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Vibrational relaxation pathways in porous silicon: A time-resolved infrared spectroscopic study
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2FELIX

We have used a free electron laser to measure the picosecond vibrational dynamics of the SiH, SiH2, and
O3SiH stretching modes in porous silicon. A three beam pump-probe technique has been employed to make
temperature dependent measurements of the population relaxation times. We demonstrate that both bending
modes and scissors modes play important roles as does the vibrational bath provided by the pore walls
themselves. Using a forward box, two beam photon echo technique we have measured the homogeneous
dephasing times of all modes which have dynamic linewidths in the range 0.6– 1.2 cm−1. The inferred pure
dephasing rates are dominated by the elastic scattering of acousticlike Si-Si vibrations.
DOI: 10.1103/PhysRevB.74.165205

PACS number共s兲: 78.47.⫹p, 63.50.⫹x, 81.05.Rm

I. INTRODUCTION

Direct ultrafast time-resolved measurements of both vibrational lifetimes and vibrational coherent transients such as
photon echoes, are a relatively recent development which
have been made possible due to advances in the generation
of subpicosecond infrared pulses in the 3 – 20 micron, “molecular fingerprint” region. In particular, we highlight the increasing availability of beamtime at free electron laser 共FEL兲
user facilities as well as the development of infrared optical
parametric amplifiers. Thus far, rather few groups around the
world have focused on time resolved vibrational spectroscopy of point defects in solids and it is often deemed an
emerging field. There have been several reports of timeresolved studies made on SiH defects in different environments, an overview of which can be found in Lüpke et al.1
These experiments have shown that the structure of the localized vibrational mode’s surrounding environment has profound consequences for the anharmonic decay of fundamental localized vibrational modes. Our work has covered
vibrational decay pathways2 and free induction decay and
vibrational ladder climbing3 of H− local modes in insulating
crystals and extensive studies of SiH / D and Si-O-Si stretching modes in amorphous silicon 共a-Si兲.4–6 These works have
shown that the disordered environment of an amorphous host
can lead to a nonexponential population relaxation if the appropriate combination of accepting modes includes internal
modes of the defect such as bending modes. This has also
been shown to be true in hydrogenated amorphous germanium 共a-Ge: H兲.7
In this paper, we report on three beam, infrared pump
probe and photon echo experiments performed resonant with
the stretching modes of the SiH, SiH2, and O3SiH defects in
free standing porous silicon 共p-Si兲. Porous silicon consists of
a wafer of bulk c-Si into which a series of pores are electrochemically etched. The disordered surfaces of these walls are
passivated by hydrogen, supplied by the HF solution used in
the etching process. This results in pore walls which are
coated with various hydrogenic species 共e.g., SiH, SiH2,
1098-0121/2006/74共16兲/165205共5兲

SiH3兲, dangling bonds and also some oxide species. The particularly interesting aspect of this, from a vibrational dynamics point of view, is that although the SiH defect resides in a
locally disordered environment, the silicon beyond the pore
walls retains its crystalline structure and so the longwavelength bulk vibrations are crystalline in character. This
can be seen in the Raman spectra of p-Si,8 where sharp crystalline peaks are observed on top of the broadened amorphous peaks. Therefore vibrational relaxation of the SiH
modes in p-Si is an interesting case to study, in that it is
uncertain as to whether the vibrations relax to the delocalized
bulk crystalline phonons or conversely, couple to the local
amorphous vibrational bath.
II. EXPERIMENT

The samples consist of electrochemically prepared, free
standing p-Si. The layers are ⬃130 m thick and were prepared from a c-Si wafer. The infrared absorption spectrum of
the sample was measured with a nitrogen purged Nicolet
FTIR spectrometer. The time resolved measurements were
performed using the Dutch free electron laser FELIX in
Nieuwegein. The output of FELIX consists of a train of
“macropulses” ⬃4 s in length running at a repetition rate
of 5 Hz. Each macropulse is made up of “micropulses.” The
micropulses, which provide the time resolution of the measurements, have a width which is adjustable between 300 fs
and 10 ps with a pulse separation of 40 ns. FELIX is continuously tunable from 3.9 to 250 m and more than adequately covers the 4.3– 5 m region of immediate interest.
In each case FELIX was tuned to be resonant with the vibrational mode in question.
The population relaxation was measured using a three
beam, balanced pump-probe experiment9 in which the input
FELIX beam is split into pump, probe, and reference beams
using BaF2 beam splitters. The reference pulse is sent down
a 6 meter arm and then back reflected onto the probe pulse
path. Therefore the probe and reference beams follow the
same optical path, travel through the sample at the same
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FIG. 1. Infrared transmission spectrum of a free-standing p-Si
layer. The spectral positions of the SiH, SiH2, and O3SiH mode are
highlighted. The sharp lines observed on the high energy side of the
spectrum are due to CO2 absorption.

position and are detected by the same mercury cadmium telluride 共MCT兲 detector. MCT detectors are commonly operated at constant bias, however in this experiment the bias
was modulated synchronously with the 25 MHz FELIX
micropulse repetition rate. When the system is in balance,
the integrating electronics give an apparent output signal of
zero. The three beams were focused onto the sample with a
90° off axis parabolic mirror having a focal length of 15 cm.
Temperature control was provided by the use of an Oxford
Instruments “Microstat” cold finger cryostat equipped with a
model ITC503 controller.
The photon echo measurement is a standard coherent transient technique10 which in its simplest form ultilizes a two
pulse sequence in a transmission geometry. The power of the
echo technique lies in its ability to eliminate the inhomogeneous broadening contribution to the total linewidth thereby
providing a direct measurement of homogeneous dephasing.
The first pulse 共having wave vector k1兲 creates a coherent
admixture of vibrational states whose initial phase is lost due
to free induction decay. The second pulse 共with wave vector
k2兲 inverts the macroscopic dipole yielding a phase matched
super-radiant burst which is known as a photon echo. The
time integrated echo signal propagating along the kecho
= 兩2k2 − k1兩 signal direction decays as a function of the delay
between the incoming pulses as T2 / 4. The key feature of the
photon echo technique is that it exploits the fact that the free
induction decay is reversible.
III. RESULTS

Figure 1 presents the infrared transmission spectrum of
porous silicon, truncated to show only the 2025– 2400 cm−1
region of interest. With reference to the many infrared investigations of p-Si that exist in the literature,11,12 we assign the
broad peak at 2114 cm−1 as the  = 0 → 1 SiH stretching
mode. A shoulder at 2083 cm−1 arises from the SiH2 species.
The more isolated absorption feature at 2262 cm−1 is due to
the fundamental stretch vibration of SiH bonds where the Si
atom is backbonded to O atoms.13 This feature is only observed in oxidized p-Si 共Ref. 14兲 and comes from oxygen
preferentially attacking the weaker Si-Si backbonds of the
SiH defect. Both the bending mode 共at 878 cm−1兲 and
stretching mode of the oxygen backbonded SiH defect has a

FIG. 2. Decay of the pump-probe signals at a temperature of
10 K when resonantly exciting the SiH stretch mode at 共a兲
4.73 m, the SiH2 stretch mode at 共b兲 4.80 m, and the oxygen
backbonded SiH stretch mode at 共c兲 4.42 m. The solid lines are
fits of single-exponential decay in cases 共a兲 and 共c兲, while in case
共b兲 a biexponential fit is used. The lifetimes of the respective
modes, obtained through these fits, are indicated.

higher frequency compared to the other two modes, due to
the highly electronegative O atoms pulling the electron cloud
away from the Si atom.
A. Lifetime measurements

Figures 2共a兲–2共c兲 show the pump-probe signals measured
at 10 K for all three vibrational modes. Resonant excitation
of the SiH and O3SiH stretch modes 关Figs. 2共a兲 and 2共c兲兴 is
observed to yield single-exponential decay with decay constants of T1 = 33.3 ps and T1 = 17.2 ps, respectively. Figure
2共b兲 shows the pump-probe signal for resonant excitation of
the SiH2 stretching mode. The measured response is well
approximated by an biexponential relaxation and has a long
time component which is considerably longer than the lifetimes measured for the SiH and O3SiH modes. We have established that the biexponential behavior is due to both the
SiH and SiH2 modes being simultaneously excited by the
FELIX pulse. Thus we find that by fitting a bi-exponential
curve to the data, the faster decaying component has a lifetime of 29.3 ps, which corresponds well within the accuracy
of the measurement to the decay time of the SiH mode and
that the longer decaying component has a decay time of
134 ps and this is the lifetime of the SiH2 stretch mode.
The overall behavior observed differs from a-Si: H in one
important respect, which is that in p-Si the stretch mode
dynamics are observed to have single exponential relaxation
while in a-Si: H a distribution of lifetimes is measured.4,15,16
This is caused by the distribution of bond angles and bond
lengths that are characteristic of the random network structure of amorphous solids, coupled to the highly localized
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nature of the SiH defect. These two characteristics cause a
local change in the coupling of each SiH defect to the Si-Si
phonon bath, thus leading to a distribution of decay rates.
The absolute value of the relaxation rate of the SiH stretch
mode is a factor of four larger than observed in a-Si 共Refs. 4
and 16兲 and is due to better coupling to the surroundings in
p-Si. We note that time-resolved transient bleaching experiments performed upon the stretch mode of bond center H in
c-Si measured a decay time of T1 = 7.8 ps.17 Both interstitial
hydrogen defects as well as hydrogen vacancy complexes
appear to have 10 K lifetimes in the range ⬃2 – 40 ps, comparable with our observations for p-Si. Time-resolved measurements of the vibrational population decay of the SiH
stretch mode of an H-terminated c-Si surface18 also showed a
single-exponential decay, but over a greatly-increased timescale 共T1 ⬃ 1 ns兲, attributable to extremely weak coupling of
the stretch mode to other internal defect modes as well as the
surrounding phonon bath. This suggests that in p-Si the local
environment of the Si-H is markedly different than that of
both a-Si and c-Si.
The temperature dependence of the decay rate of the anharmonic decay of a localized mode of frequency  into a set
of accepting modes of frequencies i can be modeled with
the expression19关T1共T兲兴−1 = 关T1共0兲兴−1

冉

exp共ប/kBT兲 − 1

兿i 关exp共បi/kBT兲 − 1兴

冊

,

共1兲

where 关T1共0兲兴−1 is the 0 K population decay rate 共which we
reasonably approximate with data measured at 10 K兲 and
兺iបi = ប in order to satisfy energy conservation. Figures
3共a兲–3共c兲 present the measured temperature dependence of
the decay rate of the three modes of interest and we discuss
each in turn.
1. SiH stretch mode

Figure 3共a兲 shows the temperature dependence of the decay rate for the SiH stretch mode at 2114 cm−1, which is
observed to increase by a factor of ⬃1.4 from 10 K to room
temperature. The dashed-dotted curve, which overestimates
the data at temperatures above 150 K, represents decay into
five equal energy 423 cm−1 Si-Si vibrations. Any alternative
five phonon choice gives an increasingly degraded account
of the data. Assuming four phonon decay into energydegenerate Si-Si vibrations at 529 cm−1 is shown by the dotted line and badly underestimates the data. The dashed curve
assumes anharmonic decay to one SiH bending mode 关at
625 cm−1 共Ref. 11兲兴 with the energy surplus bridged by two
530 cm−1 and one 429 cm−1 Si-Si vibration. This also underestimates the data. The solid line represents decay into two
bending modes, one 530 cm−1 and a 334 cm−1 Si-Si vibration, giving good account of the data. In a-Si the SiH stretch
decay path is via three bending modes and one 133 cm−1
phonon,4,16 suggesting that in p-Si, the vibrational coupling
of the Si-H stretch mode to the Si-Si TO and LA lattice
modes is enhanced.

FIG. 3. Temperature dependence of the population relaxation
rate 1 / T1 of 共a兲 the SiH stretch mode, 共b兲 the SiH2 stretch mode,
and 共c兲 the O3SiH mode. The circles are the measured lifetimes
while the lines are fits of Eq. 共1兲 in which either three-, four-, or
five-phonon anharmonic decay with appropriate choices of Si-Si
vibrational energy are used. In case 共a兲 共Si-H兲 the best fit is the
unbroken line, which represents four-phonon decay into two bending modes 共625 cm−1兲, and two Si-Si vibrations at 530 cm−1 and
334 cm−1. For case 共b兲 共Si-H2兲, there are two equally plausible
decay pathways, shown as the unbroken and dashed line. The unbroken line assumes four-phonon decay into one scissors mode
共906 cm−1兲 and three bulk vibrations having energies of 530 cm−1,
370 cm−1, and 275 cm−1. The dashed curve also assumes fourphonon decay with the accepting modes being two bending modes
共660 cm−1兲 and two Si-Si vibrations having energies of 530 cm−1
and 233 cm−1. In the last case 共c兲 共O3Si-H兲 the best fit is the unbroken line and assumes four-phonon decay into one bending mode
共625 cm−1兲 and three equal energy 461 cm−1 vibrations. Full details
of the various energy conserving phonon decay pathways are given
in the text.
2. SiH2 stretch mode

Figure 3共b兲 shows the temperature dependent decay rate
of the SiH2 stretch mode at 2083 cm−1. The measured decay
rates increase by a factor of ⬃1.5 from 10 K to 250 K. The
dashed-dotted curve represents anharmonic decay into five
equal energy 417 cm−1 Si-Si vibrations. This both underestimates the data in the 100– 200 K range and overestimates
the data at higher temperatures, although not significantly.
We note that the SiH2 defect has both a scissors mode at
906 cm−1 and a bending mode at 660 cm−1.11 The closest
three-phonon decay possibility is shown as the dotted curve,
representing decay via two scissors modes and a 267 cm−1
Si-Si vibration. This approximation does not account for the
data very well, falling well behind the measured decay rates
at temperatures higher than 150 K. The two “best choice”
approximations are both four-phonon decay processes. The
solid line is decay via one scissors mode and three Si-Si
vibrations at 530 cm−1, 370 cm−1, and 275 cm−1. An equally
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FIG. 4. Decay of the photon echo signals at a temperature of
10 K when resonantly exciting 共a兲 the SiH stretch mode at
4.73 m, 共b兲 the SiH2 stretch mode at 4.80 m, and 共c兲 the oxygen
backbonded SiH stretch mode at 4.42 m. In cases 共a兲 and 共c兲 the
lines are single-exponential fits to the measured decay of the echo.
In case 共b兲 a biexponential fit is used. The respective dephasing
times of each mode are displayed in the corner of each plot.

valid alternative is relaxation via two bending modes and
two Si-Si vibrations at 530 cm−1 and 233 cm−1 共dashed
curve兲. It is not possible, within the accuracy of the measurements, to distinguish between these two possibilities. As for
the SiH stretch mode in p-Si, the coupling to the Si-Si TO
and TA lattice modes seems to limit the vibrational lifetime
of the SiH2 stretch mode.20
3. O3SiH stretch mode

Figure 3共c兲 shows the temperature dependent decay rates
for the O3SiH stretch mode at 2262 cm−1, whose decay rate
increases by a factor of ⬃1.4 between 10 K and room temperature. As expected, attempts to account for the data in
terms of five phonon decay vastly overestimate the measured
decay rates. This is shown as a dotted curve for five
452 cm−1 Si-Si vibrations. Nor does three phonon decay give
reasonable account of the data due to the high energy of the
accepting modes required. The dashed-dotted curve represents decay into two bending modes at 878 cm−1 and a
506 cm−1 Si-Si vibration. Conversely, assuming four-phonon
decay into two bending modes and two 253 cm−1 Si-Si vibrations 共shown as the dashed line兲 vastly overestimates the
increase in relaxation rate. We find that the best account of
the data is given by decay into one bending mode and three
vibrations at 461 cm−1 共shown as the solid line兲. We note that
p-Si has a IR strong absorbance at 460 cm−1 related to SiO-Si bending vibrations,20 suggesting that a resonant coupling to this mode speeds up the relaxation of the O3SiH
stretch mode.

FIG. 5. Temperature dependence of the pure dephasing rate of
共a兲 the SiH stretch mode, 共b兲 the SiH2 stretch mode, and 共c兲 the
O3SiH mode. The dashed line is a least-squares fit to Eq. 共2兲 and the
solid line is a least-squares fit to Eq. 共3兲.

We have shown that in p-Si for all three defects, the
stretching mode relaxes to internal localized modes, such as
scissors or bending modes, and that for the SiH and SiH2
stretch modes energy conservation is satisfied via the phonon
bath.
B. Dephasing measurements

Figures 4共a兲–4共c兲 show the photon echo obtained for the
SiH, SiH2, and O3SiH stretch modes as measured at 10 K. At
all wavelengths a so-called “coherent spike” at zero delay is
observed. From these transients we infer homogeneous
dephasing times of T2 = 17.2 ps 共SiH兲, T2 = 29.0 ps 共SiH2兲,
and T2 = 9.6 ps 共O3SiH兲 yielding homogeneous 共dynamic兲
linewidths 共1 / T2兲 of 0.62 cm−1, 0.37 cm−1, and 1.1 cm−1,
respectively. Comparison with the linewidths as measured by
FTIR spectroscopy confirms that there is massive inhomogeneous broadening arising from the disordered environment.
The homogeneous dephasing rate 共T−1
2 兲 measured using
the photon echo technique has contributions from the population relaxation rate 共T−1
1 兲 and the pure dephasing rate
共T*−1
兲.
Pure
dephasing
is
an adiabatic process giving rise to
2
fluctuations in the vibrational eigenstates. The various contributions are connected via the well known expression
1 / T2 = 1 / 2T1 + 1 / T*2.10 By combining the population relaxation rates and homogeneous dephasing rates, the pure
dephasing rate can be extracted. Figures 5共a兲–5共c兲 display
the temperature dependence of the pure dephasing rate for all
three modes. We interpret the temperature dependent pure
dephasing as arising from elastic scattering of Si-Si band
phonons. Under the assumption of a Debye-like density of
states, this takes the analytical form
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关T*2共T兲兴−1 = a + A

冉 冊冕
T
⌰D

7

⌰D/T

0

x3
dx,
ex − 1

共2兲

where a is a constant added to account for the finite dephasing at cryogenic temperatures, A is a coupling constant, and
⌰D is the Debye temperature 共here taken to be ⌰D = 487 K,
see Ref. 21兲. As can be seen from Figs. 5共a兲–5共c兲, where the
Debye approximation is plotted as a dashed line, this assumption completely underestimates the activation of the
pure dephasing rate with temperature for all three modes. A
common alternative assumption is that the pure dephasing is
dominated by a single Si-Si vibrational mode yielding
关T*2共T兲兴−1 = a + An共n⬘ − 1兲,

共3兲

where n is the Bose-Einstein occupation factor for the appropriate mode’s energy. This is shown as a solid line in
Figs. 5共a兲–5共c兲 and yields good agreement with the data. The
coupling constant of the three defects is found to be within
the same order of magnitude for each mode, ranging from 共a兲
147 GHz 共SiH兲, 共b兲 71 GHz 共SiH2兲, and 共c兲 80 GHz
共O3SiH兲, while the corresponding phonon energies are 共a兲
184 cm−1, 共b兲 128 cm−1, and 共c兲 175 cm−1. Thus the pure
dephasing of all three modes is dominated by elastic scattering from long-wavelength Si-Si vibrations.
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