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Characterization of defect and impurity reactions, dissociation, and migration in semiconductors
requires a detailed understanding of the rates and pathways of vibrational energy flow, of the energy
transfer channels, and of the coupling mechanisms between local modes and the phonon bath of the
host material. Significant progress in reaching this goal has been accomplished in recent landmark
studies exploring the excitation and dynamics of vibrational states associated with hydrogen in
silicon. The lifetime of the Si–H stretch mode is found to be extremely dependent on the local
solid-state structure, ranging from picoseconds for interstitial-like hydrogen, hundreds of
picoseconds for hydrogen–vacancy complexes, to several nanoseconds for hydrogen bonded to Si
surfaces—over three orders of magnitude variation. Such large variations in lifetime~transition
probability! are extraordinarily rare in solid-state science. The level of theoretical investigation into
the vibrational lifetime of the Si–H oscillator is less advanced. This state of affairs is partly because
of the difficulties in explicitly treating slow relaxation processes in complex systems, and partly
because, as suggested by experiment, a highly anharmonic coupling mechanism is apparently
responsible for the~multiphonon! relaxation process. Even more importantly, because of the high
frequency of the Si–H stretching motion, a quantum mechanical treatment of the Si–H oscillator is
required. A combination of Bloch–Redfield theory and molecular dynamics simulation seems
promising in describing the relaxation process of the Si–H vibrational modes. It is the aim of this
review article to present a comprehensive overview of the recent accomplishments, current
understandings, and future directions in this emerging field of time-resolved vibrational
spectroscopy of point defects in solids. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1517166#
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I. INTRODUCTION

Study of the relaxation dynamics of local vibration
modes~LVMs! in semiconductors down to the picoseco
time scale is an emerging field. Direct time-domain measu
ments of the lifetime of LVMs is made possible by rece
advances in tunable, ultrafast, high-intensity infrared~IR!
light sources, including optical parametric amplifiers~OPAs!
~Refs. 1 and 2! and free-electron lasers~FELs!.3,4 Such stud-
ies allow the elucidation of the nature and pathways of
ergy transfer at defects and impurities in semiconductors
der dynamical conditions. The coupling between LVMs a
the heat~phonon! bath is responsible for the flow of energ
7 © 2003 American Institute of Physics
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into and out of impurity and defect complexes. This is im
portant, because when defects act as recombination or
tering centers in semiconductors, the electronic excita
that is deposited at the defects is then available to prom
defect migration and reactions, an area of defect physics
has an important impact on the degradation of electronic
photonic devices. Hence, a better understanding of the ph
cal properties of defects and impurities in semiconduct
can be obtained by studying the dynamics of the elastic
inelastic local interactions.

Information on the inelastic microscopic interactions c
be obtained from the lifetime of LVMs. Vibrational energ
relaxation in condensed phases entails the redistributio
the excess energy into low-frequency~often vibrational! de-
grees of freedom that are anharmonically coupled to the
tially excited local mode. These inelastic interactions of
oscillator with the low-frequency modes result in energy
laxation times that are typically hundreds of femtosecond
hundreds of picoseconds in solids.5–10 The energy relaxation
lifetime most often cannot be derived from the linewidth
the linear absorption spectrum.11,12This is due to the fact tha
generally elastic interactions leading to dephasing of the
brational transition and the associated line broadening~pure
dephasing! occur on even shorter time scales.13–16 Further-
more, inhomogeneous effects may contribute significantly
the observed absorption linewidth. Therefore time-doma
nonlinear spectroscopic experiments, such as pump–p
saturation spectroscopy, are necessary to obtain informa
on the vibrational population lifetime.

Light impurities in semiconductors, such as hydrog
and deuterium, give rise to localized vibrational modes w
frequencies above the phonon bands of the solid.17 The vi-
brational spectroscopy of these high-frequency modes
become an important probe of defects in solids and o
provides information about defect structure and proper
that cannot be obtained by other methods.18 LVM spectros-
copy has been applied extensively to study isolated imp
ties and impurity complexes in crystalline solids, includi
ionic crystals17 and semiconductors.18 One of the impurity-
materials systems studied most extensively by LVM sp
troscopy is H in semiconductors, which has attracted m
interest because of hydrogen’s ability to interact with vir
ally any lattice imperfection, including impurities, intrins
defects, surfaces, and interfaces, thus possibly changing
electronic properties of the material.19,20 Until now, most
spectroscopic studies of H-related LVMs in semiconduct
have been carried out in the frequency domain, which pro
the time-averaged optical response of the modes. Co
quently, very little is known about the dynamics of the
modes, i.e., the time scales and mechanisms for popula
and phase relaxation upon excitation. Such information
crucial since excited vibrational states may be involved
the dissociation of the bond between H and the lattice.
instance, Persson, Avouris, Lyding, and their co-work
have reported intriguing data on the different behaviors
the desorption of deuterium~D! and H bonded to Si.21–24

Although the chemical binding of these species is essent
the same, the difference in desorption behavior was att
uted to differences in their vibrational lifetimes.25 To under-
Downloaded 24 May 2004 to 129.59.117.76. Redistribution subject to AI
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stand such processes, it is necessary to know the time s
on which excited vibrational states decay, which is given
the lifetime of the states.

The aim of this review article is to present a comprehe
sive overview of the recent theoretical and experimental
sults with respect to the vibrational lifetimes of hydrogen a
deuterium-related modes in silicon. Theoretical results h
been obtained with a method that combines Bloch–Redfi
theory and molecular dynamics~MD! simulations. This ap-
proach is described in the theory section~Sec. II A!. A theo-
retical description of vibrational relaxation and dephas
processes is outlined in Sec. II B. Given the general imp
tance of multiphonon relaxation for the lifetime of LVMs,
theory of relaxation rates based on a microscopic Ham
tonian is presented in Sec. II C. The interaction between
system and the radiation field is briefly described in the l
theory section~Sec. II D!.

The various experimental techniques used to meas
vibrational lifetimes are presented in Sec. III. The pum
probe transient bleaching technique is the most comm
time-resolved method for vibrational lifetime measureme
~Sec. III A!. The transient-grating method belongs to t
same class of degenerate four-wave-mixing techniques a
pump–probe method, but allows for background-free det
tion, which may increase the signal-to-noise ratio in lifetim
measurements~Sec. III B!. Lifetime measurements of adso
bates on surfaces require a time-resolved surface-sens
technique such as IR sum–frequency generation~SFG!. A
simple combination of SFG and transient bleaching is
scribed in Sec. III C. The lifetime of LVMs can also be stu
ied in the frequency domain by infrared absorption spectr
copy ~IRAS! ~Sec. III D!.

The remainder of this review article consists of thr
sections presenting experimental results of the lifetime of
Si–H stretch mode in different environments, including cry
talline Si ~Sec. IV!, hydrogenated amorphous Si~Sec. V!,
and hydrogen adsorbed on a Si surface~Sec. VI!. Section IV
reviews recent lifetime measurements of H-related defect
crystalline silicon, including bond-center hydrogen~Sec.
IV A !, the structural dependence for different H-related d
fects~Sec. IV B!, their decay channels~Sec. IV C!, and their
relationship to deuterium lifetimes~Sec. IV D!. Section V
reviews lifetime studies in amorphous silicon~a-Si!. The re-
sults of pump–probe and transient-grating experiments
presented in Sec. V A. Section V B reports MD simulatio
of vibrational lifetimes of local and extended modes ina-Si.
The last experimental section~Sec. VI! reviews the vibra-
tional lifetimes of the Si–H stretch mode on Si surface
Sections VI A and VI B present lifetime data from H:Si~111!
and H:Si~100! surfaces, respectively. Theoretical results
the vibrational lifetimes of the hydrogen stretch mode on
surfaces are reported in Sec. VI C. The article concludes w
a brief summary and an evaluation of future directions~Sec.
VII !.

II. THEORY

The level of theoretical investigation into the vibration
lifetime of the Si–H oscillator is less advanced. This state
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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affairs is partly because of the difficulties in explicitly trea
ing slow relaxation processes in complex systems, and pa
because, as suggested by experiment, a highly anharm
coupling mechanism is apparently responsible for the re
ation process. Even more importantly, because of the h
frequency of the Si–H stretching motion, results from a cl
sical treatment of the Si–H oscillators may not be parti
larly accurate. Bloch–Redfield theory provides the quant
mechanical equations of motion of the density operator o
system~local oscillator! in contact with a thermal bath. Ex
pressions for the vibrational relaxation and dephasing r
are derived by defining an effective vibrational Hamiltoni
that represents canonical averages over the bath mode
expanding the system–bath-interaction Hamiltonian to h
order in the phonon coordinates an expression for the m
tiphonon relaxation rate is derived. A theoretical descript
of the interaction between the system and an incoming la
pulse is presented in the last part of this section.

A. Bloch–Redfield theory

Theoretical results have been obtained with a met
that combines Bloch–Redfield theory and molecular dyna
ics simulations.26–29 The Bloch–Redfield theory compone
allows one to treat the multilevel population evolution of
high-frequency Si–H oscillator in a quantum mechani
fashion. The molecular dynamics component, on the o
hand, allows one to treat the interaction of the Si–H stre
with the vibrational degrees of freedom of the bath for a h
level of complexity.

A brief description of the Bloch–Redfield theory
given here as it applies to the vibrational energy relaxat
dynamics of the Si–H oscillator. The total Hamiltonian
written as follows:

H~q,Q!5HS~Q!1HB~q!1HI~q,Q!, ~1!

where Q and q represent the coordinates of the quantu
Si–H oscillator and the bath, respectively.HS is the Hamil-
tonian for the vibrational levels of the system~Si–H bond!,
HB is the Hamiltonian of the bath~phonons!, andHI is the
interaction between the LVM and the phonon bath. Typica
the system contains a few degrees of freedom of interesQ,
whereas the bath consists of many degrees of freedomq.
The total density operator in the joint system and bath ph
space is too complex and cannot be calculated explicitly

Bloch–Redfield theory utilizes an important advanta
of the density operator, namely, that it offers the possibi
to describe only a part of the system of interest, i.e., it p
vides a reduced description. In this approach,26,30,31one as-
sumes that the state of the bath can be well described a
times by a fixed, thermal equilibrium density matrix, a
derives an equation for the ‘‘reduced density matrix’’ of t
Q system, which involves some correlation functions of o
erators mixing theQ system and the bath. Assuming the to
density matrix at t50 can be writtens(0)5r(0)rB ,
where the bath density operator is given byrB

5exp@2bHB /Tr(2bHB)#, with b5(kBT)21. The density
matrix elements of the system in interaction with the therm
bath obey the equations of motion32
Downloaded 24 May 2004 to 129.59.117.76. Redistribution subject to AI
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ṙab~ t !52 ivabrab~ t !2 (
a8,b8

Rab,a8b8ra8b8~ t !, ~2!

where rab(t) is the reduced density matrix element a
vab5(Ea2Eb)/\ is the frequency of oscillation of coher
ence between the eigenstatesua& and ub& of the system. The
first term on the right-hand side of Eq.~2! describes the
unperturbed motion of the system as determined by
Hamiltonian HS . The matrixR describes the relaxation o
the system by the statistical perturbationHI(t). It will be
called the ‘‘relaxation matrix.’’ The elements of the Redfie
tensor have a straightforward interpretation.Rab,a8b8 is a
rate constant for the processrab→ra8b8 . If a5a8 and b
5b8, this is a dephasing rate for the coherencerab . If a
5b and a85b8, then the term represents a population
laxation rate between eigenstatesua& andua8& of the system.
Other terms describe the coupling between populations
coherences and coherence transfer. The relaxation m
Rab,a8b8 is given by26–29

Rab,a8b852db8b(
g

Gag,ga8
1

2daa8(
g

Gb8g,gb
2

1Gb8b,aa8
1

1Gb8b,aa8
2 , ~3!

\2Gb8b,aa8
1

5^b8uqub&^auqua8&

3E
0

`

dte2 ivaa8t^F~ t !F~0!&, ~4!

\2Gb8b,aa8
2

5^b8uqub&^auqua8&

3E
0

`

dte2 ivb8bt^F~0!F~ t !&. ~5!

In Eqs. ~3!–~5!, ^auqua8& is the transition matrix ele-
ment between eigenstatesua& and ua8&, daa8 is the Kro-
necker delta, and the dynamical functionF(t) is the classical
fluctuating force on the Si–H bond arising from the coupli
to the other modes of the system. In the derivation of Eq.~2!
many assumptions have been made:30,31 ~1! The interaction
Hamiltonian can be written asHI(t)5qF(t), which is to be
computed with the oscillator frozen at its equilibrium pos
tion. ~2! The thermal bath remains in thermal equilibrium
~3! The relaxation times of the system under study are m
longer than the autocorrelation timetc of the force. The first
assumption is mostly of a technical nature and represent
problem if the coupling is small. The second assumption
reasonable because the amount of energy transferred to
bath is small and also because the many-body bath can
tablish equilibrium quickly. The third assumption can b
checked self-consistently by performing the MD simulation

The correlation functions appearing in the expressio
for G6 are quantum mechanical. Replacing them by th
classical limit violates detailed balance and does not lea
thermodynamic equilibrium.33 To go smoothly to the classi
cal limit one rewrites them in terms of the symmetrized c
relation function, which is then replaced by the classical
tocorrelation function, which can be computed by means
MD.33 Bloch–Redfield theory seems promising in describi
vibrational relaxation processes.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



p

w
b

m

to
m
t

-
-

rd
an

la
ix

im

e
-
io

e

,
ro-
ion

ng

mes
ons
is

bly
be

m-
ul-
ra-
ion

n,
tes
in-

d
can

di-

e
the
tes.
dia-
sur-

-
on
ap-

mes
mil-

n
pos-
of

-
e

2320 J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 Appl. Phys. Rev.: Lüpke, Tolk, and Feldman
B. Vibrational relaxation and pure dephasing

The vibrational Hamiltonian,H(q,Q), is a multidimen-
sional operator that describes the static and dynamic pro
ties of the vibrational states. We can formally reduce it to
one-dimensional effective Hamiltonian by defining a ne
operator that represents a canonical average over the
modes. Let

H~Q!5^H~q,Q!&, ~6!

V~q,Q!5H~q,Q!2H~Q!, ~7!

whereV(q,Q) represents fluctuations of this operator fro
its canonical average. ExpandingV(q,Q) to second order in
the system coordinate about the equilibrium positionD gives

V~q,Q!5V~q,D!1
]V

]QU
D

~Q2D!1
1

2

]2V

]Q2U
D

~Q2D!2.

~8!

The zeroth-order term does not depend onQ and is thus
included in the bath Hamiltonian. The displaced oscilla
states will be denoted by Greek letters with a prime. In ter
of the displaced oscillator states, the operator describing
system–bath interaction becomes

HI5 (
a8b8

fa8b8Pa8b8 , ~9!

wherefa8b85^a8uV(q,Q)ub8& are elements of the fluctua
tion matrix, andPa8b85ua8&^b8u are the vibrational opera
tors.

Assuming that the coupling between the system coo
nate and the bath is sufficiently weak, the rate const
Ga8b8 , for population relaxation from vibrational statea8 to
b8 can be written as a Fourier transform of the autocorre
tion function of the appropriate fluctuation matr
elements:34,35

Ga8b851/T15h22E
2`

`

dteiva8b8t^fa8b8~ t !fa8b8~0!&,

~10!

wherefa8b8(t)5exp(iHBt)fa8b8(0)exp(2iHBt). The correla-
tion function appearing in Eq.~10! involves only the bath
variables and is assumed to decay exponentially with a t
constanttc , the bath correlation time.

Coherent excitation results in a phase coherence betw
the vibrational states,ra8b8(t), which gives rise to a macro
scopic vibrational amplitude. In the absence of populat
relaxation, the phase coherence described byra8b8(t) will,
in the Bloch approximation, decay exponentially with a tim
constantT2* . Again, perturbation theory gives the result

Ga8b8
* 51/T2* 5h22/2E

2`

`

dt^@fa8a8~ t !2fb8b8~ t !#

3@fa8a8~0!2fb8b8~0!#&. ~11!

The total dephasing rate between two levels is given by

Ga8b85(
g8

Ga8g81(
g8

Gb8g81Ga8b8
* , ~12!
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where the summations denote the sum of all theT1 processes
originating in statesa8 andb8. The theory outlined above
in which the bath is described by fluctuation operators, p
vides a convenient way to calculate the various relaxat
rates.

C. Multiphonon relaxation

If the vibrational relaxation process involves transferi
energy directly to the bath modes~phonons! in a single step,
and the amount of energy transferred exceeds by many ti
the maximum energy of a single phonon, then many phon
will have to be created simultaneously. This process
known as multiphonon relaxation. One might reasona
imagine that the rate of such a high-order process would
quite small. Therefore, it is remarkable that even if the nu
ber of phonons emitted is as high as ten or more, m
tiphonon processes typically compete successfully with
diative decay, and are in fact often the dominant relaxat
mechanism.36–51

Given the general importance of multiphonon relaxatio
it is clearly desirable to develop a theory of relaxation ra
based on a microscopic Hamiltonian. Existing theories
volve one of two approaches: the adiabatic~Born–
Oppenheimer! or ‘‘static-coupling’’ ~crude Born–
Oppenheimer! methods. The first method is usually invoke
when discussing relaxation between electronic states, but
be applied to high-frequency vibrations as well. The coor
nates are divided into fast~electronic or high-frequency vi-
bration! and slow~phonon! components. One neglects for th
moment the kinetic energy of the phonons, and finds
eigenstates of the Hamiltonian for fixed phonon coordina
The eigenvalues of this procedure generate the usual a
batic potential surfaces, and transitions between these
faces are due to the ‘‘nonadiabatic’’ coupling~phonon kinetic
energy! term in the full Hamiltonian. Even when this nona
diabatic coupling is taken to lowest order in perturbati
theory, multiphonon transitions emerge. This was the
proach pioneered by Kubo and Toyozawa,52 Perlin,53 Miy-
akawa and Dexter,54 and others.55–60

The second approach goes by several different na
but its essence is as follows: one assumes that the Ha
tonian can be written as

H5HS1HB1HI . ~13!

The Hamiltonian of the local vibrational mode,

HS5\va†a, ~14!

is characterized in terms of the frequencyv, creation opera-
tor a†, and annihilation operatora. The ~harmonic! Hamil-
tonian for the phonon bath is given by

HB5(
k

\vbk
†bk , ~15!

where bk
† and bk are the phonon creation and annihilatio

operators, respectively. There are at least three different
sible routes to multiphonon relaxation based on the form
the interaction HamiltonianHI .61 In the most common ap
proachHI is strictly off-diagonal in the two-level basis of th
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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local vibrational mode.61,62The off-diagonal matrix element
of HI are expanded to high order in the phonon coordina
and are treated by lowest-order time-dependent perturba
theory. The interaction Hamiltonian is then given by

HI5(
$n%

\~G$n%B$n%a
†1G$n%

* B$n%
† a!, ~16!

whereB$n%5P i 51
Nn bi ,$n% , B$n%

† 5P i 51
Nn bi ,$n%

† , andG$n% denotes
the temperature-independent coupling strength of the ch
nel $n%. $n% is characterized by the set$v1

(n) ,v2
(n) , ...,vNn

(n) ,%
of accepting mode frequencies. Energy is conserved in
decay process,\v5( j 51

Nn \v j
(n) . The contribution to the de

cay rate due toHI is given by the standard result of firs
order time-dependent perturbation theory.63 The total decay
rate ~inverse lifetime! is given as the sum of the rates of a
of the decay channels:61,62

1

T1
52p(

$n%
uG$n%u

2n$n%r$n% . ~17!

The functionn$n% describes the temperature-dependent po
lation of the receiving modes:

n$n%5
exp~b\v!21

P j 51
Nn @exp~b\v j

~n!!21#
. ~18!

The compound spectral density of accepting states,r$n% , can
be expressed in terms of a convolution of single spec
densities of states:

r$n%5E dv1
~n!
¯E dv~Nn21!

~n! r1
~n!~v1

~n!!¯rNn

~n!~vNn

~n!!.

~19!

In the low-temperature limit (kBT!\v j
(n) , for all j!, the

decay rate reflects spontaneous decay intoNn accepting
modes andn$n%>1. At higher temperatures the decay ra
increases due to stimulated emission in a fashion determ
by the frequencies of the accepting modes.61,62As a rule, the
process with the least amount of phonons should be favo

D. System–field interaction

In conventional relaxation theories for excited states,
assumption of fast dissipation results in dynamics that
insensitive to the nature of the prepared state. For ca
where either population relaxation and/or pure dephasing
curs on a time scale comparable to~or longer than! the initial
vibrational excitation, this is not necessarily true. In the
cases one must explicitly take into account the frequency
temporal properties of the excitation pulse. The interact
between the system and an incoming laser pulse is give

HSF~ t !52mE~ t !, ~20!

where m is the transition dipole operator andE(t) is the
time-dependent electric field, which can be written as

E~ t !5E0~ t !exp~ ivLt !, ~21!

whereE0(t) is the temporal profile of the pulse andvL the
center frequency. Assuming the excitation pulse is
transform-limited pulse from a mode-locked laser, the sp
tral width is determined by the Fourier transform ofE0(t).
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We assume that only the first excited stateub& is optically
accessible from the ground stateua& of the system, so that the
transition dipole operator has the form

m5mab$ua&^bu1ub&^au%, ~22!

where the matrix elements of the transition dipole opera
have the formmab5^aum̂ub&. For simplicity, we will as-
sume there is no dissipation in the system during the exc
tion pulse. The validity of this approximation for any give
pulse duration will obviously depend on the magnitude of
fluctuations. In the absence of dissipation, the dynamics
the density matrix is governed by the quantum mechan
Liouville equation

]r~ t !

]t
52

i

\
@H1HSF~ t !,r~ t !#. ~23!

In order to solve the Liouville equation, the time
dependent perturbation theory with the perturbation Ham
tonianHSF(t) has been used to calculate thenth-order den-
sity operator.64 Here, we consider the rate equatio
description of the density matrix elements to describe
evolution of the nonequilibrium state.

We assume that the frequency of the excitation pu
vL , is tuned in resonance with the one-quantum vibratio
transition betweenua& and ub& states, i.e.,vL5vab . Due to
the resonance enhancement, the vibrational transition f
ua& to the other stateug& ~Þub&! can be ignored. Also, for the
sake of simplicity it is assumed that due to the anharmoni
of the bth mode the transition fromub& to u2b&, whereu2b&
denotes the overtone state, is negligibly small in compari
to the transition probability fromua& to ub&—note that this
two-state assumption is, however, not entirely necessar
develop a theory of the equations of motion of the noneq
librium density operator. We next consider the equations
motion of the density operator:65

ṙab52 ivabrab1
i

\
E~ t !mab~rbb2raa!2Gabrab ,

~24!

ṙba5 ivabrab2
i

\
E~ t !mba~rbb2raa!2Gabrba ,

~25!

ṙaa52
i

\
E~ t !~mabrba2mbarab!2garaa1gbrbb ,

~26!

ṙbb5
i

\
E~ t !~mabrba2mbarab!1garaa2gbrbb ,

~27!

wherega andgb represent population relaxation (T1) rates
and Gab is the dephasing (T2) rate. In Eqs.~24!–~27!, the
vibrational population transfer fromua& to ub& states is fully
described by the time-dependent pump–pulse-induced t
sition rate,V(t), which is given as66

V~ t ![
2p

\2 umabE~ t !u2gab~v!, ~28!
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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where the line-shape function,gab(v), is assumed to be a
Lorentzian function:

gab~v!5
Gab

p@~v2vab!21Gab
2 #

. ~29!

The solution of Eqs.~24!–~27! can be used to describ
the time evolution of the nonequilibrium density opera
rNeq(t). The preparation step of the nonequilibrium state w
treated nonperturbatively. However, one can use seco
order~with respect to the pump IR field! perturbation theory
to obtainrNeq(t), if the pump intensity is not too large. Nex
we consider the probe–field–matter interaction Hamiltoni
which is given by

HSP~ t !52m•Epr~ t !, ~30!

whereEpr(t) is the electric field of the infrared probe puls
which peaks att5t. The density operator at timet is given
by

rNeq
~1! ~t !.req2

i

\ E
0

t

dt@HSP~ t !,rNeq~ t !#. ~31!

Even though the pump field is assumed to be strong,
probe field is weak, and therefore the perturbation appro
is quantitatively acceptable. In Eq.~31!, the second term cor
responds to the first-order~with respect to the infrared prob
field! contribution to the density operator. The nonequil
rium polarization, which is defined as the dipole mome
averaged over the nonequilibrium density operator, is gi
by

PNeq~ t !5^mrNeq
~1! ~ t !&. ~32!

Finally, the weak probe absorption signal can be cal
lated, within the slowly varying-amplitude approximation,

Sb~t!5
4pvab

cn~vab!
Im E

0

t

dtEpr* ~ t !PNeq~ t !Y E
0

t

dtuEpr~ t !u2,

~33!

wheren(vab) is the index of refraction. The time evolutio
of Sb(t),

Sb~t!} exp@2t/T1#, ~34!

provides direct information on the vibrational lifetime of th
first excited state of the local vibrational mode.

III. EXPERIMENT

In order to observe vibrational lifetimes in semicondu
tors on the picosecond time scale, several ultrafast op
techniques have been employed. The most common ti
domain ~pump–probe! measurement techniques include t

FIG. 1. Schematic of the pump–probe transient bleaching setup.
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transient bleaching technique, the transient-grating meth
and a combination of sum–frequency generation and tr
sient bleaching. In special cases, the vibrational lifetime
also be obtained in the frequency domain by IR absorpt
spectroscopy. This section presents a brief description
these optical techniques.

A. Pump–probe technique

Lifetimes ranging from a few picoseconds to seve
nanoseconds can be measured directly by the pump–p
transient bleaching technique utilizing ultrashort pulses fr
a tunable infrared laser. Typically, two different tunable, i
frared lasers are used: ultrafast optical parame
amplifiers1,2 or picosecond free-electron lasers.3,4 These la-
sers can deliver pulses with a time duration of;1 ps, spec-
tral width of ;15 cm21, and pulse energies of severalmJ.
Both lasers can in principle be tuned in wavelength betw
1–10 mm, thus covering the Si–H stretch vibrations. T
major difference between these lasers is the pulse repet
frequency~PRF!, which for OPAs is typically limited to a
few kHz, whereas FELs can achieve much higher PRFs.
example, the FEL at the Thomas Jefferson National Acc
erator Facility ~TJNAF! operates at a PRF of 18 MHz. A
high PRF and excellent pulse-to-pulse stability are neces
to achieve a high signal-to-noise ratio in pump–probe m
surements.

A schematic diagram of a typical setup for a pump
probe transient bleaching experiment is shown in Fig. 1. T
laser beam is split into two parts, pump and probe, carry
91% and 9% of the power, respectively. The two incide
ultrashort laser pulses are spatially overlapped on the sam
The pump excites a fraction of the Si–H bonds to the fi
excited state, which causes a transient increase in the tr
mission coefficient of the sample that decays over time
to the decay of the excited mode. The time evolution of
transient bleaching signalSb ,

Sb~t!}exp@2t/T1#, ~35!

is monitored by varying the time delay~t! between the pump
and probe pulses. The signalSb is detected with an amplified
liquid-nitrogen-cooled HgCdTe or InSb detector. To impro
the sensitivity of the experiment a lock-in amplifier is u
lized along with an optical chopper, which modulates t
excitation for phase-sensitive detection.

FIG. 2. Schematic of the transient grating experiment.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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B. Transient-grating method

The vibrational lifetime can also be probed by anoth
time-domain technique, transient grating~TG! spectroscopy.
The following typical setup is considered~Fig. 2!. At time
t50 two short excitation pulses, (k1) and (k2), are superim-
posed on the sample under an angleu, which causes an in
terference pattern that leads to a spatial modulation of
absorption coefficient, i.e., a transient grating. The decay
the grating as a result of vibrational population relaxation
monitored by applying a probe pulse, (k3), at timet5t. The
diffracted probe intensitySb(t) decays as

Sb~t!5exp@22t/T1#. ~36!

Higher signal-to-noise ratios may be obtained with t
method than with the pump–probe technique, since
transient-grating signal can be observed in a background-
direction. However, it is necessary to confirm that spa
transport or thermal effects do not affect the decay of
transient-grating signal.

C. Time-resolved sum–frequency generation

Measurements of the vibrational lifetime of Si–H stret
modes on hydrogenated silicon surfaces requires a surf
sensitive time-resolved optical technique. In the past
years the nonlinear optical techniques of second-harm
generation ~SHG! and sum–frequency generation ha
emerged as useful surface probes.66–69 In SFG, two input
laser beams at frequenciesv1 andv2 overlap at the surface
and generate a sum–frequency output atvs5v11v2 in
both transmitted and reflected directions~Fig. 3!. SHG is a
special case of SFG withv15v2 . The output is highly di-
rectional as required by the boundary conditions and can
detected by a photomultiplier through filters and a sm
monochromator.

The theory of surface SFG has been described in de
elsewhere.70 We summarize here only the results relevant
the measurements. Both techniques rely on second-o
nonlinear-optical processes.66 In centrosymmetric media
such as silicon, second-order nonlinear processes are fo
den, but at a surface or interface, the inversion symmetr
necessarily broken. This is the basis for the surface sens

FIG. 3. Schematic of the pump–probe SFG experiment.
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ity of SFG and SHG. As an intense electromagnetic fi
irradiates a material the polarizability that varies linearly f
weak fields becomes nonlinear. This leads to various
quency mixing processes. The source of SFG is the nonlin
optical polarization induced in the medium:66

P~vs!5xs
~2!~vs5v11v2!:E~v1!E~v2!, ~37!

wherexs
(2) is the second-order nonlinear optical susceptib

ity and E(v i) is the field atv i .
A semiclassical perturbative treatment of the interact

between the molecule and the electromagnetic field is
quired to obtain a complete expression of the nonlinear s
ceptibility. For SHG, this expression can be found in seve
publications.66,71–74Guyot-Sionnest and co-workers consi
ered the resonant second-order nonlinearity as a perturba
of the molecular polarizability by a normal mode excitatio
such that101

P~ t !5S avis
~1!1

]avis
~1!

]q
q~ t !1¯ DEvis~ t !. ~38!

The IR fieldEIR(t) drives the normal modeq(t),

q~ t !5Dr
e*

m*
EIR~ t !

v0
22v IR

2 2 iv IRT2
21 , ~39!

where Dr is the population difference between the grou
state and the excited state. The induced polarizability at
sum frequency is then

a~2!~v5v IR1vvis!5Dr
]avis

~1!

]q

e*

m*
1

v0
22v IR

2 2 iv IRT2
21 .

~40!

From Eq.~40! it is clear that the mode has to be Ram
and IR active to produce SFG. The total surface suscept
ity

xs
~2!5N^a~2!&1xNR

~2! , ~41!

contains the resonant contribution of the excited mo
which depends on the molecular coverageN and on the av-
erage molecular orientation, and a nonresonant contribu
from the adsorbate or the substrate. The SFG signal,I (vs),
is proportional to66

I ~vs!'ux~2!u2I ~vvis!I ~v IR!, ~42!

whereI (v i), i 5s, IR, vis, is the intensity of the SFG, infra
red, and visible pulse. The visible beam energy density
limited by the damage threshold of the substrate. As a c
sequence, it is advantageous to perform SFG experim
with short ~picosecond! pulse laser sources.

Lifetime measurements are performed by a simple co
bination of SFG and transient bleaching~see Sec. III A!. In
this scheme, the surface is first excited by an intense infra
beam. This leads to a new population differenceDr for the
adsorbate vibration. The SFG from a delayed pair of a w
infrared beam and a visible beam is then detected. Since
SFG signal is proportional to (Dr)2 @Eqs.~40!–~42!# it gives
directly the ground-state recovery time.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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D. Infrared absorption spectroscopy

The lifetime of LVMs can also be studied in the fre
quency domain by IRAS. The shape of an absorption lin
generally given by the convolution of its homogeneous l
shape with a function describing the inhomogeneo
broadening.75 In single crystals, inhomogeneous broaden
results from strain fields induced by lattice defects presen
the sample. Since the most abundant imperfections in c

FIG. 4. FTIR spectrum of proton-implanted crystalline silicon.
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talline samples are defects formed during crystal growth
ion implantation, one would expect the inhomogeneo
broadening to decrease with decreasing impurity concen
tion CI . Generally, the homogeneous line shape is Loren
ian with a full width at half maximum~FWHM! ~in cm21!
given by

GH5
1

2pcT1
1

1

pcT2*
, ~43!

where T1 is the lifetime of population~energy! relaxation
andT2* is the time of phase relaxation~pure dephasing!. The
first term determines the natural linewidth of the mod
whereas the second term generally dominates the linew
at elevated temperatures due to elastic scattering of the l
mode with phonons. The vibrational lifetime is a good es
mate of the natural linewidth.

IV. CRYSTALLINE SILICON

In 1975, Stein reported a pioneering infrared absorpt
study of crystalline silicon implanted with protons at roo
temperature~RT!.76 After implantation more than ten absorp
tion lines were observed in the range 1800–2250 cm21 ~see
Fig. 4!. The lines shifted down in frequency by a factor
1/& when deuterons were implanted instead of proto
FIG. 5. Structure of the interstitial-type defects~top!, and the vacancy-type complexes~bottom!. Large spheres are Si, whereas small spheres are H.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Based on the observed isotopic shifts and the proximity
the lines to those of Si–H bonds in molecules, Stein assig
the lines to local vibrational stretch modes of Si–H bon
associated with hydrogen-decorated implantation-indu
defects~see Fig. 5!. Since the original work by Stein, a num
ber of additional Si–H absorption lines have been obser
in proton-implanted silicon77,78 or silicon grown in a H2 am-
bient and subsequently irradiated with electrons79,80 or
neutrons.81 At present, more than 30 distinct absorption lin
have been observed in the frequency region associated
Si–H stretch modes. In addition, a number of lines have b
observed in the region 550–900 cm21, which are ascribed to
angular vibrations of Si–H bonds.77,78

A. Bond-center hydrogen

Recently, Budde and co-workers have performed fi
transient bleaching experiments of the vibrational lifetime
bond-center hydrogen in crystalline silicon using the FEL
the TJNAF.82 The lifetime of the stretch mode of bond-cent
H in Si, HBC

(1) , at 1998 cm21 was measured to beT157.8
60.2 ps at 20 K. There are several good reasons for stud
HBC

1 : It is the most fundamental H-related defect in Si, a
plays a key role in the reactions of H with defects and i
purities. Moreover, it has been studied in great de
experimentally76,83–86 and theoretically87 and is thus well
characterized. Finally, HBC

(1) gives rise to an intense absor
tion line at 1998 cm21 due to the excitation of the stretc
mode, where the H vibrates parallel to the Si–H–Si bond
axis ~Fig. 6!.76,83,84The large absorption cross section of th
mode makes it ideal for transient bleaching experiments

Experimental studies of point defects require low def
concentrations in order to reduce the effect of interacti
between defects, an additional source of inhomogene
broadening. For transient bleaching spectroscopy
hydrogen-related local modes in proton-implanted silic
the practical maximum concentration is at 0.2 at. %. Impl
tation of higher concentrations results in a broad absorp
feature in the Si–H stretch range rather than an increas
the intensity of the sharp absorption lines of hydroge
related point defects.88 Pump–probe studies typically requir

FIG. 6. ~a! Absorbance spectrum of proton-implanted Si showing the 1
cm21 line of HBC

(1) . Solid line represents a Lorentzian fit to the data. T
spectrum was measured at;10 K on a sample withCH517 ppm. ~b!
FWHM of the 1998 cm21 line vs CH . The line represents the natural line
width G0 obtained from the lifetime of the mode and Eq.~44!.
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area densities~doses! of hydrogen of;131017 cm22. In
order to meet both requirements, the samples were impla
with ions at a series of 28 different energies in the ran
1.0–1.8 MeV, yielding a uniform H concentrationCH of
1.73102 ppm formed from;15 mm to a depth of 47mm.
The samples were cooled to 80 K during implantation wh
was accomplished by implanting into a cryostat attached
the end of the accelerator beam line. After implantation
cryostat was detached from the beam line and moved to
spectroscopic setup.

The vibrational lifetime of the 1998 cm21 mode was
measured using a standard pump–probe setup~Fig. 1!. For
experimental details see Ref. 82. Figure 7 shows the trans
bleaching signalSb as a function of time delay betwee
pump and probe measured at;20 K with the FEL. The data
are well represented by a single-exponential decay wit
time constantT157.860.2 ps.

The excited 1998 cm21 mode can in principle decay into
photons, electronic degrees of freedom, or other vibratio
modes. The radiative lifetime can be estimated to be of
order of milliseconds,89 which rules out radiative decay a
the dominating mechanism. Electronic decay can also
ruled out because the positive charge state of HBC has no
occupied electronic levels in the band gap. Consequen
only electronic transitions from the valence band to the c
duction band or directly to the donor level of HBC are pos-
sible, both of which require more energy than the 1998 cm21

available. Budde and co-workers, therefore, concluded
the 1998 cm21 mode decays into vibrational modes of th
system consisting of a Si lattice with a H atom located at a
bond-center site.82

The lifetime of the 1998 cm21 mode has also been stud
ied in the frequency domain by IRAS.82 The shape of an
absorption line is generally given by the convolution of
homogeneous line shape with a function describing the in
mogeneous broadening.75 At very low temperatures the ho
mogeneous line shape is Lorentzian with a FWHM~in cm21!
given by

8

FIG. 7. Decay of the transient bleaching signal from the 1998 cm21 line of
HBC

(1) measured at;20 K with the TJNAF FEL.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



i
ct
tio
in
e

he

t-

ly
al

on
o
a
n

ra-

250
ch

tran-
er,
eir

II,

nd
ntal

e

es

cts

2326 J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 Appl. Phys. Rev.: Lüpke, Tolk, and Feldman
G05
1

2pcT1
. ~44!

For LVMs in crystals, the inhomogeneous broadening
determined by the strain fields induced by lattice defe
present in the sample. Since the most abundant imperfec
in the H-implanted Si samples are defects formed dur
implantation, one would expect the inhomogeneous broad
ing to decrease with decreasingCH .

Figure 6~a! shows the absorption line associated with t
fundamental transition of the 1998 cm21 mode measured
with IRAS at;10 K, which is well represented by a Loren
zian. The FWHM of the absorption line is shown in Fig. 6~b!
as a function ofCH . The width decreases monotonical
with decreasingCH and nearly coincides with the natur
linewidth obtained from Eq.~44! for CH;1 ppm. Thus, the
results obtained in time and frequency domains are fully c
sistent. Moreover, the convergence demonstrates that g
estimates of the vibrational lifetime at low temperature c
be obtained from IRAS on samples with low concentratio
of H and lattice defects.

FIG. 8. IR absorbance spectrum ofe-irradiated, H-doped Si, showing th
lines of H2* and HV•VH(110) .

TABLE I. Lifetime T1 for a selection of stretch modes of H-related defe
in crystalline Si measured at;10 K.

Defect v ~cm21! T1 ~ps! Ref.

H2* 2062 4.2 96
IH2 1987 12 94
IH2 1990 11 94
HBC

(1) 1998 7.8 82
VH2 2122 60 94
VH2 2145 42 94
VH4 2223 56 94

HV•VH(110) 2072 295 94
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B. Structural dependence

When Si implanted with protons at cryogenic tempe
tures is heated above;180 K, the 1998 cm21 line disappears
and a series of new lines is formed in the range 1800–2
cm21 ~Fig. 4!, which have been identified as Si–H stret
modes of distinct H-related defects~see e.g. Refs. 90–93!.
The average absorption cross section of these modes is;25
times smaller than that of the 1998 cm21 mode,84 which
makes direct lifetime measurements on these defects by
sient bleaching spectroscopy much more difficult. Howev
one can estimate the lifetimes of these modes from th
spectral widths at low temperature. As discussed in Sec. I82

the lifetime of the stateu1& of a local vibrational mode is
given by

T15
1

2pcG0
, ~45!

wherec is the speed of light andG0 is the full width at half
maximum of the absorption line, given in cm21, associated
with the fundamental transition of the mode. For Eq.~45! to
be valid,G0 has to correspond to the natural linewidth, a
measured FWHMs may have to be corrected for instrume
and inhomogeneous broadening.

FIG. 9. Decay of the transient bleaching signal from the 2072.5 cm21 mode
of HV•VH(110) at 10 K.

FIG. 10. Temperature dependence ofT1 of the 2062 cm21 mode of H2* ~left
side! and the 2072 cm21 mode of HV•VH(110) ~right side!. The solid lines
are fits from Eqs.~17! and~18! for decays into the sets of accepting mod
$165, 165, 165, 522, 522, 522% cm21 and$343, 343, 343, 521, 521% cm21 of
the 2062 and 2072 cm21 modes.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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To minimize the error inT1 introduced by such correc
tions, Budde and co-workers performed IRAS measurem
at the highest resolution possible using samples with v
low defect concentrations.94 The samples were 15 mm thic
and consisted ofn-type Si (@As#5331014 cm21) grown by
the float-zone method. As described in detail in Ref. 94,
samples were doped with H~Si:H! by annealing at 1250 °C
for 30 min in quartz ampules containing H2 gas at 0.66 atm
The concentration of H was;131016 cm21.94 The point
defects studied were created by irradiating the samples
2.5 MeV electrons at RT to a total dose of 1017 cm22. Budde
and co-workers estimated the defect concentration to
;1016 cm23,94 ;50 times smaller than in the proton
implanted samples studied in Ref. 82, which results in s
nificantly less inhomogeneous broadening.

The IR absorbance spectra of the Si:H samples reve
a series of absorption lines in the Si–H stretch regions, so
of which are shown in Fig. 8. The lifetimes of the Si–
modes were obtained in the following way: First, th
FWHMs of the lines were obtained by fitting Lorentzian lin
shapes to the measured absorbance profiles. These FW
were then corrected for instrumental broadening, and the
sult was entered into Eq.~45!. As shown in Table I, the
lifetimes of Si–H stretch modes are extremely dependen
the defect structure, ranging from 4.2 ps for H2* to more than
295 ps for HV•VH(110).

94 The narrowest line in the Si:H
spectrum originates from the 2072.5 cm21 mode of
HV•VH(110).

94,95 Having a width of only 0.0203 cm21, this
mode has a lifetime of at least 262 ps. To obtain a reliableT1

for this defect, Budde and co-workers measured the lifet
directly with transient bleaching spectroscopy. Figure
shows a semilog plot of the transient bleaching signalSb

versus time delay measured at;10 K with the TJNAF FEL.
The signal decreases exponentially with a time constanT1

529566 ps.94

Table I shows that the lifetimes of Si–H stretch mod
depend strongly on the bonding configuration of the defe
For instance, the interstitial-type defects H2* , IH2, and HBC

(1)

have lifetimes of 4.2–12 ps, whereas the lifetimes
vacancy–hydrogen complexes are at least 40–295 ps.
most striking example of the structural dependence is the
orders of magnitude difference in the lifetime of the 20
and 2072 cm21 modes of H2* and HV•VH(110). The strong
structural dependence might be explained by eit
pseudolocalized modes or LVMs being involved in the dec
process. Being localized around the defect, such modes
much larger vibrational amplitudes on the atoms close to
Si–H bond than, e.g., lattice phonons, which may caus
strongly enhanced anharmonic coupling to the Si–H stre
mode. However, significant distortions of the Si–Si bonds
the vicinity of the defects are required for pseudolocaliz
modes or LVMs to form,17 which is consistent with highly
distorted interstitial-type defects having shorter lifetim
than vacancy-type defects. Furthermore, to explain the la
difference in lifetimes, one should also consider the anh
monic coupling strength between the stretch mode and
low-frequency modes. In the HV•VH(110) center, it certainly
seems plausible that the relatively large open volume of
vacancies would lead to a small interaction between the
Downloaded 24 May 2004 to 129.59.117.76. Redistribution subject to AI
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drogen and the surrounding silicon atoms. This small in
action would lead to a longer vibrational lifetime.

C. Decay channels

Lüpke and co-workers investigated the vibrational rela
ation channels of the 2062 and 2072 cm21 modes of H2* and
HV•VH(110) in Si, in order to elucidate the two-orders-o
magnitude difference in their lifetimes.96 The lifetimeT1 of
these modes is measured as a function of temperature
time-resolved transient bleaching spectroscopy. Figure
shows T1 versus temperature for H2* ~left side! and
HV•VH(110) ~right side!. In the case of the 2062 cm21 mode,
T1 is nearly constant up to;60 K, where it starts to de-
crease, reaching half of its low-temperature value at 130
The solid lines in Fig. 10 are fits using Eq.~17! with the
vibrational relaxation channel of the 2062 cm21 mode repre-
sented by a set of six accepting modes$165, 165, 165, 522,
522, 522% cm21. This set of accepting modes is very simil
to that of the 1998 cm21 mode of bond-center H in Si,82

which is well described by decays into six accepting mod
$150, 150, 150, 516, 516, 516% cm21. In contrast, the lifetime
of the 2072 cm21 mode starts to decrease at;120 K reach-
ing half of its low-temperature value at 250 K. The dec
channel of the 2072 cm21 mode is well represented by fiv
accepting modes with frequencies$343, 343, 343, 521, 521%
cm21.

The vibrational relaxation channels are not uniquely d
termined by the temperature dependence of the lifetimes
particular, the high-frequency phonon modes of the de
channels do not have a strong influence on the tempera
dependence of the lifetimes. For example, the tempera
dependence of the 2072 cm21 mode is equally well repre-
sented by a set of accepting modes of$343, 343, 343, 343,
700% cm21. However, the wave number of the accepti
mode with the lowest frequency is quite well determined
the onset of the temperature dependence ofT1 , for example,
;60 K for H2* and;120 K for HV•VH(110). Figure 10 also
shows that in both cases the calculations using Eq.~17! de-
viate from the measuredT1 at elevated temperatures, indica
ing that additional relaxation channels may increase the
cay rate at higher temperatures. The low-frequency accep
modes of 165 cm21 for H2* ~and 150 cm21 for bond-center
hydrogen! nearly coincide with transverse acoustic~TA!
phonons of the undistorted Si crystal, which have been
culated in Ref. 97. Likewise, the 343 cm21 modes involved

TABLE II. Lifetime T1 for a selection of stretch modes of D-related defec
in crystalline Si measured at;10 K ~Ref. 95!.

Defect
Si-D

v ~cm21!
Si-D

T1 ~ps!
Si-H

T1 ~ps!

D2* 1500.1 4.8 4.2
ID2 1446.5 20 12
ID2 1448.7 18 11
VD2 1547.9 70 60
VD2 1565.1 55 42
VD4 1617.5 143 56

DV•VD(110) 1510.4 93 295
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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in the decay of the stretch mode of HV•VH(110) nearly coin-
cide with the peak in the longitudinal acoustic~LA ! phonon
density.

The fact that these modes have very different lifetime
surprising at first glance considering that both Si–H stre
modes have nearly the same frequency and symmetry,
the compound density of accepting phonon states of the
perturbed latticer$n% is almost identical. The critical differ-
ence between these defects is their local structure, inters
or vacancy like, which gives rise to a very different loc
vibrational mode structures, referred to as pseudolocal
modes~PLMs!. Evidently it is these local modes that gove
the lifetimes, and are responsible for the observed prefe
tial couplings to characteristic bulk phonons. A more detai
understanding of the nature of these PLMs is required
fully elucidate the vibrational energy relaxation and trans
channels in solids.

D. Deuterium lifetimes

Lyding, Hess, and Kizilyalli demonstrated that H pla
an active role in the degradation process of silicon met
oxide–semiconductor field-effect transistors~MOSFETs! by
showing that devices treated with deuterium~D! have trans-
conductance lifetimes 10–50 times longer than H-passiva
devices.98 Similar ‘‘giant isotope effects’’ have been ob
served in other contexts.21,99,100 Dissociation of Si–H and
Si–D bonds is believed to be caused by inelastic elec
scattering, which excites the bond to either a dissocia
electronic state or to excited vibrational states.21–24

The vibrational excitation mechanism of hydroge
related modes has been described by the truncated harm
oscillator~THO! model.21–24This model describes the Si–H
and Si–D bonds as harmonic oscillators, and assumes
the bonds dissociate at a rate given by the rate of excita
from the highest bound vibrational stateuNmax& to the lowest
unbound stateuNmax11&. Within this model, the dissociation
rate is approximately given by

FIG. 11. Comparison of the Si–H~full ! and Si–D~dashed! absorption lines
of HV•VH(110) and VH4 .
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, ~46!

whereT1 is the lifetime of the vibrational stateu1& andGexc is
the excitation rate of theu0&→u1& transition.21–24 The THO
model is in qualitative agreement with H desorptio
experiments.23,24However, this agreement may be fortuitou
For instance, it is well known that Si–H and Si–D bonds a
anharmonic, which causes the level spacing to decrease
increasingN. This will affect the value ofNmax in Eq. ~46!,
and hence, also the desorption rate predicted by the mo
Moreover, the assumption of a single normal mode may
be justified, since both the stretching and the bending mo
may play a role in the dissociation process.25 Despite these
potentially unjustified assumptions, the THO model provid
a framework for discussing bond dissociation via vibration
excitation. For instance, it is evident from Eq.~46! that Gexc

has to be on the order of the decay rate, 1/T1 , for bond
breaking to proceed via this mechanism. The model also p
vides a simple explanation for the H/D isotope effect. F
instance,Nmax for Si–D is;& times greater than for Si–H
which would lead to a great reduction in the dissociati
rate. Moreover, Si–D modes are usually believed to h
shorter T1 than the corresponding Si–H modes,25 which
would make the isotope effect even greater.

Table II shows the lifetimes of the Si–D stretch mode
and allows for a direct comparison of the lifetimes of H-a

FIG. 12. FTIR spectra ofa-Si:H showing the Si–H and Si–H2 stretch bands
at 2000 and 2090 cm21 ~with permission from Ref. 111!.

FIG. 13. Decay of the transient bleaching signal from the Si–H and Si–2

stretch modes ina-Si:H ~with permission from Ref. 111!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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D-related LVMs. Substitution of H with D affects the life
time of LVMs in two ways. First, the vibrational amplitude
less for Si–D modes than for Si–H modes, and since
decay of the LVM into other modes is an anharmonic effe
Si–D modes have longer lifetimes than the correspond
Si–H modes. Second, the vibrational energy of the Si
mode is;& less than that of the Si–H mode. Consequen
the order of the decay process, i.e., the number of modes
which the LVM decays, can be smaller for Si–D than f
Si–H. Since the strengths of anharmonic terms are expe
to decrease with increasing order, this suggests that S
modes have shorter lifetimes than the corresponding S
modes. Until recently, the second contribution has been
sumed to be dominant,25 which is consistent with the exper
mental results for Si–H and Si–D modes on H-terminated
surfaces.101 In contrast, Table II shows that the lifetimes
D-related stretch modes are longer than the correspon
Si–H lifetimes for all defects except HV•VH(110), for which
the Si–D lifetime is three times shorter than for Si–H. Figu
11 shows the inverted isotope effect for HV•VH(110). Ac-
cording to Eq.~46!, the inverted isotope dependence ofT1

observed for HV•VH(110), implies that this defect, and pe
haps also Pb :H centers at the Si/SiO2 interface, exhibits
much larger differences in Si–D and Si–H dissociation ra
than most other H-related defects.

No H-related centers at the Si/SiO2 interface, including
Pb :H, have ever been observed directly. It is, therefore, q
likely that the giant isotope effect will have to be explain
by theoretical methods. The lifetime data provide an ind
pensable benchmark for such theory.

V. AMORPHOUS SILICON

In hydrogenated amorphous silicon (a-Si:H), the pres-
ence of hydrogen eliminates most of the defects. As a re
high-qualitya-Si:H layers can be grown. However, the intr
duction of excess carriers through moderate illumination
electronic injection increases the density of dangling bo
~DBs! to nearly 1017 cm23, even in the most degradatio
resistant materials.102–106These excess carrier-induced DB
are metastable; they are annealed out in a few hours at a
150 °C. However, their rapid formation sharply limits app
cation ofa-Si:H as an inexpensive material for photovolta
and electronic applications. The source of the carrier-indu

FIG. 14. Transient-grating signal from the 2000 cm21 stretch band ofa-Si:H
taken at room temperature~with permission from Ref. 112!.
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metastability has been elus`ve; since its discovery by Staeble
and Wronski ~SW! in 1976,107 several models have bee
published, but no previous model is satisfactory.108,109Branz
recently proposed a hydrogen collision model to explain
SW effect.110 In this model, DBs are created when recomb
nation of light-induced carriers stimulates emission of m
bile H from Si–H bonds to form a mobile Si–H–Si bond-
centered H configuration leaving a DB behind. A collision
two mobile H atoms creates a metastable complex contain
a pair of Si–H bonds in close proximity. The two mobile
are then immobilized. Light-induced or thermal annealing
the SW effect leads to the breakup of the metastable com
and the subsequent retrapping of the mobile H to DBs co
pletes the SW annealing. A detailed knowledge of the ra
and pathways of vibrational energy flow from the Si–
bonds may provide some information about the degrada
mechanism ofa-Si:H.

A. Hydrogen stretch band

Xu and co-workers reported the first direct measurem
of the vibrational lifetime of the Si–H and Si–H2 stretching
modes ina-Si:H obtained by the equal-wavelength pump
probe technique using the stanford FEL.111 Figure 12 shows
the Fourier transform infrared~FTIR! spectrum of thea-Si:H
films grown at low substrate temperature~250 °C! on ~100!
c-Si wafers to eliminate most defects. The band at 20
cm21 is due to the Si–H stretching mode and the band

FIG. 15. Spectral dependence of the geometric mean lifetime~circles! at 10
K. The linear absorption spectrum~solid line! is shown along with the
contributions from mono- and polyhydride~dashed lines! ~with permission
from Ref. 112!.

FIG. 16. Temperature dependence of the mean decay rate~inverse lifetime!.
Also indicated are various possible decay channels~a!–~e!. The phonon
density ofa-Si:H is shown in the inset~with permission from Ref. 113!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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2090 cm21 to the Si–H2 stretching mode. All of the peak
have a full width at half maximum of;100 cm21.

Figure 13 shows the decay of the transient bleach
signal for the two wavelengths, 5.0 and 4.75mm, in reso-
nance with the Si–H and Si–H2 stretching mode,
respectively.111 The data can be fitted very well with a biex
ponential function using the following expression:

DT}A1e2t/t11A2e2t/t2, ~47!

wheret1 andt2 (t1,t2) are two relaxation times. The en
ergy relaxation times of the Si–H stretch mode are;20 and
;100 ps for both samples whereas the energy relaxa
times of the Si–H2 stretch mode are;13 and;50 ps.111 Xu
and co-workers proposed a model in which each time c
stant corresponds to a different physical process in
material.111 In this model, the faster decay time correspon
to redistribution within the Si–H stretch vibrational ban
and the slower time to energy transfer from the stretch m
to low-frequency accepting modes.

Rella and co-workers reported pump–probe a
transient-grating lifetime measurements performed on
Si–H stretch mode as a function of temperature and wa
length using the FELIX laser.112,113From these data the au
thors concluded that energy redistribution does not occur
significant extent within the Si–H stretch vibrational ban
and that the stretch mode decays primarily into three b
quanta plus one TA-like bulk phonon. Therefore, the stre
vibrations are localized, and do not form a phonon-like ba
of states.

Rella and co-workers performed primarily transien
grating experiments, which permits lifetime measureme
with extremely high signal-to-noise ratio, since the diffract
signal is detected against ‘‘zero’’ background.112,113 Figure
14 shows a typical scan taken at room temperature, show
the decay of the transient-grating signal.112 The data are fit to
the square of a double exponential, and decay times of

FIG. 17. Average kinetic energy as a function of time and frequency a
excitation of the 78.7 meV mode~with permission from Ref. 115!.
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and 74.5 ps were obtained, which are in agreement with
relaxation times obtained from transient bleaching by
et al.111

Rella and co-workers performed also lifetime measu
ments as a function of temperature, and across the S
monohydride absorption band.112 Because the shape of th
measured decay curves remained unchanged, it is possib
define a geometric mean lifetimeAt fasttslow of the Si–H
stretch mode shown in Fig. 15 for a temperature of 10 K112

Since the wavelength dependence of the lifetime does
change with temperature the authors conclude that the str
mode does not form a vibrational band ina-Si:H.

Figure 16 shows the mean lifetime as a function
temperature.113 It is clear that only the decay channel of thre
bending modes plus one TA phonon fits the data well. The
fore, even after the decay of the stretch mode, the vibratio
energy remains largely localized in the form of bend mo
excitation, with only a small fraction of the energy dissipa
ing into the phonon bath of the amorphous-Si host. The r
son for the strongly nonexponential decay of the vibratio
lifetime is still unclear. It is likely that disorder in the mate
rial leads to a wide variation in the microscopic environme
of the hydrogen, thus leading to a wide distribution of vibr
tional lifetimes as well as the observed broadening of
absorption line. Such a view is qualitatively consistent w
the single-crystal data where large variations in lifetime
associated with minor changes in defect configurations.
vestigations are currently underway to test this model,
well as to examine the possibility of applying these tec
niques to a variety of problems, ranging from a detail
study of the effects of visible light aging on the structure
amorphous silicon, to a more fundamental inquiry into t
nature of disordered materials.

B. Molecular dynamics simulations

Fabian and Allen114 and Bickham and Feldman115 calcu-
lated vibrational lifetimes in amorphous silicon. Both grou
used the same potential and structural models in their st
except that the later group also made use of a 4096 a
model in addition to a 216 atom model. Phenomenologi
structural and interatomic potential models were employ
Both groups found that at moderate temperatures, lifetim
are on the order of 10 ps and lifetimes of localized and

r

FIG. 18. Si–H spectra from the Si~111!:H surface:~a! linear absorption,~b!
SFG, and~c! SFG after transient bleaching~with permission from Ref. 101!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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tended nonpropagating modes are comparable. Bickham
Feldman calculated the vibrational lifetimes for models
amorphous silicon using molecular dynamics simulations115

These types of numerical experiments have been used
creasingly to study the properties of amorphous materi
They have been used to investigate the Raman spectru
amorphous silicon116 and high-frequency modes in fuse
silica.117 Although the use of atomistic models restricts t
interpretation to the classical regime, experimentally relev
information about the amorphous structure and vibratio
modes has been obtained.

In these computer simulations, the instantaneous
placements, velocities, and accelerations are used as i
conditions. The kinetic energy is introduced into selec
modes of vibration and monitored as a function of time. F
ure 17 shows the log kinetic energies of all 648 modes o
216 atom supercell as a function of time and frequency
an initial excitation of the highest-frequency mode withv0

578.7 meV. Although the excitation energy is put into
single mode, a small portion is quickly and nonradiative
transferred to other modes by anharmonic coupling. The
tial kinetic energy spectrum, therefore, has a strong pea
the perturbation frequency with secondary peaks at lo
frequencies. As the simulation progresses, this nonequ
rium distribution evolves into a microcanonical ensem
with each mode having the same kinetic energy. The t
scale for this relaxation is on the order of tens of picos
onds, and similar decay times have been obtained for o
localized and extended, nonpropagating modes in the
atom model.118

These MD simulations using large amorphous superc
demonstrate the ability to extract experimentally relevant
formation from computer simulations. The lifetimes foun
by this method are in good agreement with the perturba
calculations of Fabian and Allen114 and are on the order of 1
ps at low temperatures in both 216 and 4096 atom superc
The lifetimes of high-frequency localized modes and e
tended, nonpropagating modes with intermediate frequen
are comparable. Although these initial calculations of the

FIG. 19. Decay of the transient bleaching signal from the Si–H stre
mode on the Si~111!:H surface. The solid line is a least-squares fit givi
T15795 ps. The dashed curve indicates the temporal resolution~with per-
mission from Ref. 101!.
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brational lifetimes in amorphous silicon did not include t
Si–H stretch vibration, the obtained decay rates of the hi
frequency localized modes are comparable. Future M
simulations on hydrogenated amorphous silicon can be u
to elucidate the strongly nonexponential decay of the Si
stretch mode.

VI. SILICON SURFACES

The first studies on the relaxation dynamics of adsorb
vibrations used conventional linear absorption and trans
bleaching. To compensate for the weak surface optical d
sity, poorly characterized high surface area materials ha
be used.119–121On the other hand, to study single-crystal su
faces, the potential of the nonlinear optical techniques
sum–frequency generation was recognized early.71–74,122

Since then, data on the relaxation of adsorbates
single-crystal metal,123,124 semiconductors,101 and insulator
surfaces125 have been available using SFG transient refl
tivity or fluorescence techniques. This section surveys
pioneering work done by Guyot-Sionnest and co-workers
the lifetime of the Si–H stretching vibration for th
Si(111)/H:131 and Si(100)/H:231 surfaces. Theoretica
results have been obtained by a method that comb
Bloch–Redfield theory with MD simulations~Sec. VI C!.

A. Si „111…:H surface

Guyot-Sionnest, Dumas, Chabal, and Higashi presen
the first time-resolved measurements of the vibrational l
time of the Si–H stretch mode for an ideally H-terminat
Si~111! surface.101 The hydrogenated surface is characteriz
by a single Si–H stretch vibration at 2083.7 cm21 polarized
purely perpendicularly to the surface~Fig. 18!. Furthermore,
in contrast to the many relaxation channels available to m
ecules on metals~electronic, intramolecular! with strong dy-
namic dipoles~intermolecular!, the Si–H stretch mode ca
only relax via anharmonic coupling to one H mode~Si–H
bend! or to the substrate motion~Si surface phonons!. The
absence of resonant electronic excitation and the large

h

FIG. 20. Temperature dependence of the lifetime of the Si–H stretch m
on Si~111!:H surface~with permission from Ref. 101!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ergy difference between the Si–H stretch mode and the o
vibrational modes@nSi–H,bend5637 cm21 ~Ref. 126! and
nphonon<500 cm21] imply that a long lifetime is expected
The temperature dependence of the Si–H stretch linew
implies, in fact, that this mode is anharmonically coupled
both the Si–H bend and a Si surface phonon at a lo
frequency, leading to a well-defined~dephasing orT2)
broadening.127 Furthermore, molecular-dynamics calcul
tions with no adjustable parameters~i.e., based onab initio
calculations! have been performed for this system.128

To measure the lifetime of the Si–H stretch on t
Si~111! surface, Guyot-Sionnest and co-workers used
method of transient bleaching in conjunction with t
surface-specific SFG technique.101 In this scheme~Sec. III C!
an intense infrared pulse resonant with the Si–H stretch
bration at 2083.7 cm21 pumps the ground state into the fir
excited state. After a varying delay, the difference betwe
the population of the ground state and the excited vibratio
stateDr is then probed by SFG from a pair of weaker infr
red and visible beams. If the nonresonant contribution
small and the anharmonicity is larger than the bandwidth
the laser pulse, then the SFG signal is just proportional to
square ofDr. Therefore, as for the transient bleaching, o
measures a ground-state recovery time.

Although the infrared cross section is small, the SF
signal is fairly strong because of a significant Raman cr
section and the perfect ordering of the surface~Fig. 18!. Fig-
ure 18~c! shows the SFG spectrum obtained with the pu
coming 200 ps before the probe beam. The saturation of
absorption leads to a 60% decrease of the SFG signal.
ground-state recovery time is then directly obtained by va
ing the delay between the pump and probe and measuring
remaining saturation. The data are presented as the rar
[12r 1/2'2rexc in Fig. 19 where ln(r) is plotted versus time
delay. Within the experimental accuracy a straight line
observed with a lifetimeT150.860.1 ns of the Si–H stretch
vibration.

This lifetime is very long compared to what one wou
assume for chemisorbed molecules on surfaces. It illustr
the fact that the Si–H stretching mode is well decoup
from the bending mode and the substrate phonons. In a
tion, unlike molecules on metals, transfer to electronic ex
tations cannot occur since the band-gap energy is m
larger than the vibrational quantum. The lifetime as a fu
tion of temperature is shown in Fig. 20.101 The temperature
dependence ofT1 is well represented by a decay mechani
involving three bending modes around 630 cm21 and one
silicon phonon around 200 cm21 ~dashed curve in Fig. 20!.
This decay channel was confirmed by theoretical calculati
using perturbation theory by Gai and Voth132 ~Sec. VI C!.

The work by Guyot-Sionnest and co-workers constitu
measurements of the lifetime of an adsorbate–substrate
bration. The system, ideal in many aspects, gives a c
single-exponential decay of a spectrally well-defined vib
tional mode. This measurement, along with the thorou
linewidth study,127 gives a complete experimental charact
ization of the anharmonic coupling between the Si–H stre
and the lower-frequency modes. This long Si–H stretch l
time may allow various surface photophysics experiment
Downloaded 24 May 2004 to 129.59.117.76. Redistribution subject to AI
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be done, such as multiphoton absorption, selective des
tion, and chemical reaction.

B. Si „100…:H surface

For Si(100)/H:231 the lifetime, from classical molecu
lar dynamics, was predicted to be in excess of 20 ns,126 much
longer than the lifetime on Si(111)/H:131. Overall, the pic-
ture looks a priori fairly different for both surfaces. The
measured lifetimes at low temperatures are highly sensi
to the sample preparation and thus reflect more the influe
of defects than an intrinsic relaxation rate. Lifetimes long
than 6 ns have been observed at 100 K.129 Si(100)/D:231
shows a shorter lifetime~250 ps! and much higher

FIG. 21. Decay of theSmode on Si~100!:H surface at 100 K with the pump
resonant with theS ~open circles! and A modes~closed circles! ~with per-
mission from Ref. 129!.

FIG. 22. Decay of the transient bleaching signal from the Si–D stre
mode on the Si~100!:D surface at 300 K~full circles! and 100 K ~open
squares!. The solid lines are single-exponential fits givingT15225 ps at 300
K and T15218 ps at 100 K~with permission from Ref. 129!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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reproducibility.129 Guyot-Sionnest and co-workers have o
served the energy transfer between the symmetric and
symmetric modes of the surface dimers at lo
temperature.129

For the Si(100)/H:231 surface the coupling of the tw
Si–H bonds in the unit cell induces a symmetric~S! 2099
cm21 mode and an antisymmetric~A! 2087 cm21 mode.130

The A mode is relatively weak in the SFG response due
small effectivex (2) components. For IR light polarized pa
allel (p-pol.) to the plane of incidence, theS mode is very
dominant with no detectableA mode contribution. With the
IR pulse '80% vertically polarized (s-pol.), the A mode
dominates but it is about 30 times weaker.

To probe the population dynamics of the system, b
modes were pumped and theS mode was probed.129 Figure
21 shows saturation spectra obtained at 100 K with the pu
80% s-pol., where saturation of theS mode induced by
pumping either modes appears clearly. Both response cu
were fitted with a fast decay componentT1,AS590615 ps
and a slow decay,T151.360.1 ns.129 Therefore, the energy
transfer between both modes (T1,AS) is relatively slow at 100
K. It is faster at higher temperatures and not noticeable
room temperature.

While the relaxation rate is fairly consistent at roo
temperature to 1.2560.1 ns, the low-temperature da
showed consistentlyT1,AS590 ps butT1 decreased from 8 to
1.2 ns in the course of several days and cooling cycles129

This strong dependence ofT1 on the sample history is a
indication thatT1 is not the intrinsic lifetime but is due to
defect-induced relaxation. A detailed study of seve
samples revealed thatT1 at 100 K can be longer than 6 n
while at 300 K it is around 1.2 ns.129 This temperature de
pendence is much stronger than for Si~111! since there the
relaxation varied from 0.9 to 1.4 ns in the same tempera
range~Fig. 20!. Such a temperature dependence canno
explained by a multiphonon relaxation process unless v
low-energy phonons are involved~;100 cm21!. The defects
responsible for the enhanced relaxation rate are not kno

Si(100)/D:231 also showed a strong SFG resonan
from theSmode though at 1530 cm21. The relaxation occurs
over 250 ps with little variation~30 ps! from sample to
sample.129 This appears to be the intrinsic value for the lif
time of the deuterium stretch mode. Measurements take

FIG. 23. Fluctuating force autocorrelation function along the Si–H bond
300 K ~with permission from Ref. 132!.
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300 and 100 K also showed little difference~Fig. 22!.129 The
faster relaxation of Si–D and its weak temperature dep
dence are consistent with a multiphonon relaxation proc
of lower order now probably involving three Si–Si phono
since the Si–D bending mode is below the Si phonon e
~520 cm21!.131 The reliability of the measurement o
Si(100)/D:231 is attributed to the shorter intrinsic relax
ation time that prevents defects from playing an import
role.129

C. Theoretical results

Tully and co-workers performed the first theoretic
study of the lifetime of the Si–H stretch vibration on a
surface using a classical Langevin dynamics calculation128

These authors obtained an estimate for the lifetime of thv
51 Si–H vibrational level on a model Si~100! surface to be
T1>231028 s, which is much larger than the experime
tally observed lifetime ofT1.1.531029 s.101 First attempts
to treat this problem within perturbation theory were und
taken by Gai and Voth.132 These authors calculated the vibr
tional relaxation rate of an excited Si–H stretch mode on
ideally H-terminated H/Si(111)131 surface using a metho
that combines Bloch–Redfield theory with classical M
simulations~see Sec. II A!.26–29In the calculation by Gai and
Voth,132 it has been assumed that the Si–H vibrational ene
relaxation dynamics can be understood by studying the qu
tum population evolution for only one of the Si–H oscillato
on the H/Si(111)131 surface. This local-mode-like pictur
neglects the mobility of the vibrational excitations betwe
the equivalent Si–H oscillators on the surface. The la
effect should be more relevant to the vibrational dephas
dynamics23 than to the energy relaxation process~i.e., each
of the equivalent Si–H oscillators should have an identi
energy decay pathway into the bulk!.

The Redfield equations@Eqs. ~3!–~5!# were solved nu-
merically for the four lowest-energy levels of the chos
Si–H oscillator.132 From the slope of the logarithm of thev
51 state probability versus time, the theoretical lifetime
thev51 state was determined to be 1.760.1 ns.132 The cor-
responding experimental value is 0.95 ns.101 Gai and Voth
considered also the dominant damping term in the redu
density matrix equation for thev51 state probability, to elu-
cidate the mechanism for the Si–H stretching relaxation132

The Fourier transform of the fluctuating force autocorrelat
function shown in Fig. 23 provides useful information on t
coupling between the Si–H stretch and the rest of the syst
The fundamental transition frequencyv1052084 cm21 is
shown by the solid vertical line in Fig. 23. This transitio
frequency is somewhat to the blue of a prominent feature
the transform of the force autocorrelation function, whi
can be attributed to the second overtone~i.e., three quanta! of
the Si–Si–H bending motion (vbend;640 cm21). Gai and
Voth suggested that thev51 state relaxes through couplin
to a combination state consisting of three Si–H bend
quanta plus a phonon to make up the small frequency m
match~as postulated in Refs. 101, 128, 133 and 134!. This
result was confirmed by Ermorshin and co-workers who u
a quantum mechanical treatment of the highly localiz

t
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Si–H bending modes.135 In the approach by Gai and Voth th
bending modes are treated classically as bath modes.132 An
important result of the calculations by Gai and Voth is t
fact that the coupling between the Si–H stretch and the
Si–H bends is kinetic in character.132 For the simple poten-
tial energy function employed in these calculations, there
no potential energy coupling terms between the Si–H stre
and the Si–Si–H bends. This behavior has also been ide
fied, e.g., in the study of vibrational energy relaxation
isolated molecules.136

It is also possible to calculate the lifetime of thev52
state, which is thought to be considerably shorter than
lifetime of thev51 state. The Fourier transform of the flu
tuating force autocorrelation function at the frequencyv
5v21 is shown by the vertical dashed line in Fig. 2
Clearly, thev52 state of the Si–H stretch is more closely
resonance with the bending-mode-induced peak in Fig.
Correspondingly, the calculated lifetime is 0.13 ns, which
;10 times shorter than that calculated for thev51 funda-
mental. The level of agreement between theory and exp
ment is more uncertain in this case because the linewidt
dominated by dephasing broadening. More accurate calc
tions based on improved potential energy functions are
subject of future research.

VII. CONCLUSIONS AND OUTLOOK

Before closing, we would like to place the current e
perimental and theoretical accomplishments in this emerg
field in the proper perspective. Budde and co-workers h
measured the lifetimes of a selection of Si–H stretch mo
of point defects in Si. The lifetimes of interstitial-type d
fects were found to be very short~1.6–8 ps!, whereas
vacancy-type defects have lifetimes up to several hund
of picoseconds—two orders of magnitude variation. T
strong dependence of the lifetime on the atomic structure
the defect suggests that pseudolocalized modes or LVMs
involved in the vibrational relaxation of Si–H bonds of poi
defects in solids. Moreover, to explain the large difference
lifetimes, one should also consider the anharmonic coup
strength between the stretch mode and the low-freque
modes. It certainly seems plausible that the relatively la
open volume of the vacancies would lead to a small inter
tion between the hydrogen and the surrounding silicon
oms. This small interaction would lead to a longer vibr
tional lifetime. This interpretation is consistent with th
observed long vibrational lifetime of hydrogen bonded to
surfaces. Both the Si~111!/H and the Si(100)/H:231 sys-
tems have Si–H lifetimes in excess of 1000 ps at;100
K,101,129i.e., 2–3 orders of magnitude longer than for Si–
stretch modes of interstitial-type point defects.

Furthermore, the measured vibrational lifetimes of t
corresponding Si–D stretch modes are key to understan
the physics of the giant isotope effect. Against conventio
wisdom, lifetimes of Si–D modes are found to be typica
longer than for the corresponding Si–H modes. Hydrog
terminated dangling bonds, exemplified by the HV•VH(110)

complex, have particularly long lifetimes, and the H/D is
tope dependencies of their lifetimes are ‘‘inverted.’’ The i
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verted isotope dependence is also found for H/D stre
modes on Si surfaces. Based on this observation, it is p
sible that PbH: centers might be particularly susceptible
dissociation by multiple vibrational excitation, and are like
to exhibit a particularly large isotope effect. No H-relate
centers at the Si/SiO2 interface, including Pb :H, have been
observed directly. It is, therefore, quite likely that the gia
isotope effect will have to be explained by theoretical me
ods.

Finally, it is interesting to compare the results by Bud
and co-workers with measurements of Si–H modes in diff
ent environments. The lifetime of Si–H stretch modes
amorphous Si (a-Si:H) was studied by pump–probe an
transient-grating spectroscopy. In this material, the popu
tion relaxation is biexponential with a short decay time
;10 ps and a long decay time of;100 ps.111,112 The fast
component was initially ascribed to redistribution within th
Si–H stretch band and the slow component to decay of
Si–H stretch modes into Si–H bend modes or phonons111

However, more recent experiments indicate that the two
cay times are due to stretching vibrations at different s
having different lifetimes.112 The results of the work by
Budde and co-workers support the latest interpretation.

Modeling of the dynamics of the multiphonon relaxatio
process has also played a key role in the understanding o
vibrational lifetime of hydrogen. The results by Gai and Vo
and others show that the vibrational lifetime as well as
corresponding dominant decay channel can be obtained q
accurately using a perturbative calculation, involving Bloc
Redfield theory and MD simulations, in which the Si–H o
cillator is treated quantum mechanically. Quantitative mod
explaining the large structural dependence of the vibratio
lifetime require detailed knowledge of the local structure
the defects and the associated local phonons. The meas
lifetimes provide an indispensable benchmark to deve
more accurate calculations based on improved potential
ergy functions.

Future directions will focus on elucidating the stron
structural dependence of the vibrational lifetime and ene
transfer channels of the Si–H stretch mode. Temperat
and strain-dependent lifetime measurements will shed l
on the preferential coupling between the Si–H oscillator a
the bulk phonons. Two-color transient bleaching experime
will allow direct measurements of the energy transfer proc
between localized modes, enlightening the role of the be
ing mode in the decay process. Characterization and con
of materials on the time scale associated with the fundam
tal vibration period of solid-state atomic motion will reve
insights into energy pathways, defect reactions, and com
formation. These exciting directions provide the promise
establishing a solid-state science involving quantum-le
control.
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Huang and Y. R. Shen, inLaser Spectroscopy and Photochemistry
Metal Surfaces, edited by H. L. Dai and W. Ho~World Scientific, Sin-
gapore, 1995!, p. 5.

71H. W. K. Tom, Ph.D. thesis, University of California, Berkeley~1984!.
72X. D. Zhu, H. Suhr, and Y. R. Shen, Phys. Rev. B35, 3047~1987!.
73J. H. Hunt, P. Guyot-Sionnest, and Y. R. Shen, Chem. Phys. Lett.133,

189 ~1987!.
74A. L. Harris, C. E. Chidsey, N. J. Levinos, and N. D. Loiacono, Che

Phys. Lett.141, 350 ~1987!.
75D. D. Dlott, in Laser Spectroscopy of Solids II, edited by W. M. Yen

~Springer, Berlin, 1989!, Chap. 5.
76H. J. Stein, Phys. Rev. Lett.43, 1030~1979!.
77N. N. Gerasimenko, M. Rolle, L. J. Cheng, Y. H. Lee, J. C. Corelli, a

J. W. Corbett, Phys. Status Solidi B90, 689 ~1978!.
78B. N. Mukashev, K. H. Nussupov, and M. F. Tamendarov, Phys. L

72A, 381 ~1979!.
79G. R. Bai, M. W. Qi, L. M. Xie, and T. S. Shi, Solid State Commun.56,

277 ~1985!.
80T. S. Shi, L. M. Xie, G. R. Bai, and M. W. Qi, Phys. Status Solidi B131,

511 ~1985!.
81X. T. Meng, Y. C. Chang, and Y. D. Fan, Phys. Status Solidi A101, 619

~1987!.
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