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The lifetimes of the Si-H vibrational stretch modes of the H�
2 (2062 cm21) and HV ? VH�110�

(2072.5 cm21) defects in crystalline Si are measured directly by transient bleaching spectroscopy from
10 K to room temperature. The interstitial-type defect H�

2 has a lifetime of 4.2 ps at 10 K, whereas
the lifetime of the vacancy-type complex HV ? VH�110� is 2 orders of magnitude longer, 295 ps. The
temperature dependence of the lifetime of H�

2 is governed by TA phonons, while HV ? VH�110� is
governed by LA phonons. This behavior is attributed to the distinctly different local structure of these
defects and the accompanying local vibrational modes.
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Relaxation and delocalization of vibrational energy in
the condensed phase entails the energy redistribution into
low-frequency vibrational degrees of freedom that are an-
harmonically coupled to the initially excited local mode
[1]. These energy relaxation times are typically hundreds
of femtoseconds to hundreds of picoseconds. Low-mass
impurities in crystalline solids provide unique opportu-
nities to explore these dynamical processes. Impurities
lighter than the host atoms give rise to localized vibrational
modes (LVMs) with frequencies above the phonon bands
of the solid [2]. Direct (time-domain) determination of
the lifetime of LVMs is made possible by recent advances
in tunable, ultrafast, high-intensity infrared (IR) light
sources [3].

Recently, we have undertaken a systematic study of the
vibrational lifetime of hydrogen (H) embedded in bulk
silicon (Si) [4,5], a classic example of well-studied local vi-
brational modes. The low-temperature lifetime of H at the
bond-center site in crystalline Si and other interstitial-like
configurations is of the order of 10 ps, while the lifetime
of vacancy-H configurations are 1–2 orders of magnitude
greater [4,5]. This disparity in measured lifetimes is unex-
pected based on simple theories and is as yet unexplained
[1]. Experimentally, the most straightforward way to
characterize a multiphonon relaxation rate from a given
vibrational level is from the temperature dependence of
its lifetime. In this paper, we report a detailed comparison
of the temperature dependence of the vibrational lifetime
of two structurally distinct point defects in crystalline Si,
H�

2, an interstitial defect, and HV ? VH�110�, a vacancy
complex. The very different temperature dependences
show that these vibrationally excited defects decay into
markedly different accepting vibrational modes, giving
new insights into the origin of the observed large differ-
ence in lifetimes.

In addition to the fundamental interest in understanding
energy relaxation in solids, the actual lifetime of LVMs
plays a unique role in determining impurity stability, trans-
formation, and migration of impurities in solids under
dynamical conditions. For example, Persson, Avouris,
0031-9007�02�88(13)�135501(4)$20.00
Lyding, and their co-workers have reported intriguing data
on the different behavior of the desorption of deuterium
(D) and H bonded to Si [6–9]. Although the chemical
binding of these species is essentially the same, the differ-
ence in desorption behavior was attributed to differences
in their vibrational lifetimes [10].

Hydrogen in Si gives rise to localized vibrational modes
with frequencies above the Si phonon bands [11,12]. Here
we are interested in the decay channels of the 2062- and
2072-cm21 modes of the H defects H�

2 and HV ? VH�110�.
The structures of H�

2 and HV ? VH�110� are shown in
Fig. 1. The H�

2 defect has C3y symmetry with one H
close to the bond-center (BC) site and the other near the
antibonding (AB) site [13]. It gives rise to two IR active
Si-H stretch modes: one at 1838 cm21 corresponding to
vibration of H at the AB site, and one at 2062 cm21 due
to H at the BC site. The divacancy binding two H atoms
may exist in several variants. The one illustrated in Fig. 1
is denoted HV ? VH�110� to emphasize that the Si-H bonds
are located in the same (110) plane, in separate halves
of the divacancy. As discussed in Ref. [5], the two Si-H
bonds of HV ? VH�110� are antiparallel, and the defect
therefore has only one IR active stretch mode, which has
been assigned to the absorption line at 2072 cm21 [5,14].
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FIG. 1. Structure of the H�
2 complex and the divacancy binding

two H atoms, HV ? VH�110�. The large spheres are Si, whereas
the small spheres are H.
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The lifetime of high-frequency vibrational modes decay-
ing into a bath of low-frequency phonon modes has been
studied theoretically by Nitzan and co-workers [1], and by
Egorov and Skinner [15]. The total decay rate (inverse
lifetime) is given as the sum of the rates of all of the decay
channels:

1
T1

� 2p
X
�n�

jG�n�j
2n�n�r�n� , (1)
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�v�n�
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� of accepting mode frequencies. En-

ergy is conserved in the decay process, h̄v �
PNn
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where v is the frequency of the LVM. The decay rate
of each channel is given by the temperature-independent
coupling strength G�n� of the channel, the function n�n�
describing the temperature dependent population of the
receiving modes:
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and the compound spectral density of accepting states
r�n� which can be expressed in terms of a convolution
of single spectral densities of states,
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In the low-temperature limit (kBT ø h̄v
�n�
j , for all j),

the decay rate reflects spontaneous decay into Nn accept-
ing modes and n�n� � 1. At higher temperatures the decay
rate increases due to stimulated emission in a fashion de-
termined by the frequencies of the accepting modes [1,15].

To investigate the vibrational relaxation channels of the
2062- and 2072-cm21 modes of H�

2 and HV ? VH�110� in
Si, we measured the lifetime T1 of these modes as a func-
tion of temperature by time-resolved transient bleaching
spectroscopy. The sample consists of a 2-mm thick disk
cut from single crystalline high-resistivity Si. The sample
was polished on both sides, and coated with a mid-IR an-
tireflection coating on one side to prevent spurious sig-
nals arising from multiple internal reflections. A uniform
H concentration of 1.7 3 102 ppm was formed from the
surface to a depth of 47 mm by variable-energy implanta-
tion of the uncoated side of the sample at 80 K. After
warming to room temperature, IR absorbance measure-
ments from the implanted sample revealed a series of
strong absorption lines in the Si-H stretch region, includ-
ing lines at 2062.1, 2068, and 2072.5 cm21. Figure 2
shows an absorbance spectrum taken with 0.15-cm21 reso-
lution at 10 K from a Si-H sample with a low H concentra-
tion (	7 ppm) to clearly resolve the different absorption
lines. The 2068-cm21 line has been assigned to the diva-
cancy binding one H atom HV ? V [16], and was 	3 times
smaller than the 2072.5-cm21 line of HV ? VH�110� in the
135501-2
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FIG. 2. Left: Phonon spectrum of Si adapted from Ref. [19].
Right: Absorbance spectrum of proton-implanted Si showing
the 2062.1-, 2068-, and 2072.5-cm21 lines of H�

2, HV ? V , and
HV ? VH�110�.

sample with the high H concentration. Since the linewidth
is inversely related to the lifetime, it is immediately appar-
ent that H�

2 and the vacancy complexes have very different
excited state lifetimes. However, a direct determination
of the lifetime from the width may be uncertain due to
inhomogeneous broadening, instrumental resolution, and
dephasing at elevated temperatures. Therefore, a tran-
sient bleaching (pump-probe) technique was used for time-
domain measurements of the lifetimes.

The transient bleaching signal Sb was measured as a
function of time delay between the pump and probe pulses,
as described in Ref. [4]. The experiments were performed
using the high-power, IR free-electron laser (FEL) at the
Thomas Jefferson National Accelerator Facility (TJNAF)
[3]. The FEL delivered pulses with a time duration of
	1 ps, spectral width of 12 cm21, and pulse energy of
	1 J at a pulse repetition rate of 18.6 MHz.

Figure 3 shows the transient bleaching signal versus
time delay measured at a temperature of 10 K with the
laser frequency centered either on the 2062-cm21 (left) or
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FIG. 3. Transient bleaching signal from the 2062-cm21 (left
side) and the 2072-cm21 mode (right side) measured at a tem-
perature of 10 K.
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the 2072-cm21 line (right). The signal of the former de-
creases with a time constant T1 � 4.2 6 0.2 ps (left side
of Fig. 3) [17]. In addition, a long-lived tail is clearly
present in the decay of Sb . Since the laser spectrum has
a FWHM of 	12 cm21, we expect that Sb also exhibits a
response from the 2068- and 2072-cm21 modes. Indeed,
by centering the laser frequency on the 2072-cm21 mode,
the long-lived component of Sb is enhanced; i.e., it corre-
sponds to the stretch mode of HV ? VH�110�, possibly with
a small contribution from HV ? V (right side of Fig. 3)
[18]. The lifetime of the HV ? VH�110� stretch mode is
constant within experimental error up to 60 K, with a mean
value of T1 � 295 6 6 ps. Both signals in Fig. 3 exhibit
a fast transient, which coincides with the pump pulse. This
instantaneous response results from the nonresonant exci-
tation of the bulk crystal.

Figure 4 shows T1 versus temperature for H�
2 (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 decrease, reaching half of its low-temperature value at
130 K. The solid lines in Fig. 4 are fits using Eq. (1)
with the vibrational relaxation channel of the 2062-cm21

mode represented by a set of six accepting modes �165,
165, 165, 522, 522, 522� cm21. This set of accepting
modes is very similar to that of the 1998-cm21 mode of
bond-center H in Si [4], which is well described by de-
cays into six accepting modes, �150, 150, 150, 516, 516,
516� cm21. In contrast, the lifetime of the 2072-cm21

mode starts to decrease at 	120 K reaching half of its
low-temperature value at 250 K. The decay channel of
the 2072-cm21 mode is well represented by five accepting
modes with frequencies �343, 343, 343, 521, 521� cm21.
We note that the vibrational relaxation channels are not
uniquely determined by the temperature dependence of the
lifetimes. In particular, the high-frequency phonon modes
of the decay channels do not have a strong influence on
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FIG. 4. Temperature dependence of T1 of the 2062-cm21 mode
of H�

2 (left side) and the 2072-cm21 mode of HV ? VH�110�
(right side). The solid lines are fits from Eqs. (1) and (2) for de-
cays into the sets of accepting modes �165, 165, 165, 522, 522,
522� cm21 and �343, 343, 343, 521, 521� cm21 of the 2062- and
2072-cm21 modes.
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the temperature dependence of the lifetimes. For example,
the temperature dependence of the 2072-cm21 mode is
equally well represented by a set of accepting modes
of �343, 343, 343, 343, 700� cm21. However, the wave
number of the accepting mode with the lowest frequency
is quite well determined by the onset of the temperature
dependence of T1, for example, 	60 K for H�

2 and
	120 K for HV ? VH�110�. Figure 4 also shows that in
both cases the calculations using Eq. (1) deviate from the
measured T1’s at elevated temperatures, indicating that
additional relaxation channels may increase the decay rate
at higher temperatures. We note that the low-frequency
accepting modes of 165 cm21 for H�

2 (and 150 cm21 for
bond-center hydrogen) nearly coincide with transverse
acoustic phonons of the undistorted Si crystal (Fig. 2),
which have been calculated in Ref. [19]. Likewise, the
343-cm21 modes involved in the decay of the stretch
mode of HV ? VH�110� nearly coincide with the peak in
the longitudinal acoustic phonon density (Fig. 2).

The most significant result obtained from our tran-
sient bleaching experiments is the large difference in
the temperature dependence of the lifetimes of H�

2 and
HV ? VH�110�. We believe that this may be an important
clue in explaining the 2-orders-of-magnitude difference in
the absolute lifetimes. Indeed, the fact that these modes
have very different lifetimes is surprising at first glance
considering that both Si-H stretch modes have nearly the
same frequency and symmetry, and the compound density
of accepting phonon states of the unperturbed lattice r�n�
is almost identical. The critical difference between these
defects is their local structure, interstitial- or vacancy-like,
which gives rise to a very different local vibrational mode
structure, referred to as pseudolocalized modes (PLMs).
Evidently it is these local modes that govern the lifetimes,
and are responsible for the observed preferential couplings
to characteristic bulk phonons. Furthermore, to explain
the large difference in lifetimes, one should also consider
the anharmonic coupling strength between the stretch
mode and the low-frequency modes. In the HV ? VH�110�
center, it certainly seems plausible that the relatively
large open volume of the vacancies would lead to a small
interaction between the hydrogen and the surrounding
silicon atoms. This small interaction would lead to a
longer vibrational lifetime.

These results have great significance in excitation pro-
cesses which involve the dynamics of energy dissipation in
solids. A specific example is the desorption of H at the sili-
con/silicon dioxide interface [8–10]. The rate of H loss is
a sensitive function of the excitation to vibrational states of
the Si-H bond and the lifetimes of these states. The results
presented here indicate that the relevant lifetime is a strong
function of the local defect configuration. Thus quantita-
tive models of these processes require detailed knowledge
of the local structure and the associated local phonons.

In conclusion, we have measured the vibrational life-
time of the Si-H stretch mode of two structurally distinct
135501-3
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point defects in Si, H�
2, and HV ? VH�110�, as a function

of temperature. We have shown that the dominating decay
channels of these defects are significantly different, involv-
ing low-frequency accepting modes (165 and 343 cm21)
of very different symmetry. It is suggested that this highly
selective behavior is due to the nature of the local distor-
tions and the associated pseudolocalized phonon modes. A
more detailed understanding of the nature of these PLMs
is required to fully elucidate the vibrational energy relaxa-
tion and transfer channels in solids.
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