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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 nhanoseconds for hydrogen bonded to Si
surfaces—over three orders of magnitude variation. Such large variations in lifdtiamsition
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 thémultiphonon 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. ZD03 American Institute of Physics.
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into and out of impurity and defect complexes. This is im-stand such processes, it is necessary to know the time scale
portant, because when defects act as recombination or scath which excited vibrational states decay, which is given by
tering centers in semiconductors, the electronic excitationthe lifetime of the states.
that is deposited at the defects is then available to promote The aim of this review article is to present a comprehen-
defect migration and reactions, an area of defect physics thaive overview of the recent theoretical and experimental re-
has an important impact on the degradation of electronic andults with respect to the vibrational lifetimes of hydrogen and
photonic devices. Hence, a better understanding of the physileuterium-related modes in silicon. Theoretical results have
cal properties of defects and impurities in semiconductordeen obtained with a method that combines Bloch—Redfield
can be obtained by studying the dynamics of the elastic antheory and molecular dynami¢#ID) simulations. This ap-
inelastic local interactions. proach is described in the theory secti@ec. Il A). A theo-
Information on the inelastic microscopic interactions canretical description of vibrational relaxation and dephasing
be obtained from the lifetime of LVMs. Vibrational energy processes is outlined in Sec. I B. Given the general impor-
relaxation in condensed phases entails the redistribution dance of multiphonon relaxation for the lifetime of LVMs, a
the excess energy into low-frequen@ften vibrational de-  theory of relaxation rates based on a microscopic Hamil-
grees of freedom that are anharmonically coupled to the initonian is presented in Sec. Il C. The interaction between the
tially excited local mode. These inelastic interactions of ansystem and the radiation field is briefly described in the last
oscillator with the low-frequency modes result in energy re-theory sectior(Sec. 11 D).
laxation times that are typically hundreds of femtoseconds to ~ The various experimental techniques used to measure
hundreds of picoseconds in soli3° The energy relaxation Vibrational lifetimes are presented in Sec. Ill. The pump—
lifetime most often cannot be derived from the linewidth of probe transient bleaching technique is the most common
the linear absorption spectruth!?This is due to the fact that time-resolved method for vibrational lifetime measurements
generally elastic interactions leading to dephasing of the vi{Sec. IllA). The transient-grating method belongs to the
brational transition and the associated line broadefiiuge ~ Same class of degenerate four-wave-mixing techniques as the
dephasing occur on even shorter time scafés!® Further-  Pump—probe method, but allows for background-free detec-
more, inhomogeneous effects may contribute significantly tdion, which may increase the signal-to-noise ratio in lifetime
the observed absorption linewidth. Therefore time-domainmeasurement&Sec. 111 B). Lifetime measurements of adsor-
nonlinear spectroscopic experiments, such as pump_prog@tes on surfaces require a time-resolved surface-sensitive

saturation spectroscopy, are necessary to obtain informatid§chnique such as IR sum—frequency generat®RG. A
on the vibrational population lifetime. simple combination of SFG and transient bleaching is de-

Light impurities in semiconductors, such as hydrogenSCfibed in Sec. lll C. The lifetime of LVMs can also be stud-
and deuterium, give rise to localized vibrational modes withied in the frequency domain by infrared absorption spectros-
frequencies above the phonon bands of the Sdlithe vi-  COoPY (IRAS) (Sec. llID). . _ _
brational spectroscopy of these high-frequency modes has 1he remainder of this review article consists of three
become an important probe of defects in solids and Oﬂeﬁgctlons presentlng.experlmental r.esults of thg Ilfetime of the
provides information about defect structure and propertiesi—H stretch mode in different environments, including crys-
that cannot be obtained by other methd¥&VM spectros-  tlline Si (Sec. V), hydrogenated amorphous &ec. V),
copy has been applied extensively to study isolated impuri@nd hydrogen adsorbed on a Si surfé8ec. V). Section IV
ties and impurity complexes in crystalline solids, including "€VIeWS recent I|fet|me measurements of H-related defects in
ionic crystald” and semiconductor®. One of the impurity- crystalline silicon, including bond—cer}ter hydrogéSec.
materials systems studied most extensively by LVM SIOeCjVA), the structurall dependence for different H—relateq de-
troscopy is H in semiconductors, which has attracted muct€Cts(Sec. IVB), their decay channelSec. IV O, and their
interest because of hydrogen’s ability to interact with virty-relationship to deuterium lifetime¢Sec. IV D). Section V
ally any lattice imperfection, including impurities, intrinsic "€Views lifetime studies in amorphous silicemSi). The re-
defects, surfaces, and interfaces, thus possibly changing ti%/tS 0f pump—probe and transient-grating experiments are
electronic properties of the materidi2° Until now, most  Presented in Sec. VA. Section VB reports MD simulations
spectroscopic studies of H-related LVMs in semiconductor®f Vibrational lifetimes of local and extended modesaifSi.
have been carried out in the frequency domain, which probe$"€ 1ast experimental sectioiSec. V) reviews the vibra-
the time-averaged optical response of the modes. Consd®nal lifetimes of the Si—H stretch mode on Si surfaces.
quently, very little is known about the dynamics of theseS€ctions VIA and VIB present lifetime data from H(ELD)
modes, i.e., the time scales and mechanisms for populatid?'ﬂd H:S(:,LOO) sgrfgces, respectively. Theoretical results for_
and phase relaxation upon excitation. Such information idh€ Vvibrational lifetimes of the hydrogen stretch mode on Si
crucial since excited vibrational states may be involved insurfaces are reported in Sec. VI C. The article concludes with

the dissociation of the bond between H and the lattice. Foft Prief summary and an evaluation of future directioBec.
instance, Persson, Avouris, Lyding, and their co-workers”!D-
have reported intriguing data on the different behaviors of
the desorption of deuteriurfD) and H bonded to Sit~2
- R . . . Il. THEORY
Although the chemical binding of these species is essentially
the same, the difference in desorption behavior was attrib- The level of theoretical investigation into the vibrational
uted to differences in their vibrational lifetimésTo under- lifetime of the Si—H oscillator is less advanced. This state of
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affairs is partly because of the difficulties in explicitly treat-
ing slow relaxation processes in complex systems, and partly Pap(t) = —i1@appap(t) — E ReparpParp(t), (2
because, as suggested by experiment, a highly anharmonic @B
coupling mechanism is apparently responsible for the relaxwhere p,4(t) is the reduced density matrix element and
ation process. Even more importantly, because of the higw,z=(E,—Eg)/% is the frequency of oscillation of coher-
frequency of the Si—H stretching motion, results from a clasence between the eigenstates and|B) of the system. The
sical treatment of the Si—H oscillators may not be particudirst term on the right-hand side of E¢2) describes the
larly accurate. Bloch—Redfield theory provides the quantununperturbed motion of the system as determined by its
mechanical equations of motion of the density operator of dlamiltonianHs. The matrixR describes the relaxation of
system(local oscillatoy in contact with a thermal bath. Ex- the system by the statistical perturbatibi(t). It will be
pressions for the vibrational relaxation and dephasing rategalled the “relaxation matrix.” The elements of the Redfield
are derived by defining an effective vibrational Hamiltoniantensor have a straightforward interpretatid®y,z .5/ IS a
that represents canonical averages over the bath modes. Bgte constant for the proceggz—p, g - If a=a’ andg
expanding the system—bath-interaction Hamiltonian to high= ', this is a dephasing rate for the coherepgg. If «
order in the phonon coordinates an expression for the mul=8 and a’=’, then the term represents a population re-
tiphonon relaxation rate is derived. A theoretical descriptionlaxation rate between eigenstatesand|a’) of the system.
of the interaction between the system and an incoming lasepther terms describe the coupling between populations and
pulse is presented in the last part of this section. coherences and coﬁhezgence transfer. The relaxation matrix
A. Bloch—Redfield theory Rap.arpr 1S given by

Theoretical results have been obtained with a method Rap a,ﬁ,:_(sﬁ,EE | AR S S
that combines Bloch—Redfield theory and molecular dynam- ' y y Pk
ics simulation®~2° The Bloch—Redfield theory component LTt T

. . . '8 ot '8! ()

allows one to treat the multilevel population evolution of a B'Baa B'Baa
high_—frequency Si—H oscillator_ in a quantum mechanical ﬁzrgrﬁ,w,=(,3’|q|[3>(a|q|a’>
fashion. The molecular dynamics component, on the other
hand, allows one to treat the interaction of the Si—H stretch P et
with the vibrational degrees of freedom of the bath for a high X J; dte™ e (F(1)F(0)), (4)
level of complexity.

A brief description of the Bloch—Redfield theory is hzfg,ﬁ,lm,:<,8’|q|,8>(a|q|a’>
given here as it applies to the vibrational energy relaxation
dynamics of the Si—H oscillator. The total Hamiltonian is Xfmdte—iwﬁrﬁt<F(0)F(t)>_ (5)
written as follows: 0

In Egs. (3)—(5), {a|q|a’) is the transition matrix ele-
H(q,Q)=Hs(Q)+Hg(a) +H,(q,Q), (1) ment between eigenstatés) and |a'), 8. is the Kro-
necker delta, and the dynamical functiB(t) is the classical
where Q and g represent the coordinates of the quantumfluctuating force on the Si—H bond arising from the coupling
Si—H oscillator and the bath, respectivelys is the Hamil-  to the other modes of the system. In the derivation of Q.
tonian for the vibrational levels of the systgi®i—H bond, many assumptions have been ma¥&" (1) The interaction
Hg is the Hamiltonian of the batfphonong, andH, is the  Hamiltonian can be written ad,(t) =qF(t), which is to be
interaction between the LVM and the phonon bath. Typically,computed with the oscillator frozen at its equilibrium posi-
the system contains a few degrees of freedom of inte@st, tion. (2) The thermal bath remains in thermal equilibrium.
whereas the bath consists of many degrees of freedpm, (3) The relaxation times of the system under study are much
The total density operator in the joint system and bath phasenger than the autocorrelation timg of the force. The first
space is too complex and cannot be calculated explicitly. assumption is mostly of a technical nature and represents no
Bloch—Redfield theory utilizes an important advantageproblem if the coupling is small. The second assumption is
of the density operator, namely, that it offers the possibilityreasonable because the amount of energy transferred to the
to describe only a part of the system of interest, i.e., it pro-bath is small and also because the many-body bath can rees-
vides a reduced description. In this approdt#f:>tone as- tablish equilibrium quickly. The third assumption can be
sumes that the state of the bath can be well described at athecked self-consistently by performing the MD simulations.
times by a fixed, thermal equilibrium density matrix, and The correlation functions appearing in the expressions
derives an equation for the “reduced density matrix” of the for I'* are quantum mechanical. Replacing them by their
Q system, which involves some correlation functions of op-classical limit violates detailed balance and does not lead to
erators mixing th&) system and the bath. Assuming the total thermodynamic equilibrium® To go smoothly to the classi-
density matrix att=0 can be writteno(0)=p(0)pg, cal limit one rewrites them in terms of the symmetrized cor-
where the bath density operator is given byg relation function, which is then replaced by the classical au-
=ex{d —BHg/Tr(—BHg)], with B=(kgT) 1. The density tocorrelation function, which can be computed by means of
matrix elements of the system in interaction with the thermaMD. >3 Bloch—Redfield theory seems promising in describing
bath obey the equations of motftn vibrational relaxation processes.
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B. Vibrational relaxation and pure dephasing where the summations denote the sum of allth@rocesses
originating in statesy’ and B8’. The theory outlined above,

The vibrational HamiltonianH(q,Q), is a multidimen- . _ i : .
v I lltoniantt(g,Q), | - in which the bath is described by fluctuation operators, pro-

sional operator that describes the static and dynamic proper- . ) .
ties of the vibrational states. We can formally reduce it to awdes a convenient way to calculate the various relaxation
one-dimensional effective Hamiltonian by defining a newates.

operator that represents a canonical average over the bath

modes. Let C. Multiphonon relaxation
H(Q)=(H(q,Q)), (6) If the vibrational relaxation process involves transfering
V(9,Q)=H(q,Q)~H(Q), @) energy directly to the bath modégshonon$ in a single step,

and the amount of energy transferred exceeds by many times

whereV(q,Q) represents fluctuations of this operator from the maximum energy of a single phonon, then many phonons
its canonical average. Expandiigq,Q) to second order in  will have to be created simultaneously. This process is
the system coordinate about the equilibrium posittogives  known as multiphonon relaxation. One might reasonably
imagine that the rate of such a high-order process would be

oV - o .

+— (Q—A)2, quite small. Therefore, it is remarkable that even if the num-
dQ A ber of phonons emitted is as high as ten or more, mul-
(8)  tiphonon processes typically compete successfully with ra-

The zeroth-order term does not depend @rand is thus diative decay, and are in fact often the dominant relaxation

H 6-51
included in the bath Hamiltonian. The displaced oscillatormeChf"m'S”?' _ _ _
states will be denoted by Greek letters with a prime. In terms _ Given the general importance of multiphonon relaxation,

of the displaced oscillator states, the operator describing thit IS clearly desirable to develop a theory of relaxation rates
system—bath interaction becomes based on a microscopic Hamiltonian. Existing theories in-

volve one of two approaches: the adiabatiBorn—
Oppenheimer or  “static-coupling” (crude Born-—
Oppenheimermethods. The first method is usually invoked
when discussing relaxation between electronic states, but can
where ¢, 5 =(a'|V(q,Q)|8") are elements of the fluctua- pe applied to high-frequency vibrations as well. The coordi-
tion matrix, andP,, g =|a’)(B'| are the vibrational opera- nates are divided into fagelectronic or high-frequency vi-
tors. bration and slow(phonon components. One neglects for the

Assuming that the coupling between the system coordimoment the kinetic energy of the phonons, and finds the
nate and the bath is sufficiently weak, the rate constankjgenstates of the Hamiltonian for fixed phonon coordinates.
Iy, for population relaxation from vibrational sted€ 0 The ejgenvalues of this procedure generate the usual adia-
B’ can be written as a Fourier transform of the autocorrelapatic potential surfaces, and transitions between these sur-
tion function of the appropriate fluctuation matrix faces are due to the “nonadiabatic” couplifghonon kinetic

2

iQ?

1
V(9,Q)=V(q,a) (Q-A)+3
A

H|:Z ¢aIBIPaIBI, (9)
a' g’

35 : oo .
elements®* energy term in the full Hamiltonian. Even when this nona-
o . diabatic coupling is taken to lowest order in perturbation
Far,;r=1fl'1=h’zf dte“«'s' (b1 (1) yr p1(0)), theory, multiphonon transitions emerge. This was the ap-

(10 proach pioneered by Kubo and Toyoza¥ePerlin®® Miy-
akawa and Dexte¥: and others>~%°

where ¢, g (t) = expHgt) ¢, 5 (0)exp(iHgt). The correla- The second approach goes by several different names

tion function appearing in Eq10) involves only the bath but its essence is as follows: one assumes that the Hamil-

variables and is assumed to decay exponentially with a timénian can be written as

constantr., the bath correlation time.

Coheﬁent excitation results in a phase coherence between H=HstHg*H,. (13
the vibrational stateg, g (t), which gives rise to a macro- The Hamiltonian of the local vibrational mode,
scoplc.wbratlonal amplitude. In the ab;ence of pop.ulatlon He=fwa'a, (14)
relaxation, the phase coherence describeg by (t) will,
in the Bloch approximation, decay exponentially with a timeis characterized in terms of the frequensycreation opera-
constantT} . Again, perturbation theory gives the result ~ tor a’, and annihilation operata. The (harmonig Hamil-
tonian for the phonon bath is given by

F*/ /=1/T*=h72/2f00 dt o' o' t)— rar(t
t g =UTS [ barar (D~ B (D] 1o S o, 15

X[ara(0)= b5 (O)])- ) whereb] and b, are the phonon creation and annihilation
The total dephasing rate between two levels is given by  operators, respectively. There are at least three different pos-
sible routes to multiphonon relaxation based on the form of
ra,B,ZE ra,7,+2 rﬁ,y,+r2,ﬁ” (12  the interaction Hamiltoniam, .52 In the most common ap-
5! y' proachH, is strictly off-diagonal in the two-level basis of the

Downloaded 24 May 2004 to 129.59.117.76. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 Appl. Phys. Rev.: Llpke, Tolk, and Feldman 2321

local vibrational mod&:®2The off-diagonal matrix elements We assume that only the first excited staeis optically
of H, are expanded to high order in the phonon coordinatesaccessible from the ground stdié of the system, so that the
and are treated by lowest-order time-dependent perturbatidinansition dipole operator has the form
theory. The interaction Hamiltonian is then given by

n=raplla){Bl+[B)al}, (22)

Hi=2> ﬁ(G{V}B{V}aTJFGfV}BIV}a), (16 where the matrix elements of the transition dipole operator
v have the formu,,;=(a|i|B). For simplicity, we will as-
whereB{V}=HiN=”1bi,{V}, Bgv}=Hih'=”lb;i{V}, andGy,, denotes  sume there is no dissipation in the system during the excita-
the temperature-independent coupling strength of the chariion pulse. The validity of this approximation for any given
nel {}. {} is characterized by the sep{” ,0$”,....0{’,}  pulse duration will obviously depend on the magnitude of the
of accepting mode frequencies. Energy is conserved in thBuctuations. In the absence of dissipation, the dynamics of
decay procesd; = Ejzylth(V)' The contribution to the de- the density matrix is governed by the quantum mechanical

cay rate due tdH, is given by the standard result of first- Liouville equation

order time-dependent perturbation the®hhe total decay ap(t)

rate (inverse lifetimé is given as the sum of the rates of all o g[H +Hse(t),p(t)]. (23

of the decay channefg:®?
1 In order to solve the Liouville equation, the time-
_:2772 |G{V}|2n{y}p{,,}. (17 dependent perturbation theory with the perturbation Hamil-
T tonianHgg(t) has been used to calculate thih-order den-

The functlonn{v} describes the temperature-dependent popusity operatof* Here, we consider the rate equation

lation of the receiving modes: description of the density matrix elements to describe the
evolution of the nonequilibrium state.

Ny o= expphw)—1 (18) We assume that the frequency of the excitation pulse,

b HszVl[exr(Bhw}V))— 1] w, , is tuned in resonance with the one-quantum vibrational

) ] transition betweefw) and|p) states, i.e.w; =w,z. Due to
The compound spectral density of accepting stgig$, can  he resonance enhancement, the vibrational transition from

be expressed in terms of a convolution of single spectra|la> to the other statgy) (#|8)) can be ignored. Also, for the
densities of states: sake of simplicity it is assumed that due to the anharmonicity
o : ) of the pth mode the transition frorB) to |28), where|23)
P{V}=f doy”- f dof — et (0f”) i ()). denotes the overtone state, is negligibly small in comparison
(19)  to the transition prpba_bility fromea) to |,8>—_note that this
two-state assumption is, however, not entirely necessary to
develop a theory of the equations of motion of the nonequi-

decay rate reflects spontaneous decay Nio accepting |ipriym density operator. We next consider the equations of
modes anch;,,=1. At higher temperatures the decay rate qtion of the density operatéF:

increases due to stimulated emission in a fashion determined
by the frequencies of the accepting mo&e®As a rule, the _ i
process with the least amount of phonons should be favored. Pap="10appapt % E(Dtap(Ppp=Paa) ~TapPagp;

(24)

In the low-temperature IimitKBT<hw](V) , for allj), the

D. System—field interaction

In conventional relaxation theories for excited states, the . i

assumption of fast dissipation results in dynamics that are Psa~ t0appap= 77 B 1palPpp=Pac) ~Lapppa:
insensitive to the nature of the prepared state. For cases (25
where either population relaxation and/or pure dephasing oc-
curs on a time scale comparable(tw longer thanthe initial
vibrational excitation, this is not necessarily true. In these
cases one must explicitly take into account the frequency and (26)
temporal properties of the excitation pulse. The interaction i

between the system and an incoming laser pulse is given by Pﬁ,e:gE(t)(ﬂagpga—ﬂﬁapaﬁH YaPaa— YpPpp

_ i
Paa™ " % E(t)(/u/aﬁpﬁa_ M,Bapaﬁ) ~YaPaaT YePpp

Hse(t)=—uE(1), (20 (27)
where 4 is the transition dipole operator art(t) is the  wherey, and y, represent population relaxatiof {) rates
time-dependent electric field, which can be written as andT , is the dephasingT) rate. In Eqs(24)—(27), the

E(t)=Ey(t)explioLt), 21) vibrational population transfer frora) to |8) states is fully

described by the time-dependent pump—pulse-induced tran-
whereE(t) is the temporal profile of the pulse arg the  sition rate,Q(t), which is given a¥
center frequency. Assuming the excitation pulse is a )
transform-limited pulse from a mode-locked laser, the spec- _T 2
tral width is determined by the Fourier transformE(t). Q=172 | 1B (D Gap(@), (28)
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Time delay samp|e
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91% |
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Sample/cryostat

grating

FIG. 1. Schematic of the pump—probe transient bleaching setup.

where the line-shape functiog,,s(w), is assumed to be a

Lorentzian function: FIG. 2. Schematic of the transient grating experiment.

FQB
(0= wap)?+T55]"

Jap(®)= (29)
The solution of Eqs(24)—(27) can be used to describe transient bleaching technique, the transient-grating method,
the time evolution of the nonequilibrium density operator@1d @ combination of sum—frequency generation and tran-

preq(t). The preparation step of the nonequilibrium state Waéient bleachil_"ng. Iq special cases, the vibrational lifetime can
treated nonperturbatively. However, one can use second/SC be obtained n the frequency domain .by IR ab_so_rptlon
order (with respect to the pump IR fielgperturbation theory Spectroscopy. ThIS. section presents a brief description of
to obtainpyet), if the pump intensity is not too large. Next, these optical techniques.
we consider the probe—field—matter interaction HamiltonianA. Pump—probe technique

which is given by Lifetimes ranging from a few picoseconds to several

Hsp(t)=—u-Eplt), (30 nanoseconds can be measured directly by the pump—probe
transient bleaching technique utilizing ultrashort pulses from
a tunable infrared laser. Typically, two different tunable, in-
frared lasers are wused: ultrafast optical parametric
. amplifiers-? or picosecond free-electron laséfsThese la-

1 (7 sers can deliver pulses with a time duration-ef ps, spec-
Pred T)=Peg %fodt[Hsp(t)’PNe({t)]- D yal width of ~15 cni'L, and pulse energies of several.

o Both lasers can in principle be tuned in wavelength between
Even though the pump field is assumed to be strong, thg_15 ,m thus covering the Si—H stretch vibrations. The

probe field is weak, and therefore the perturbation approacior gifference between these lasers is the pulse repetition
is quantitatively acceptable. In E@1), the second term cor- frequency(PRP, which for OPAs is typically limited to a
responds to the first-ordéwith respect to the infrared probe (o 117 “whereas FELs can achieve much higher PRFs. For

field) contribution to the density operator. The nonequilib—examme, the FEL at the Thomas Jefferson National Accel-
rium polarization, which is defined as the dipole moment, .., Facility (TJNAF) operates at a PRF of 18 MHz. A
averaged over the nonequilibrium density operator, is givefyjgh pRF and excellent pulse-to-pulse stability are necessary

by to achieve a high signal-to-noise ratio in pump—probe mea-
Pred ) = (1pfiadD))- (32)  surements.

_ . ) A schematic diagram of a typical setup for a pump—
Finally, the weak probe absorption signal can be calcuygpe transient bleaching experiment is shown in Fig. 1. The

lated, within the slowly varying-amplitude approximation, as|ycer peam is split into two parts, pump and probe, carrying
AT 45 L T ) 91% and 9% of the power, respectively. The two incident
Sp(7)=———~1Im f dtEG(t) Preq(t) f dt|Ep(1)]%, ultrashort laser pulses are spatially overlapped on the sample.
CN(@qp) 0 0 : . ; ;
(33) The pump excites a fraction of the Si—H bonds to the first
) _ ) ) ~ excited state, which causes a transient increase in the trans-
wheren(w,) is the index of refraction. The time evolution mjssion coefficient of the sample that decays over time due
of Sy(7), to the decay of the excited mode. The time evolution of the

Sy(7)x exf — 7/T,], (34)  transient bleaching sign&, ,

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

whereE(t) is the electric field of the infrared probe pulse
which peaks at= 7. The density operator at timeis given

by

Sp(m)cexd — 7/ Tq], (35

is monitored by varying the time deldy) between the pump
and probe pulses. The sigrg is detected with an amplified

In order to observe vibrational lifetimes in semiconduc-liquid-nitrogen-cooled HgCdTe or InSb detector. To improve
tors on the picosecond time scale, several ultrafast opticahe sensitivity of the experiment a lock-in amplifier is uti-
techniques have been employed. The most common timdized along with an optical chopper, which modulates the
domain (pump—probg measurement techniques include theexcitation for phase-sensitive detection.

Ill. EXPERIMENT
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ity of SFG and SHG. As an intense electromagnetic field
irradiates a material the polarizability that varies linearly for
weak fields becomes nonlinear. This leads to various fre-
guency mixing processes. The source of SFG is the nonlinear
optical polarization induced in the medidfif:

P(ws)=x?(ws= w1+ w,):E(wq)E(w,), (37)

whereX(z) is the second-order nonlinear optical susceptibil-
ity and E(w;) is the field atw; .

A semiclassical perturbative treatment of the interaction
between the molecule and the electromagnetic field is re-
quired to obtain a complete expression of the nonlinear sus-
ceptibility. For SHG, this expression can be found in several
publications®® 174 Guyot-Sionnest and co-workers consid-
ered the resonant second-order nonlinearity as a perturbation
of the molecular polarizability by a normal mode excitation

SFG signal
W = O + 0,

IR + VIS probe
filter

FIG. 3. Schematic of the pump—probe SFG experiment.

such that®*
B. Transient-grating method "
The vibrational lifetime can also be probed by another — P(t)=| a2+ —= q(t)+--- | Eys(t). (38)
time-domain technique, transient gratiifG) spectroscopy. 9
The following typical setup is considerdétig. 2). At time The IR fieldEx(t) drives the normal modg(t),
t=0 two short excitation pulsesk{) and ,), are superim-
posed on the sample under an anglevhich causes an in- e* E|R(t)

terference pattern that leads to a spatial modulation of the q(t):ApW wi—wR—iogT, (39

: - i . ) 0
absorption coefficient, i.e., a transient grating. The decay of
the grating as a result of vibrational population relaxation iswhere Ap is the population difference between the ground
monitored by applying a probe pulség], at timet=7. The  State and the excited state. The induced polarizability at the
diffracted probe intensitys,(7) decays as sum frequency is then

Sp(r)=exd —27/T,]. (36) Ja 5”13) o 1

. . . . . . + A
Higher signal-to-noise ratios may be obtained with this® Plw=wrt o) =Ap 00 M* wi-wr—ioRrT, Y

method than with the pump-probe technique, since the (40
transient-grating signal can be observed in a background-free
direction. However, it is necessary to confirm that spatial
transport or thermal effects do not affect the decay of thé"l
transient-grating signal.

From Eq.(40) it is clear that the mode has to be Raman
nd IR active to produce SFG. The total surface susceptibil-

_ . x'=N(a?)+ x4, (41
C. Time-resolved sum—frequency generation

H stretch contains the resonant contribution of the excited mode,
}ghlch depends on the molecular coveragand on the av-
rage molecular orientation, and a nonresonant contribution
om the adsorbate or the substrate. The SFG sidfal),

is proportional t8°

Measurements of the vibrational lifetime of Si—
modes on hydrogenated silicon surfaces requires a surfac
sensitive time-resolved optical technique. In the past Zi
years the nonlinear optical techniques of second-harmoni
generation (SHG and sum-frequency generation have
emerged as useful surface proB&s In SFG, two input (w9~ |x 22 (0y)l (01r), 42)
laser beams at frequencies and w, overlap at the surface
and generate a sum-frequency outputegt w;+ w, in wherel (w;), i=s, IR, vis, is the intensity of the SFG, infra-
both transmitted and reflected directiofisg. 3). SHG is a red, and visible pulse. The visible beam energy density is
special case of SFG witlh;=w,. The output is highly di- limited by the damage threshold of the substrate. As a con-
rectional as required by the boundary conditions and can bsequence, it is advantageous to perform SFG experiments
detected by a photomultiplier through filters and a smallwith short(picoseconiipulse laser sources.
monochromator. Lifetime measurements are performed by a simple com-

The theory of surface SFG has been described in detabination of SFG and transient bleachitgee Sec. Il A. In
elsewheré® We summarize here only the results relevant tothis scheme, the surface is first excited by an intense infrared
the measurements. Both techniques rely on second-ordéeam. This leads to a new population differerdgefor the
nonlinear-optical processé$.In centrosymmetric media, adsorbate vibration. The SFG from a delayed pair of a weak
such as silicon, second-order nonlinear processes are forbithfrared beam and a visible beam is then detected. Since the
den, but at a surface or interface, the inversion symmetry iSFG signal is proportional ta\p)? [Eqgs.(40)—(42)] it gives
necessarily broken. This is the basis for the surface sensitidirectly the ground-state recovery time.
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H,' talline samples are defects formed during crystal growth or
ion implantation, one would expect the inhomogeneous
broadening to decrease with decreasing impurity concentra-

Ho tion C,. Generally, the homogeneous line shape is Lorentz-

2 n VH ian with a full width at half maximum{(FWHM) (in cm™ %)
\ : given by

1 1

VH = R
I 2mcT,  wcTh’ 43

where T, is the lifetime of populationlenergy relaxation
L L L L L 1 1 I andT3 is the time of phase relaxatigpure dephasing The
1800 1850 1900 1950 2000 2050 2100 2150 first term determines the natural linewidth of the mode,
wavenumber (cm") whereas the second term generally dominates the linewidth
at elevated temperatures due to elastic scattering of the local
mode with phonons. The vibrational lifetime is a good esti-
mate of the natural linewidth.

FIG. 4. FTIR spectrum of proton-implanted crystalline silicon.

D. Infrared absorption spectroscopy

The lifetime of LVMs can also be studied in the fre- IV. CRYSTALLINE SILICON

guency domain by IRAS. The shape of an absorption line is In 1975, Stein reported a pioneering infrared absorption
generally given by the convolution of its homogeneous linestudy of crystalline silicon implanted with protons at room
shape with a function describing the inhomogeneousemperaturéRT).’®After implantation more than ten absorp-
broadening”® In single crystals, inhomogeneous broadeningtion lines were observed in the range 1800—2250 tfsee
results from strain fields induced by lattice defects present irig. 4). The lines shifted down in frequency by a factor of
the sample. Since the most abundant imperfections in crysth//2 when deuterons were implanted instead of protons.

(+)
HBC

VH'VH(1 10)

FIG. 5. Structure of the interstitial-type defe¢tsp), and the vacancy-type complex@gmttom). Large spheres are Si, whereas small spheres are H.
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FIG. 6. (a) Absorbance spectrum of proton-implanted Si showing the 1998
cm! line of HiY . Solid line represents a Lorentzian fit to the data. The
spectrum was measured atl0 K on a sample withCy=17 ppm. (b)
FWHM of the 1998 cm® line vs Cy,. The line represents the natural line-
width I", obtained from the lifetime of the mode and E44).

Time delay (ps)

FIG. 7. Decay of the transient bleaching signal from the 1998dine of
HSY measured at-20 K with the TINAF FEL.

Based on the observed isotopic shifts and the proximity of
the lines to those of Si—H bonds in molecules, Stein assigned
the lines to local vibrational stretch modes of Si—H bondsarea densitiesdose$ of hydrogen of ~1x 10" cm™2. In
associated with hydrogen-decorated implantation-induce@rder to meet both requirements, the samples were implanted
defects(see Fig. 5. Since the original work by Stein, a num- with ions at a series of 28 different energies in the range
ber of additional Si—H absorption lines have been observed.0-1.8 MeV, yielding a uniform H concentratid@,, of
in proton-implanted silicof{*"®or silicon grown in a Ham-  1.7x10% ppm formed from~15 um to a depth of 47um.
bient and subsequently irradiated with elect’di8 or ~ The samples were cooled to 80 K during implantation which
neutron$! At present, more than 30 distinct absorption lineswas accomplished by implanting into a cryostat attached to
have been observed in the frequency region associated withe end of the accelerator beam line. After implantation the
Si—H stretch modes. In addition, a number of lines have beenryostat was detached from the beam line and moved to the
observed in the region 550—900 chwhich are ascribed to  spectroscopic setup.
angular vibrations of Si—H bondé:"® The vibrational lifetime of the 1998 cit mode was
measured using a standard pump—probe séfigh 1). For
experimental details see Ref. 82. Figure 7 shows the transient
Recently, Budde and co-workers have performed firsbleaching signalS, as a function of time delay between
transient bleaching experiments of the vibrational lifetime ofpump and probe measured-a20 K with the FEL. The data
bond-center hydrogen in crystalline silicon using the FEL atare well represented by a single-exponential decay with a
the TINAF?2 The lifetime of the stretch mode of bond-center time constantr,=7.8+=0.2 ps.
H in Si, HSY, at 1998 cm® was measured to b&,=7.8 The excited 1998 cm' mode can in principle decay into
+0.2 ps at 20 K. There are several good reasons for studyinghotons, electronic degrees of freedom, or other vibrational
Hgc: It is the most fundamental H-related defect in Si, andmodes. The radiative lifetime can be estimated to be of the
plays a key role in the reactions of H with defects and im-order of millisecond§® which rules out radiative decay as
purities. Moreover, it has been studied in great detaithe dominating mechanism. Electronic decay can also be
experimentally®®3-8 and theoretical§/ and is thus well ruled out because the positive charge state gé Has no
characterized. Finally, &-‘Q gives rise to an intense absorp- occupied electronic levels in the band gap. Consequently,
tion line at 1998 cm! due to the excitation of the stretch only electronic transitions from the valence band to the con-
mode, where the H vibrates parallel to the-Bi-Si bond  duction band or directly to the donor level o;Hare pos-
axis (Fig. 6).®84The large absorption cross section of this sible, both of which require more energy than the 1998 tm
mode makes it ideal for transient bleaching experiments. available. Budde and co-workers, therefore, concluded that
Experimental studies of point defects require low defecthe 1998 cm' mode decays into vibrational modes of the
concentrations in order to reduce the effect of interactionsystem consisting of a Si lattice Wwita H atom located at a
between defects, an additional source of inhomogeneousond-center sité?
broadening. For transient bleaching spectroscopy on The lifetime of the 1998 cm mode has also been stud-
hydrogen-related local modes in proton-implanted siliconjed in the frequency domain by IRA%.The shape of an
the practical maximum concentration is at 0.2 at. %. Implanabsorption line is generally given by the convolution of its
tation of higher concentrations results in a broad absorptiohomogeneous line shape with a function describing the inho-
feature in the Si—H stretch range rather than an increase imogeneous broadenirigAt very low temperatures the ho-
the intensity of the sharp absorption lines of hydrogen-mogeneous line shape is Lorentzian with a FWiMcm %)
related point defect® Pump—probe studies typically require given by

A. Bond-center hydrogen

Downloaded 24 May 2004 to 129.59.117.76. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



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

HV-VH 1 F
o T, = 295 ps

IAAbs:0.0l & o1 k
0.05 -

0.02 -
0.01

200 400 600 800
time delay (ps)

FIG. 9. Decay of the transient bleaching signal from the 2072.5'amode
of HV-VH 1) at 10 K.

J
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Wave numbers (cm’)

B. Structural dependence

When Si implanted with protons at cryogenic tempera-
FIG. 8. IR absorbance spectrum eirradiated, H-doped Si, showing the 1 ,1as is heated above180 K, the 1998 cml line disappears
lines of H and V- VHig)- and a series of new lines is formed in the range 1800-2250
cm 1 (Fig. 4), which have been identified as Si—H stretch
modes of distinct H-related defectsee e.g. Refs. 90—-83
The average absorption cross section of these mode25s
1 times smaller than that of the 1998 thmmode®* which
1ﬂo=2—- (44) makes direct lifetime measurements on these defects by tran-
mCTy . . o
sient bleaching spectroscopy much more difficult. However,
For LVMs in crystals, the inhomogeneous broadening isone can estimate the lifetimes of these modes from their
determined by the strain fields induced by lattice defectspectral widths at low temperature. As discussed in Se# 111,
present in the sample. Since the most abundant imperfectiorige lifetime of the statdl) of a local vibrational mode is
in the H-implanted Si samples are defects formed duringliven by
implantation, one would expect the inhomogeneous broaden- 1
ing to decrease with decreasify, . Tl:ﬁ’
Figure &a) shows the absorption line associated with the mclo
fundamental transition of the 1998 chmode measured wherec is the speed of light anfl, is the full width at half
with IRAS at~10 K, which is well represented by a Lorent- maximum of the absorption line, given in ¢ associated
zian. The FWHM of the absorption line is shown in Figbs  with the fundamental transition of the mode. For E4p) to
as a function ofCy. The width decreases monotonically be valid,I'g has to correspond to the natural linewidth, and
with decreasingCy and nearly coincides with the natural measured FWHMs may have to be corrected for instrumental
linewidth obtained from Eq(44) for Cy~1 ppm. Thus, the and inhomogeneous broadening.
results obtained in time and frequency domains are fully con-
sistent. Moreover, the convergence demonstrates that good
estimates of the vibrational lifetime at low temperature can

(45)

. . . 4s 380
be obtained from IRAS on samples with low concentrations
of H and lattice defects. 40, 300
T | g™
£ *
2004
TABLE I. Lifetime T, for a selection of stretch modes of H-related defects g 28 §
in crystalline Si measured at10 K. 150
20
Defect o (cm™) T: (p9 Ref. 100+
H 2062 4.2 96 51 t o
IH, 1987 12 94 [ 50 100 150 ° 100 200 300
IH, 1990 11 94 Temperature (K) Temperature (K)
HEY 1998 7.8 82
VH, 2122 60 94 FIG. 10. Temperature dependenceTgfof the 2062 cm* mode of K (left
VH, 2145 42 94 side and the 2072 cmt mode of H/-VH110) (right sidg. The solid lines
VH, 2223 56 94 are fits from Eqs(17) and(18) for decays into the sets of accepting modes
HV-VH 11, 2072 295 94 {165, 165, 165, 522, 522, 522m ! and{343, 343, 343, 521, 52tm ! of

the 2062 and 2072 cnt modes.
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To minimize the error irl; introduced by such correc- TABLEIl. Lifetime T, for a selection of stretch modes of D-related defects
tions, Budde and co-workers performed IRAS measurement8 ¢rystalline Si measured at10 K (Ref. 95.

at the highest resolution possible using samples with very Si-D Si-D Si-H
low defect concentratior’.The samples were 15 mm thick Defect o (em™) T, (p9 T, (p9)
and consisted ofi-type Si (As]=3x 10" cm™1) grown by "

) . g D3 1500.1 4.8 42
the float-zone method. As described in detail in Ref. 94, the D, 1446.5 20 12
samples were doped with tBi:H) by annealing at 1250 °C ID, 1448.7 18 11
for 30 min in quartz ampules containing, lgas at 0.66 atm. VD, 1547.9 70 60
The concentration of H was-1x 10 cm™*.°* The point VD, 1565.1 55 42
defects studied were created by irradiating the samples with DV~\</D|§(110) 12%:2 133 232

2.5 MeV electrons at RT to a total dose offi@m~2. Budde
and co-workers estimated the defect concentration to be
~10%cm 3% ~50 times smaller than in the proton-
implanted samples studied in Ref. 82, which results in sigdrogen and the surrounding silicon atoms. This small inter-
nificantly less inhomogeneous broadening. action would lead to a longer vibrational lifetime.
The IR absorbance spectra of the Si:H samples revealed
a series of absorption lines in the Si—H stretch regions, some
of which are shown in Fig. 8. The lifetimes of the Si—H C- Decay channels
modes were obtained in the following way: First, the  Liipke and co-workers investigated the vibrational relax-
FWHMs of the lines were obtained by fitting Lorentzian line ation channels of the 2062 and 2072 ¢nmodes of H and
shapes to the measured absorbance profiles. These FWHMIS/-VH(llo) in Si, in order to elucidate the two-orders-of-
were then corrected for instrumental broadening, and the ramagnitude difference in their lifetimé§.The lifetime T, of
sult was entered into Eq45). As shown in Table |, the these modes is measured as a function of temperature by
lifetimes of Si—H stretch modes are extremely dependent ofime-resolved transient bleaching spectroscopy. Figure 10
the defect structure, ranging from 4.2 ps fdy kb more than  shows T, versus temperature for *H (left side and
295 ps for H/-VH1).** The narrowest line in the Si:H HV-VH 4y (right side. In the case of the 2062 crhmode,
spectrum originates from the 20725 ¢mmode of T, is nearly constant up te-60 K, where it starts to de-
HV- VH(110).**%° Having a width of only 0.0203 ciit, this  crease, reaching half of its low-temperature value at 130 K.
mode has a lifetime of at least 262 ps. To obtain a relid@le The solid lines in Fig. 10 are fits using EL7) with the
for this defect, Budde and co-workers measured the lifetimeibrational relaxation channel of the 2062 chmode repre-
directly with transient bleaching spectroscopy. Figure 9sented by a set of six accepting mod@65, 165, 165, 522,
shows a semilog plot of the transient bleaching sigBal 522, 522 cm L. This set of accepting modes is very similar
versus time delay measured-af0 K with the TINAF FEL. to that of the 1998 cm' mode of bond-center H in &F,
The signal decreases exponentially with a time constant which is well described by decays into six accepting modes,
=295+ 6 ps* {150, 150, 150, 516, 516, 516m™ .. In contrast, the lifetime
Table | shows that the lifetimes of Si—H stretch modesof the 2072 cm! mode starts to decrease-af20 K reach-
depend strongly on the bonding configuration of the defectsng half of its low-temperature value at 250 K. The decay
For instance, the interstitial-type defect§ HIH,, and I-[;g) channel of the 2072 cit mode is well represented by five
have lifetimes of 4.2-12 ps, whereas the lifetimes ofaccepting modes with frequenci€3, 343, 343, 521, 521
vacancy—hydrogen complexes are at least 40—295 ps. Then ..
most striking example of the structural dependence is the two  The vibrational relaxation channels are not uniquely de-
orders of magnitude difference in the lifetime of the 2062termined by the temperature dependence of the lifetimes. In
and 2072 cm' modes of § and HV-VH(110). The strong particular, the high-frequency phonon modes of the decay
structural dependence might be explained by eithechannels do not have a strong influence on the temperature
pseudolocalized modes or LVMs being involved in the decaydependence of the lifetimes. For example, the temperature
process. Being localized around the defect, such modes hadependence of the 2072 chmode is equally well repre-
much larger vibrational amplitudes on the atoms close to theented by a set of accepting modes{®43, 343, 343, 343,
Si—H bond than, e.g., lattice phonons, which may cause #00 cm . However, the wave number of the accepting
strongly enhanced anharmonic coupling to the Si—H stretcimode with the lowest frequency is quite well determined by
mode. However, significant distortions of the Si—Si bonds inthe onset of the temperature dependencé&,offor example,
the vicinity of the defects are required for pseudolocalized~60 K for H; and~120 K for HV-VH;q). Figure 10 also
modes or LVMs to fornt/ which is consistent with highly shows that in both cases the calculations using(E@. de-
distorted interstitial-type defects having shorter lifetimesviate from the measuref; at elevated temperatures, indicat-
than vacancy-type defects. Furthermore, to explain the largmg that additional relaxation channels may increase the de-
difference in lifetimes, one should also consider the anhareay rate at higher temperatures. The low-frequency accepting
monic coupling strength between the stretch mode and thenodes of 165 cm® for H3 (and 150 cm* for bond-center
low-frequency modes. In the\H VH 4,y center, it certainly  hydrogen nearly coincide with transverse acoustitA)
seems plausible that the relatively large open volume of th@honons of the undistorted Si crystal, which have been cal-
vacancies would lead to a small interaction between the hyeulated in Ref. 97. Likewise, the 343 ¢thmodes involved

Downloaded 24 May 2004 to 129.59.117.76. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



2328 J. Appl. Phys., Vol. 93, No. 5, 1 March 2003

Appl. Phys. Rev.: Lupke, Tolk, and Feldman

15103 1510.6 1617.2 1617.8 Si-H SiH.
T 1 r 1 46 b, 4 h 4
HV'VHmu) VH, o
£ 42 |
-§ 38
]
'% 34 5% Ar rf=25W
F 30 o
26 [] L 1
-1500 1750 2000 2250 2500
Si:D
SiH Wavenumber {cm'")
SiH SiD FIG. 12. FTIR spectra od-Si:H showing the Si—H and Si—t+btretch bands
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FIG. 11. Comparison of the Si—Hull) and Si—D(dashegl absorption lines R~ Nmax+ 1 FEXC max (46)
of HV-VH ;0  and VH,. Ty [exet 1/T1 ,

whereT, is the lifetime of the vibrational staté) andT . is

the excitation rate of thg0)—|1) transition?’~2*The THO

model is in qualitative agreement with H desorption

cide with the peak in the |0ngitudina| acousﬂ_oo\) phonon eXperiment§?’24However, this agreement may be fortuitous:

density. For instance, it is well known that Si—H and Si—D bonds are
The fact that these modes have very different lifetimes isaghharmonic, which causes the level spacing to decrease with

surprising at first glance considering that both Si—H stretcHncreasingN. This will affect the value 0N, in Eq. (46),

modes have nearly the same frequency and symmetry, arﬂ'_[]d hence, also the desorption rate predicted by the model.

the compound density of accepting phonon states of the uvoreover, the assumption of a single normal mode may not

perturbed latticepy, is almost identical. The critical differ- be justified, since both the stretching and the bending modes

ence between these defects is their local structure, interstitiday play a role in the dissociation procé$Despite these

or vacancy like, which gives rise to a very different local Potentially unjustified assumptions, the THO model provides

vibrational mode structures, referred to as pseudolocalize@ framework for discussing bond dissociation via vibrational

modes(PLMs). Evidently it is these local modes that govern €xcitation. For instance, it is evident from Eg6) thatI'e,.

the lifetimes, and are responsible for the observed prefererfas to be on the order of the decay ratel,;1/for bond

tial couplings to characteristic bulk phonons. A more detaileddreaking to proceed via this mechanism. The model also pro-

understanding of the nature of these PLMs is required tdides a simple explanation for the H/D isotope effect. For

fully elucidate the vibrational energy relaxation and transferinstance Ny, for Si—D is ~v2 times greater than for Si-H,
channels in solids. which would lead to a great reduction in the dissociation

rate. Moreover, Si—-D modes are usually believed to have
shorter T, than the corresponding Si—-H mod@swhich
would make the isotope effect even greater.
Table Il shows the lifetimes of the Si—D stretch modes,
Lyding, Hess, and Kizilyalli demonstrated that H plays and allows for a direct comparison of the lifetimes of H-and
an active role in the degradation process of silicon metal—
oxide—semiconductor field-effect transistgfddOSFETS by

in the decay of the stretch mode oWHVH ;1) nearly coin-

D. Deuterium lifetimes

showing that devices treated with deuterigd) have trans- 0.20
conductance lifetimes 10-50 times longer than H-passivated
devices’® Similar “giant isotope effects” have been ob- 0.16 5% Ar, A =5pm
served in other contexfs:*>'% Dissociation of Si-H and - *1=18.9ps, =100ps
Si-D bonds is believed to be caused by inelastic electron 5 012 ] 100% SlHe, %= 8 um
scattering, which excites the bond to either a dissociative £ 7(=20.5 ps, T,m114 ps
electronic state or to excited vibrational stat&€* 5 0.08

The vibrational excitation mechanism of hydrogen- 5% Ar, A =4.75 m
related modes has been described by the truncated harmonic 0.04 1 k T=12.6 ps, 1;=48.7 ps
oscillator (THO) model?*~?*This model describes the Si—H 0.00 , ,
and Si—D bonds as harmonic oscillators, and assumes that )

-50 50 150 250

the bonds dissociate at a rate given by the rate of excitation Del
from the highest bound vibrational stgté,,,) to the lowest elay (ps)

unbo_und Stat‘*3_Nma><‘+' 1). _Within this model, the dissociation gg. 13. Decay of the transient bleaching signal from the Si—H and Si—H
rate is approximately given by stretch modes im-Si:H (with permission from Ref. 1)1
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FIG. 14. Transient-grating signal from the 2000 ¢rstretch band 0é-Si:H

taken at room temperatufeith permission from Ref. 112

o ] ] metastability has been elss since its discovery by Staebler
D-related LVMs. Substitution of H with D affects the life- 5,4 \Wronski (SW) in 19761%7 several models have been

time of LVMs in two ways. First, the vibrational amplitude is published, but no previous model is satisfact§f%°Branz

less for Si-D modes than for Si-H modes, and since thegcently proposed a hydrogen collision model to explain the
decay of the LVM into other modes is an anharmonic effectg\y effect!9 In this model. DBs are created when recombi-
Si-D modes have longer lifetimes than the correspondingation of light-induced carriers stimulates emission of mo-
Si-H modes. Second, the vibrational energy of the Si-Dyjje 1 from Si—H bonds to form a mobile SH—Si bond-
mode is~V?2 less than that of the Si—H mode. Consequently,centered H configuration leaving a DB behind. A collision of
the order of the decay process, i.e., the number of modes infg,, mobile H atoms creates a metastable complex containing
which the LVM decays, can be smaller for Si-D than for 4 pair of Si—H bonds in close proximity. The two mobile H
Si—H. Since the strengths of anharmonic terms are expectéfle then immobilized. Light-induced or thermal annealing of
to decrease with increasing order, this suggests that Si-ie sy effect leads to the breakup of the metastable complex
modes havg shorter lifetimes than the 'correspondlng Si—-Hnd the subsequent retrapping of the mobile H to DBs com-
modes. Until recently, the second contribution has been $5letes the SW annealing. A detailed knowledge of the rates

sumed to be dominaRt,which is consistent with the experi- and pathways of vibrational energy flow from the Si—H

mental reoslults for Si-H and Si—D modes on H-terminated Sp 45 may provide some information about the degradation
surfaces® In contrast, Table Il shows that the lifetimes of mechanism oB-Si:H.

D-related stretch modes are longer than the corresponding
Si—H lifetimes for all defects except\H VH ), for which A Hydrogen stretch band

11 shows the inverted isotope effect foVHVH(1109). AC- of the vibrational lifetime of the Si—H and Si-Htretching
cording to Eq.(46), the inverted isotope dependenceTaf  modes ina-Si:H obtained by the equal-wavelength pump—
observed for W-VHy,0), implies that this defect, and per- probe technique using the stanford FELFigure 12 shows
haps also pxH centers at the Si/SiDinterface, exhibits the Fourier transform infrare@ TIR) spectrum of the-Si:H
much larger differences in Si—D and Si—H dissociation ratesjms grown at low substrate temperatu@50 °CQ on (100)
than most other H-related defects. c-Si wafers to eliminate most defects. The band at 2000

P, :H, have ever been observed directly. It is, therefore, quite

likely that the giant isotope effect will have to be explained
by theoretical methods. The lifetime data provide an indis-

pensable benchmark for such theory. —’E‘ -

bend {e00 S {40 E:

V. AMORPHOUS SILICON ™) ol 1as g

LA 2

In hydrogenated amorphous silicoa-Si:H), the pres- -2oo§ _’30 5

ence of hydrogen eliminates most of the defects. As a result, TA g ‘§

high-qualitya-Si:H layers can be grown. However, the intro- DOsS — _ ) o5 3

duction of excess carriers through moderate illumination or T e g

electronic injection increases the density of dangling bonds L i 420 2
(DBs) to nearly 16’ cm 3, even in the most degradation ) : .

resistant material®? 1% These excess carrier-induced DBs 0 50 100 150 200 250 300
are metastable; they are annealed out in a few hours at about temperature (K)

o . : . . )
159 C. HOW.?Ver’ thelr_ rapld fo.rmatlon sharply limits appl.l FIG. 16. Temperature dependence of the mean decayimatzse lifetime.
cation Ofa-SI_.H as an Inexpensive material for thtO\_/Olta'C Also indicated are various possible decay chanrials(e). The phonon
and electronic applications. The source of the carrier-inducedensity ofa-Si:H is shown in the insefwith permission from Ref. 113
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FIG. 18. Si—H spectra from the (8L1):H surface:(a) linear absorption(b)
SFG, andc) SFG after transient bleachirfgith permission from Ref. 101
time (ps} 80—3‘4 . . . .
00 : and 74.5 ps were obtained, which are in agreement with the
00 20.0 - . . . . .
: froquency (meV) relaxation times obtained from transient bleaching by Xu

et al!

e o o s 132" ***”Rela and co-workers performed also lietime meastre-
ments as a function of temperature, and across the Si—H
monohydride absorption barit? Because the shape of the
measured decay curves remained unchanged, it is possible to

2090 cm! to the Si—H stretching mode. All of the peaks define a geometric mean lifetimgr,7eon Of the Si—H

have a full width at half maximum of100 cm %, stretch mode shown in Fig. 15 for a temperature of 15%K.

Figure 13 shows the decay of the transient bleachingince the wavelength dependence of the lifetime does not
signal for the two wavelengths, 5.0 and 4.8, in reso- change with temperature the authors conclude that the stretch
nance with the Si-H and Si-H stretching mode, mode does not form a vibrational bandarSi:H.

respectively!! The data can be fitted very well with a biex- Figure 16 shows the mean lifetime as a function of
ponential function using the following expression: temperaturé® It is clear that only the decay channel of three
bending modes plus one TA phonon fits the data well. There-
ATxAe” "1+ Ae 772, (47)  fore, even after the decay of the stretch mode, the vibrational

energy remains largely localized in the form of bend mode

wherer; and 7, (7,<7,) are two relaxation times. The en- excitation, with only a small fraction of the energy dissipat-
ergy relaxation times of the Si—H stretch mode &20 and  ing into the phonon bath of the amorphous-Si host. The rea-
~100 ps for both samples whereas the energy relaxatioson for the strongly nonexponential decay of the vibrational
times of the Si—H stretch mode are-13 and~50 ps'! Xu lifetime is still unclear. It is likely that disorder in the mate-
and co-workers proposed a model in which each time conrial leads to a wide variation in the microscopic environment
stant corresponds to a different physical process in thef the hydrogen, thus leading to a wide distribution of vibra-
material*'! In this model, the faster decay time correspondstional lifetimes as well as the observed broadening of the
to redistribution within the Si—H stretch vibrational band, absorption line. Such a view is qualitatively consistent with
and the slower time to energy transfer from the stretch modéhe single-crystal data where large variations in lifetime are
to low-frequency accepting modes. associated with minor changes in defect configurations. In-

Rella and co-workers reported pump—probe andvestigations are currently underway to test this model, as
transient-grating lifetime measurements performed on thevell as to examine the possibility of applying these tech-
Si—H stretch mode as a function of temperature and waveaiques to a variety of problems, ranging from a detailed
length using the FELIX lasét?!®From these data the au- study of the effects of visible light aging on the structure of
thors concluded that energy redistribution does not occur to amorphous silicon, to a more fundamental inquiry into the
significant extent within the Si—H stretch vibrational band,nature of disordered materials.
and that the stretch mode decays primarily into three bend
guanta plus one TA-like bulk phonon. Therefore, the stretc
vibrations are localized, and do not form a phonon-like ban
of states. Fabian and Allett* and Bickham and Feldm&h calcu-

Rella and co-workers performed primarily transient-lated vibrational lifetimes in amorphous silicon. Both groups
grating experiments, which permits lifetime measurementsised the same potential and structural models in their study
with extremely high signal-to-noise ratio, since the diffractedexcept that the later group also made use of a 4096 atom
signal is detected against “zero” backgroultd'® Figure  model in addition to a 216 atom model. Phenomenological
14 shows a typical scan taken at room temperature, showingtructural and interatomic potential models were employed.
the decay of the transient-grating sighiThe data are fitto Both groups found that at moderate temperatures, lifetimes
the square of a double exponential, and decay times of 10.&re on the order of 10 ps and lifetimes of localized and ex-

33. Molecular dynamics simulations
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FIG. 19. Decay of the transient bleaching signal from the Si—H stretch
mode on the $111):H surface. The solid line is a least-squares fit giving Temperature { K )
T,=795 ps. The dashed curve indicates the temporal resol(ih per-
mission from Ref. 10 FIG. 20. Temperature dependence of the lifetime of the Si—H stretch mode

on Si111):H surface(with permission from Ref. 101

tended nonpropagating modes are comparable. Bickham aiglational lifetimes in amorphous silicon did not include the

Feldman calculated the vibrational lifetimes for models ofgj_H stretch vibration, the obtained decay rates of the high-
amorphous silicon using molecular dynamics simulatidns. frequency localized modes are comparable. Future MD
These types of numerical experiments have been used iRjmylations on hydrogenated amorphous silicon can be used

creasingly to study the properties of amorphous materialsg ejycidate the strongly nonexponential decay of the Si—H
They have been used to investigate the Raman spectrum gf,etch mode.

amorpl)l@ous silicot® and high-frequency modes in fused
silica.~" Although the use of atomistic models restricts the
interpretation to the classical regime, experimentally relevanyl' SILICON SURFACES
information about the amorphous structure and vibrational — The first studies on the relaxation dynamics of adsorbate
modes has been obtained. vibrations used conventional linear absorption and transient
In these computer simulations, the instantaneous disbleaching. To compensate for the weak surface optical den-
placements, velocities, and accelerations are used as initigity, poorly characterized high surface area materials had to
conditions. The kinetic energy is introduced into selecteche used!°-*?*0On the other hand, to study single-crystal sur-
modes of vibration and monitored as a function of time. Fig-faces, the potential of the nonlinear optical techniques of
ure 17 shows the log kinetic energies of all 648 modes of aum—frequency generation was recognized €arit1??
216 atom supercell as a function of time and frequency for  Since then, data on the relaxation of adsorbates on
an initial excitation of the highest-frequency mode with  single-crystal metal?>'?* semiconductors®* and insulator
=78.7 meV. Although the excitation energy is put into asurface¥® have been available using SFG transient reflec-
single mode, a small portion is quickly and nonradiativelytivity or fluorescence techniques. This section surveys the
transferred to other modes by anharmonic coupling. The inipioneering work done by Guyot-Sionnest and co-workers on
tial kinetic energy spectrum, therefore, has a strong peak ahe lifetime of the Si—H stretching vibration for the
the perturbation frequency with secondary peaks at lowegi(111)/H:1x1 and Si(100)/H:X 1 surfaces. Theoretical
frequencies. As the simulation progresses, this nonequilibresults have been obtained by a method that combines
rium distribution evolves into a microcanonical ensembleBloch—Redfield theory with MD simulationSec. VI O.
with each mode having the same kinetic energy. The time, _. )
scale for this relaxation is on the order of tens of picosec—A' Si(111):H surface
onds, and similar decay times have been obtained for other Guyot-Sionnest, Dumas, Chabal, and Higashi presented
localized and extended, nonpropagating modes in the 21the first time-resolved measurements of the vibrational life-
atom modef!® time of the Si—H stretch mode for an ideally H-terminated
These MD simulations using large amorphous supercell$i(111) surface!®* The hydrogenated surface is characterized
demonstrate the ability to extract experimentally relevant inby a single Si—H stretch vibration at 2083.7 ¢hpolarized
formation from computer simulations. The lifetimes found purely perpendicularly to the surfa¢gig. 18. Furthermore,
by this method are in good agreement with the perturbativén contrast to the many relaxation channels available to mol-
calculations of Fabian and Alléff and are on the order of 10 ecules on metalgelectronic, intramoleculamwith strong dy-
ps at low temperatures in both 216 and 4096 atom supercellsamic dipoles(intermoleculay, the Si—H stretch mode can
The lifetimes of high-frequency localized modes and ex-only relax via anharmonic coupling to one H mo@&i—H
tended, nonpropagating modes with intermediate frequencidgend or to the substrate motio(Si surface phononsThe
are comparable. Although these initial calculations of the vi-absence of resonant electronic excitation and the large en-
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ergy difference between the Si—H stretch mode and the other o Delay (ps)
vibrational modes[ vg;_j peng= 637 cm * (Ref. 126 and — T T 1
Vphonor= 500 cm 1] imply that a long lifetime is expected.
The temperature dependence of the Si—H stretch linewidth
implies, in fact, that this mode is anharmonically coupled to
both the Si—H bend and a Si surface phonon at a lower
frequency, leading to a well-definetdephasing orT,)
broadening?’ Furthermore, molecular-dynamics calcula-
tions with no adjustable parametdis., based orab initio
calculation$ have been performed for this systeffi.

To measure the lifetime of the Si—H stretch on the
Si(111) surface, Guyot-Sionnest and co-workers used the
method of transient bleaching in conjunction with the
surface-specific SFG techniqtf¥.In this scheméSec. 111 O
an intense infrared pulse resonant with the Si—H stretch vi-
bration at 2083.7 cm' pumps the ground state into the first
excited state. After a varying delay, the difference between
the population of the ground state and the excited vibrational
stateAp is then probed by SFG from a pair of weaker infra-
red and visible beams. If the nonresonant contribution is
small and the anharmonicity is larger than the bandwidth of 0 e | . N
the laser pulse, then the SFG signal is just proportional to the <100 0 100 200 300 400
square ofAp. Therefore, as for the transient bleaching, one Delay (ps)
measures a ground-state recovery time. ' ‘

Although the infrared cross section is small, the SEGFIG. 21. De;cay of th§mod_e on Si100):H surface at 1OQKwith t_he pump
signal is fairly strong because of a significant Raman Crosﬁ;onant with theS (open circley and A modes(closed circles (with per-

: > ; ] ission from Ref. 129
section and the perfect ordering of the surfdéry. 18). Fig-
ure 18c) shows the SFG spectrum obtained with the pump
coming 200 ps before the probe beam. The saturation of thiee done, such as multiphoton absorption, selective desorp-
absorption leads to a 60% decrease of the SFG signal. THn, and chemical reaction.
ground-state recovery time is then directly obtained by vary-
ing the delay between the pump and probe and measuring th® Si(100):H surface

remaining saturation. The data are presented as the gatio For Si(100)/H:2< 1 the lifetime, from classical molecu-

=1-r"%~2p,,cin Fig. 19 where Ing) is plotted versus time lar dynamics, was predicted to be in excess of 2&hmuch
delay. Withi.n thg e>.<perimental accuracy a st.raight line iSIonger than the lifetime on Si(111)/HX1. Overall, the pic-
observed with a lifetimd’; =0.8+0.1 ns of the Si-H stretch .o 150ks a priori fairly different for both surfaces. The
vibration. measured lifetimes at low temperatures are highly sensitive
This lifetime is very long compared to what one would y, yhe sample preparation and thus reflect more the influence
assume for chemisorbed molecules on surfaces. It |Ilustratqﬁ defects than an intrinsic relaxation rate. Lifetimes longer

the fact that the Si—H stretching mode is well decoupled,5, 6 ns have been observed at 108PKSi(100)/D: 2 1
from the bending mode and the substrate phonons. In addi s a shorter lifetime(250 p$ and much higher
tion, unlike molecules on metals, transfer to electronic exci-

tations cannot occur since the band-gap energy is much

larger than the vibrational quantum. The lifetime as a func- T T T T v T
tion of temperature is shown in Fig. 28! The temperature Si(100)/D:2x1
dependence of, is well represented by a decay mechanism 0.3}
involving three bending modes around 630 ¢nand one
silicon phonon around 200 cm (dashed curve in Fig. 20
This decay channel was confirmed by theoretical calculations
using perturbation theory by Gai and Vbth(Sec. VI O.

The work by Guyot-Sionnest and co-workers constitutes
measurements of the lifetime of an adsorbate—substrate vi-
bration. The system, ideal in many aspects, gives a clear,
single-exponential decay of a spectrally well-defined vibra- 0 ml 1 1 . L
tional mode. This measurement, along with the thorough 0 delay (ps) 500
linewidth stud)ff27 gives a complete experimental character- ) o )
ization of the anharmonic coupling between the Si—H stretclﬂ?& ezgh ?hzc?'lgé)gesaﬁgcs'eegtt gfgcg('fﬁﬂ z'i?cr}gls)fr;’rzg Tc?os}é_(gp esrt]'emh

a_md the |0wer'freql{ency modes. This |0ng_ Si-H Str_etCh lifesquares The solid lines are single-exponential fits givifig= 225 ps at 300
time may allow various surface photophysics experiments t& and T,=218 ps at 100 Kwith permission from Ref. 129
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Fourier Transform of <SF(t)6F(0)> 300 and 100 K also showed little differengiig. 22).1%° The

T faster relaxation of Si—D and its weak temperature depen-
dence are consistent with a multiphonon relaxation process
of lower order now probably involving three Si—Si phonons
since the Si—D bending mode is below the Si phonon edge
i (520 cm 1).2*! The reliability of the measurement on
. Si(100)/D:2x 1 is attributed to the shorter intrinsic relax-
] ation time that prevents defects from playing an important

role1?°

PYR W N W Y

@10

0 500 1000 1500 2000 2500 5000

-1
w (cm ) C. Theoretical results

FIG. 23. Fluctuating force autocorrelation function along the Si—-H bond at ~ Tully and co-workers performed the first theoretical
300 K (with permission from Ref. 132 study of the lifetime of the Si—H stretch vibration on a Si
surface using a classical Langevin dynamics calculdfidn.
These authors obtained an estimate for the lifetime ofvthe
reproducibility!?® Guyot-Sionnest and co-workers have ob- =1 Si—H vibrational level on a model @00 surface to be
served the energy transfer between the symmetric and anfl-;=>2x10 8 s, which is much larger than the experimen-
symmetric modes of the surface dimers at lowtally observed lifetime off;=1.5x 10 ° s.19! First attempts
temperaturé?® to treat this problem within perturbation theory were under-
For the Si(100)/H: X 1 surface the coupling of the two taken by Gai and Votf2 These authors calculated the vibra-
Si—H bonds in the unit cell induces a symmetf® 2099 tional relaxation rate of an excited Si—H stretch mode on the
cm ! mode and an antisymmetri@) 2087 cmi* mode!®  ideally H-terminated H/Si(111)% 1 surface using a method
The A mode is relatively weak in the SFG response due tdhat combines Bloch—Redfield theory with classical MD
small effectivexy(®) components. For IR light polarized par- simulations(see Sec. Il A?®~?°In the calculation by Gai and
allel (p-pol.) to the plane of incidence, ttf®mode is very  Voth*?it has been assumed that the Si—H vibrational energy
dominant with no detectabl& mode contribution. With the relaxation dynamics can be understood by studying the quan-
IR pulse ~80% vertically polarized ¢-pol.), the A mode tum population evolution for only one of the Si—H oscillators
dominates but it is about 30 times weaker. on the H/Si(111) X1 surface. This local-mode-like picture
To probe the population dynamics of the system, botheglects the mobility of the vibrational excitations between
modes were pumped and temode was probetf® Figure  the equivalent Si—H oscillators on the surface. The latter
21 shows saturation spectra obtained at 100 K with the pumpffect should be more relevant to the vibrational dephasing
80% s-pol., where saturation of th& mode induced by dynamic$?than to the energy relaxation process., each
pumping either modes appears clearly. Both response curved the equivalent Si—H oscillators should have an identical
were fitted with a fast decay componeff,s=90+15ps  energy decay pathway into the bulk
and a slow decayl;=1.3+0.1 ns*?° Therefore, the energy The Redfield equationfEgs. (3)—(5)] were solved nu-
transfer between both modeg,(, ) is relatively slow at 100 merically for the four lowest-energy levels of the chosen
K. It is faster at higher temperatures and not noticeable aBi—H oscillator? From the slope of the logarithm of the
room temperature. =1 state probability versus time, the theoretical lifetime of
While the relaxation rate is fairly consistent at room thev =1 state was determined to be +.8.1 ns®*?The cor-
temperature to 1.250.1ns, the low-temperature data responding experimental value is 0.95f%Gai and Voth
showed consistently; ,s=90 ps bufT; decreased from 8 to considered also the dominant damping term in the reduced
1.2 ns in the course of several days and cooling cyd®s. density matrix equation for the= 1 state probability, to elu-
This strong dependence @, on the sample history is an cidate the mechanism for the Si—H stretching relaxatfdn.
indication thatT, is not the intrinsic lifetime but is due to The Fourier transform of the fluctuating force autocorrelation
defect-induced relaxation. A detailed study of severalfunction shown in Fig. 23 provides useful information on the
samples revealed thdt, at 100 K can be longer than 6 ns coupling between the Si—H stretch and the rest of the system.
while at 300 K it is around 1.2 n€° This temperature de- The fundamental transition frequenay;,=2084 cm?® is
pendence is much stronger than fof13i) since there the shown by the solid vertical line in Fig. 23. This transition
relaxation varied from 0.9 to 1.4 ns in the same temperatur&equency is somewhat to the blue of a prominent feature in
range (Fig. 20. Such a temperature dependence cannot bthe transform of the force autocorrelation function, which
explained by a multiphonon relaxation process unless vergan be attributed to the second overtéine., three quanjeof
low-energy phonons are involvéd-100 cnit). The defects the Si—Si—H bending motiona{,ens~ 640 cm ). Gai and
responsible for the enhanced relaxation rate are not knownVoth suggested that the=1 state relaxes through coupling
Si(100)/D:2x 1 also showed a strong SFG resonanceto a combination state consisting of three Si—H bending
from theSmode though at 1530 crl. The relaxation occurs quanta plus a phonon to make up the small frequency mis-
over 250 ps with little variation(30 p9 from sample to match(as postulated in Refs. 101, 128, 133 and)13%is
samplet?® This appears to be the intrinsic value for the life- result was confirmed by Ermorshin and co-workers who used
time of the deuterium stretch mode. Measurements taken @ quantum mechanical treatment of the highly localized
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Si—H bending mode¥*® In the approach by Gai and Voth the verted isotope dependence is also found for H/D stretch
bending modes are treated classically as bath mbdem modes on Si surfaces. Based on this observation, it is pos-
important result of the calculations by Gai and Voth is thesible that BH: centers might be particularly susceptible to
fact that the coupling between the Si—H stretch and the Si-dissociation by multiple vibrational excitation, and are likely
Si—H bends is kinetic in charactE¥ For the simple poten- to exhibit a particularly large isotope effect. No H-related
tial energy function employed in these calculations, there areenters at the Si/SiQinterface, including pP:H, have been
no potential energy coupling terms between the Si—H stretcbbserved directly. It is, therefore, quite likely that the giant
and the Si—Si—H bends. This behavior has also been identisotope effect will have to be explained by theoretical meth-
fied, e.g., in the study of vibrational energy relaxation inods.
isolated molecule$®® Finally, it is interesting to compare the results by Budde
It is also possible to calculate the lifetime of the=2 and co-workers with measurements of Si—H modes in differ-
state, which is thought to be considerably shorter than thent environments. The lifetime of Si—H stretch modes in
lifetime of thev =1 state. The Fourier transform of the fluc- amorphous Si &-Si:H) was studied by pump-—probe and
tuating force autocorrelation function at the frequengy transient-grating spectroscopy. In this material, the popula-
=w,; is shown by the vertical dashed line in Fig. 23. tion relaxation is biexponential with a short decay time of
Clearly, thev =2 state of the Si—H stretch is more closely on ~10 ps and a long decay time ef100 ps‘'!?The fast
resonance with the bending-mode-induced peak in Fig. 2Zomponent was initially ascribed to redistribution within the
Correspondingly, the calculated lifetime is 0.13 ns, which isSi—H stretch band and the slow component to decay of the
~10 times shorter than that calculated for the 1 funda-  Si—H stretch modes into Si-H bend modes or phoridhs.
mental. The level of agreement between theory and experi-lowever, more recent experiments indicate that the two de-
ment is more uncertain in this case because the linewidth isay times are due to stretching vibrations at different sites
dominated by dephasing broadening. More accurate calculdraving different lifetimes!? The results of the work by
tions based on improved potential energy functions are th8udde and co-workers support the latest interpretation.
subject of future research. Modeling of the dynamics of the multiphonon relaxation
process has also played a key role in the understanding of the
vibrational lifetime of hydrogen. The results by Gai and Voth
VII. CONCLUSIONS AND OUTLOOK and others show that the vibrational lifetime as well as the
Before closing, we would like to place the current ex- corresponding dominant decay channel can be obtained quite
perimental and theoretical accomplishments in this emergingC(3L‘_r""te'y using a perturbative calculation, involving Bloch—
field in the proper perspective. Budde and co-workers hav&edfield theory and MD simulations, in which the Si—H os-
measured the lifetimes of a selection of Si—H stretch modeSillator is treated quantum mechanically. Quantitative models
of point defects in Si. The lifetimes of interstitial-type de- €XPlaining the large structural dependence of the vibrational
fects were found to be very shofl.6-8 p3, whereas lifetime require detailed knowledge of the local structure of

vacancy-type defects have lifetimes up to several hundredd® defects and the associated local phonons. The measured
of picoseconds—two orders of magnitude variation. Thdifetimes provide an indispensable benchmark to develop

strong dependence of the lifetime on the atomic structure off0re accurate calculations based on improved potential en-
the defect suggests that pseudolocalized modes or LVMs afddy functions. _ L

involved in the vibrational relaxation of Si—H bonds of point  Future directions will focus on elucidating the strong
defects in solids. Moreover, to explain the large difference irStructural dependence of the vibrational lifetime and energy
lifetimes, one should also consider the anharmonic couplin§f@nsfer channels of the Si-H stretch mode. Temperature-
strength between the stretch mode and the Iow-frequenc"i'/nd strain-dependent lifetime measurements will shed light

modes. It certainly seems plausible that the relatively larg@" the preferential coupling between the Si—H oscillator and
open volume of the vacancies would lead to a small interacth_e bulk phlonons. Two-color transient bleaching experiments
tion between the hydrogen and the surrounding silicon atWill allow d|regt measurementg of thg energy transfer process
oms. This small interaction would lead to a longer vibra-Petween localized modes, enlightening the role of the bend-
tional lifetime. This interpretation is consistent with the N9 mOd_e in the dec_ay Process. Chf?raCte”?at'O” and control
observed long vibrational lifetime of hydrogen bonded to giof materials on the time scale associated with the fundamen-

surfaces. Both the Gi11/H and the Si(100)/H:X1 sys- tal vibration period of solid-state atomic motion will reveal
tems have Si—H lifetimes in excess of 1000 ps~at00 insights into energy pathways, defect reactions, and complex
K,10112% o 2_3 orders of magnitude longer than for gi—H formation. These exciting directions provide the promise of

stretch modes of interstitial-type point defects. establishing a solid-state science involving quantum-level

Furthermore, the measured vibrational lifetimes of thecontrol-
corresponding Si—D stretch modes are key to understanding
th.e physic;s Qf the giaqt isotope effect. Against Conver,‘tiona!B\CKNOWLEDGMENTS
wisdom, lifetimes of Si—D modes are found to be typically
longer than for the corresponding Si—H modes. Hydrogen-  First and foremost, the authors wish to thank Michael
terminated dangling bonds, exemplified by th¥ -WH,5)  Budde who, while visiting Vanderbilt University as a post-
complex, have particularly long lifetimes, and the H/D iso- doctorate, conducted the vibrational lifetime measurements
tope dependencies of their lifetimes are “inverted.” The in- of bond-center hydrogen in silicon, raising the art of defect
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