, electron microscopy studies have revealed that
either retrapped at a dangling bond at another location, osmorphous tetrahedral semiconductors ki anda-Ge are
forms, together with another excited mobile H atom, a metastrycturally equivalent to a collection of polycrystalline
stable H complex. In both cases, energy is temporarily grains with diameters less than 3 AiiThis concept is rel-
stored in a “cloud” of mobile H atoms, which prevents the evant from the point of view of our experiments. The pres-
generation of phonons. This would mean that we overestience of building blocks and microscopic surfaces may result
mate in the above model both the number of phonons creatdd phonon confinement effects.
during thermalization and the population formed during re-  As a crude estimate for the length scalethat may be
combination of the excited carriers. To explain the back-relevant for the properties of a certain acoustic mode, we
ground, however, primarily the ratio of the amounts of divide the average sound velocity &Si (5% 10° ms™1) by
phonons produced during the two processes is of importancgse frequency of that mode. Hence, we find that1 nm for
If energy is taken up and stored by alternative kinds of exfrequenciess170 cn . Remarkably, we obtained mean de-
citations, for instance, mobile H atoms, the baCkgrOUnd may&ay times that were much |0nger for the modes with frequen-
be accounted for with lower occupation numbers of the eleccies =200 cm * than for the modes with lower frequencies.
tronic populations. So the main point we make with thewe speculate that this may be a result of the high-frequency
model is that a significant part of the total energy that ismodes being “trapped” insid@-Si building blocks, rather
eventually converted into phonons is released only when théhan being localized in Anderson’s sense. If the blocks are
sample is excited with a second pulse, as long as that pulsrifficiently decoupled from the surroundings, the anhar-
appears within the electronic lifetime of the tail states. In thismonic decay is suppressed when it involves the breakup of
way, the presented model qualitatively explains why a slowan eigenmode of the block into modes that have typical
background contribution to the transient anti-Stokes Ramamwavelengths not fitting the block dimensions. Also, the de-
signals was observed, without the need to invoke extremeay of modes with lower frequencies may be slower than in
longevity (7>100 ng of phononlike modes im-Si:H. homogeneous structures. One form of decoupling one could
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think of is the case that a large acoustic mismatch exists atometer scale regions in the amorphous structure is worth
the boundaries of the blocks, for instance, due to voids.  exploring further.

We emphasize that, in order to explain our results follow- Apart from the relatively fast decays interpreted as pho-
ing this line of reasoning, it is not required thalt building  non lifetimes, an additional slowly> 100 ng decaying con-
blocks are decoupled. As the experimental setup used is sefiibution to the Raman signals was detectedhiBi:H films
sitive only to long-lived phonons, the behavior observed isPrepared by plasma enhanced chemical vapor deposition.
not necessarily representative for all phonons. In this respect,Nis contribution was not observed in layers grown by hot-
it is of interest to perform new experiments with a setupWire assisted chemical vapor deposition. A model is pre-
sensitive to decay times much shorter than the lifetimes thatented that qualitatively explains the slow background as re-
Scholtenet al. and we obtained. In addition, experimeffal Sulting from electronic recombination processes. Further, it
and theoretical studies on the dynamics of vibrations jrfurns out that bOt.h re_laxatlon of hot (_:harge_ carrers and non-
mixed amorphous-nanocrystalline materials may provide furTrad|at|ve recombination of free carriers with carriers local-

ther information on the possible relation between the Ob_|zed in the tail states contribute significantly to the Raman

oo : . signals. The ratio between the relaxation and recombination
served ano_malous vibrational properpes and the MICrOStrUGates is demonstrated to depend on material parameters and
ture of a-Si:H. More generally, detailed knowledge of the o oxcitation power, and it determines if the slow contribu-
microstructure of amorphous Si may elucidate the remarkgion js observed or not. This proves that the pulsed Raman
able findings. technique is sensitive to relative rates of electronic processes.

Our results call for direct ultrafast optical measurements of
V. CONCLUSIONS these rates in HW material in order to find new clues to
In summary, we present results of pulsed Raman eXperH_nderstanding the origin of the better stability of that mate-
ments on the population decay of optically excited phonondi@-
in hydrogenated Si. In all samples studied, mean decay times
of ~70 ns were obtained for phonons with frequencies
=200 cm 1. The lower-energy modes appeared to have life- The authors gratefully acknowledge F. J. M. Wollenberg,
times shorter €10 n9 than could be resolved with the ex- P. Jurrius, and C. R. de Kok for invaluable technical assis-
perimental setup. The exact reason for the extremely longance, and C. H. M. van der Werf for growing tlaeSi:H
phonon lifetimes is still a matter of debate. It has been sugfilms. We thank G. D. J. Smit for assistance during the ex-
gested that bulla-Si consists of building blocks with dimen- periments and helpful discussions. This work is part of the
sions between 1 and 1.5 nm, length scales that are likely toesearch program of the Dutch foundation Stichting voor
be relevant for the dynamics of vibrations of the frequencies-=undamenteel Onderzoek der Mate(f€OM), which is fi-
studied. The idea that a portion of the phononsaiSi:H  nancially supported by the Nederlandse Organisatie voor
have such long lifetimes because they are confined to naA/etenschappelijk OnderzogkWO).
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