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Abstract

Phonon lifetime in materials is an important observable that conveys basic information about structure,
dynamics and anharmonicity. Recent vibrational transient-grating measurements, using picosecond infrared
pulses from free-electron lasers, have demonstrated that the vibrational-population decay rates of localized
high-frequency stretching modes (HSMs) in hydrogenated and deuterated amorphous silicon (a-Si:H/D) in-
crease with temperature and the vibrational energy redistributes among the bending modes of Si in a-Si:H/D.
Motivated by this observation, we address the problem from first-principles density-functional calculations
and study the time evolution of the vibrational-population decay in a-Si:H/D, the average decay times and
the possible decay channels for the redistribution of vibrational energy. The average lifetimes of the lo-
calized HSMs in a-Si:H and a-Si:D are found to be approximately 51-92 ps and 50-78 ps, respectively,
in the temperature range of 25-200 K, which are consistent with experimental data. A weak temperature
dependence of the vibrational-population decay rates has been observed via a slight increase of the decay
rates with temperature, which can be attributed to stimulated emission and increased anharmonic coupling

between the normal modes at high temperature.

PACS numbers: 71.23.Cq, 71.15.Mb, 71.23.An



I. INTRODUCTION

Classical normal modes have the essential property that they are a constant of the motion —
in a harmonic system, such modes have an infinite lifetime. Of course, real materials experience
anharmonic interactions which lead to energy transfer among the modes, and therefore a time de-
pendence of the spectral weight of each mode, at least when the system is out of equilibrium. A
picture of the energy-transfer mechanism is easily derived in perturbation theory, and leads to a
considerable basic understanding, such as more rapid energy transfer for localized states near or in
a continuum band of vibrational states. Such an analysis for small molecules shows the existence
of new excitations with frequencies at sums and differences of the harmonic frequencies!. As
the anharmonicity increases (presumably by driving the system harder or raising the temperature),
additional frequencies appear, as seen in early ab initio studies of clusters®. If such a molecule
were mechanically coupled to a solid with a phonon band containing any of the excitations, rel-
atively rapid energy transfer would be expected, at least when it is not forbidden by symmetry.
Thus, while the basic picture of such energy transfer is clear enough, there is little precedent for
first-principles computation of vibrational-energy decay with predictive accuracy for amorphous
solids. In topologically disordered systems, such as hydrogenated amorphous silicon, the network
dynamics are significantly more complex and environment-dependent than in crystals. Local vi-
brational amplitudes of the amorphous-silicon backbone vary significantly, and it may be expected
that this leads to a larger sampling of the anharmonic part of the interatomic potential. This can be
expected to have a non-trivial impact on mode lifetimes, which we are able to compute in a fairly

quantitative way in this work.

Silicon has been at the forefront of the most important materials for photovoltaic production
of electricity from solar energy. While crystalline silicon-based tandem solar cells have shown a
promising way to overcome the Shockley-Queisser* limit of the conversion efficiency of single-
junction solar cells, by using multiple p-i-n junctions for effective use of the solar spectrum, the
complexity of designing multi-junction photovoltaic cells with several bandgaps has led to the de-
velopment of alternative approaches, such as heterojunction intrinsic thin-layer (HIT) technology
involving crystalline and amorphous silicon. Compared to crystalline silicon, amorphous silicon
has a lower production cost and higher optical absorption coefficient, which make the latter a suit-
able candidate for thin-film solar cells. However, amorphous silicon is particularly sensitive to

light-induced structural degradation, which reduces efficiency and stability of a-Si:H-based solar
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cells upon prolonged illumination.’ It has been suggested®?® that the dynamics of H atoms play a
crucial role in the photo-degradation of a-Si:H. Sugiyama et al.’ have observed that the stability
of a-Si:H-based solar cells improves considerably when hydrogen (H) atoms in the intrinsic layer
of the cells are replaced by deuterium (D) atoms. Subsequent studies’”® have indicated that the
strong coupling between the localized SiD wagging mode (at 510 cm™!) and an extended Si-Si
lattice mode (at 495 cm™!) is responsible for fast dissipation of the photo-excited vibrational en-
ergy, which prevents local accretion of vibrational energy and reduces the dissociation probability
of weak Si-Si or SiD bonds in the neighboring region. In contrast, a weak coupling between the
corresponding SiH (at 640 cm™!) and Si-Si modes in a-Si:H is often attributed to the build-up of
vibrational energy locally, which promotes the degradation process by increasing the likelihood
of breaking weak bonds in the vicinity. Thus, the vibrational dynamics of SiH/SiD bonds provide

considerable information and new understanding of photo-degradation in these materials.

Recent vibrational transient-grating measurements on a-Si:D/H films, using intense picosecond
pulses from a free-electron laser (FEL),”"!* have revealed that the decay of the vibrational popu-
lation of SiH stretching modes at low temperature shows a non-exponential character,””'?> whereas
the SiD stretching mode exhibits a single-exponential decay.!® For a-Si:H, these observations are
consistent with the results from two-dimensional infrared spectroscopy.'* These experiments also
indicate that the lifetime of the vibrational population in a-Si:D is lower than that in a-Si:H, and the
decay rates—for both a-Si:H and a-Si:D-are weakly dependent on temperature. Further, the results
suggest that the vibrational-energy relaxation of the SiH stretching mode proceeds by decaying
into three SiH bending modes and one transverse-acoustic phonon,’!? while the SiD stretching
mode decays directly into the collective Si-Si lattice modes of a-Si without exciting any SiD

bending modes. "

In contrast to amorphous silicon, the vibrational-energy decay and the lifetime of the SiH/SiD
modes in crystalline silicon have been studied extensively by a number of researchers using in-
frared absorption spectroscopy and transient bleaching spectroscopy.'>™'° The results from these
studies indicate that the lifetimes of the H- and D-related stretching modes in a crystalline silicon
environment strongly depend on the nature of the H/D defect configurations. The experimental
values of the lifetime of the SiH/SiD modes have been found to vary from 1.9 ps for the H defect
configuration (2062 cm™1) to 295 ps for the divacancy HV-VH;, (2072.5 cm~!) configuration.'¢
Furthermore, unlike in a-Si, the lifetimes of the SiD stretching modes in ¢-Si have been found to

be longer than the corresponding SiH modes.'® Similarly, the vibrational lifetimes of the H- and D-
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related bending modes have been measured by Sun et al.!” using transient bleaching spectroscopy.
By analyzing the experimental data for SiH/SiD bending modes of H} defects in crystalline Si and
Ge, these authors have concluded that the lifetime of the bending modes increases exponentially
with the number of phonons involved in the decay process and that the values of the lifetime range

from 1 ps for a single-phonon process to 265 ps for a process involving four phonons."”

While infrared absorption spectroscopy and ultrafast spectroscopy provide a clear picture of
the vibrational-relaxation dynamics of H and D atoms in ¢-Si and a-Si, the majority of theoreti-
cal/computational studies on the vibrational lifetimes of SiH/SiD modes are focused on ¢-Si.?*>
The vibrational dynamics of the SiH/SiD stretching modes, for several defect configurations in
¢-Si, such as Hj, D3, VH-HV and VD-DV, have been studied by West and Estreicher?*? using ab
initio molecular-dynamics simulations. The authors have computed the vibrational energy and the
lifetimes of the SiH/SiD normal modes by employing an instantaneous normal-mode approxima-
tion that converts the 3N Cartesian coordinates of the atoms to the corresponding normal-mode
coordinates. However, no first-principles study of the vibrational dynamics of SiH/SiD modes in
amorphous silicon has been reported in the literature to the best of our knowledge. An earlier study
of vibrational dynamics H and D atoms in a-Si:D/H, which employed tight-binding molecular-
dynamics simulations, indicated that the SiD bonds were more stable than the SiH bonds but the
study failed to observe any vibrational-energy decay over a simulation time of five picoseconds.?*

%13 on @-Si:D/H and our desire

Inspired by the results from recent transient-grating experiments
to address the problem from an ab-initio viewpoint, for direct comparison with the experimental
results, we have conducted first-principles density-functional simulations of the vibrational pop-
ulation decay of SiH/SiD stretching modes in an amorphous-silicon environment. Toward that
end, we have presented here a simulation methodology that is capable of exciting SiH/SiD stretch-

ing modes in a manner that approximately mimics ultrafast transient-grating experiments without

using the harmonic approximation.

The rest of the paper is organized as follows. In section II, we have provided a detailed descrip-
tion of the computational methodology used for the calculation of vibrational lifetimes of SiH/SiD
stretching modes using first-principles density-functional simulations. Section III discusses the
results from our work with an emphasis on the nature of the vibrational-energy decay and the re-
laxation pathways or decay channels for high-energy SiH/SiD stretching modes. This is followed

by the conclusions of our work in section I'V.



II. COMPUTATIONAL METHODOLOGY

Car-Parrinello molecular dynamics (CPMD)* simulations were carried out in the canonical
ensemble (at selected temperatures) and microcanonical ensemble for two independent structural
models: an a-Si:H model with 10.7 at. % H and an a-Si:D model with 12.2 at. % D. The mod-
els were generated using a recently developed metadynamical approach,® which is capable of
producing high-quality networks of a-Si:H/D,* coupled with ab initio interactions. The CPMD

27.28 which em-

simulations are based on the density-functional theory (DFT) of Kohn and Sham,
ploys norm-conserving pseudopotentials and plane-wave basis functions, as implemented within
the NWCHEM code.” The exchange-correlation contribution to the total energy was taken into
account by using a generalized-gradient approximation (GGA) as formulated by Perdew, Burke
and Ernzerhof (PBE).** Electron-ion interactions were treated using norm-conserving pseudopo-
tentials, which were modified into a separable form due to Kleinman and Bylander.*' The Kohn-
Sham wave functions and electronic charge density were expanded using plane-wave basis func-
tions with a kinetic-energy cutoff of 50 and 100 Ry, respectively. The I' point of the k-space was
used to sample the Brillouin zone in all simulations.* In the description of all CPMD simulations
to follow, we chose an integration time step of 6t =5 a.u. (0.121 fs) and a fictitious electronic mass
of 600 a.u. for the time evolution of the electronic degrees of freedom. The simulation temperature

33-35

was controlled using a chain of Nosé-Hoover thermostats, which accurately produces atomic

dynamics in canonical ensembles. Since direct simulations of an actual experiment in ultrafast

spectroscopy, namely the excitation of high-frequency SiH modes in a-Si:H at or near 2000 cm !

by using a tunable, ultrafast, free-electron laser (FEL) with a spectral width of a few tens of cm™!
is highly nontrivial, we proceed with the assumption that the excitation of the stretching modes
is possible by depositing energy locally into the SiH bonds that vibrate in the frequency range
of 1950-2150 cm™! from a Gaussian distribution with a mean equal to the average energy of the
stretching modes (2000 cm ™) and a width reflecting the frequency range of the stretching modes.

A similar procedure can be used to excite the SiD stretching modes near 1460 cm~!. Thus, our

simulation consists of the following steps:

1) Structural relaxations and vibrational normal-mode calculations: The configurations of
a-Si:H/D were relaxed until the atomic force on each atom was less than 0.005 eV/A. For each
relaxed configuration, the dynamical-matrix elements were computed in the harmonic approxi-

mation by successively displacing each atom in the supercell along three orthogonal directions
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by 0.01 a.u.(0.00529 A). The resulting dynamical matrix was diagonalized to obtain the vibra-
tional eigenfrequencies and eigenvectors. The eigenvalues of the dynamical matrices of a-Si:H
and a-Si:D were found to be all positive indicating that none of the configurations exhibited any
imaginary frequencies;

2) Equilibrations using CPMD in the canonical ensemble: For thermal equilibrium, each
configuration was subjected to a constant-temperature CPMD run at five or six different temper-
atures within the range of 25-200 K. The equilibration at a given temperature lasted for about
12—15 ps. The purpose of this step is to ensure that thermal equilibrium is achieved both locally
and globally so that the system does not have any ‘hot’ carriers (i.e., considerable local thermal
fluctuations) that might affect the vibrational-population decay;

3) Post-equilibration unperturbed microcanonical CPMD: After the equilibration in step
2, the final output (atomic coordinates and velocities) of each system was subjected to constant-
energy dynamics®® to eliminate any thermostat effects. The atomic trajectory was saved for every
10 time steps, which was subsequently used to compute the kinetic-energy decay upon infrared
excitation, as described in step 5. The length of the trajectory was chosen to be at least 50 ps.
During this time, the average temperature of each run was monitored, both locally and globally,
and was found to be very close to the temperature of the parent configuration in step 2;

4) Post-equilibration perturbed microcanonical CPMD: In order to excite the SiH (SiD)
vibrational stretching modes, following step 2, the velocities of Si and H (D) atoms of SiH (SiD)
bonds were multiplied by an appropriate scale factor to deposit (infrared) energy in the system. To
achieve this, the velocity scaling is performed in such a way that the additional (kinetic) energy
deposited locally into an SiH (SiD) bond is equal to the energy of the vibrational (stretching) mode
to be excited. Since there exists a band of stretching modes, one may choose the energy from a
Gaussian distribution with a mean value hwy, where wy is the characteristic vibrational frequency
of the SiH (SiD) stretching modes. The width of the Gaussian distribution, o, can be determined

1 and

by the frequency range Aw of the stretching modes. Here, we have used Aw = 200 cm™
o = Aw/5 =40 cm™! (see Ref. 37). Thus, the Gaussian parameters for the SiH (SiD) system are
given by wp=2000 (1460) cm~! and o =40 cm™!. The value of o can be tuned depending upon the
width of the stretching modes and it is reflective of the spectral width of FEL pulses used in actual
pump-probe measurements in time-resolved spectroscopy. Once the velocity scaling of each SiH
(SiD) bond was completed, the system was subjected to a constant-energy CPMD run. As in step

3, the trajectory for this perturbed dynamics was saved after every 10 time steps for the next 50 ps.
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TABLE 1. Structural properties of a-Si:D/H models used in this work. NV is the number of atoms, C' is the
hydrogen/deuterium concentration (at. %), Rs;_x (X=H, D) is the average Si-X bond length. 6, Af and C4
are the average bond angle, standard deviation of # and the atomic concentration of four-fold coordinated

Si atoms, respectively.

N C Rsi_si Rsi—x 0 A0 Cy
a-Si:H 112 10.7 2.369 1.497 109.2 10.16 100
a-Si:D 114 12.2 2.374 1.496 109.1 10.33 100

Thus, our simulations generated atomic trajectories with a temporal resolution of 1.21 fs, which is

sufficient for determining the characteristic features of vibrational energy decays;

5) Computation of vibrational population lifetime: The lifetime of the vibrational excitation
of the SiH/SiD stretching vibrations can be obtained from the decay of the kinetic energy (KE) in
the perturbed microcanonical runs in step 4. To minimize the effect of the KE fluctuations on the
decay rate, the trivial contribution of the KE from the unperturbed run (in step 3) is subtracted to

form,3®

opt,T)= > [E\t,T)—EL(T)], (1)

ie{Si-H/Si-D}
where E/(t,T) and E(t,T) are the kinetic energy of an SiH/SiD bond i in the unperturbed and
perturbed constant-energy runs at temperature 7’ in step 3 and step 4, respectively. We have ver-
ified that the inclusion of the neighboring bonds in Eq. (1) does not affect the final results to an
appreciable extent. Following van der Voort et al.'” and Jobson et al.'?, the average lifetime, 7(7),

of the excited SiH/SiD stretching vibrations at temperature 7" can be written as,

2 toe(t,T)

7(T) =06t T)

2)

and the vibrational-population decay rate at temperature 7" is given by the reciprocal of 7(7"). A
multiplication factor 2 is included in the numerator in order to be consistent with the definition of
7 in Refs. 9, 10, and 13 for the purpose of comparison with experimental data therein. In actual
numerical calculations, the upper limit of the integrals in Eq. (2) is replaced by the total simulation

time in step 3 or 4.
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FIG. 1. Vibrational density of states for the a-Si:H model obtained using the harmonic approximation.
The high-frequency stretching modes (HSM) appear in the vicinity of 2000 cm™!, as indicated in the in-
set (right). Three low-frequency wagging modes (LWM) are also shown in the left inset. The degree of

localization of the stretching/wagging modes (in the insets) is reflected in the corresponding IPR values.
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FIG. 2. Vibrational density of states for the a-Si:D model obtained using the harmonic approximation. The
frequency positions of a few high-frequency stretching modes (HSM) and a low-frequency wagging mode

(LWM) are shown in the right and left insets, respectively. The IPR values in the insets are indicative of the

degree of localization of the modes.
III. RESULTS AND DISCUSSION

Table I lists the key structural properties of the a-Si:D/H models used in our simulations. Since
CPMD simulations are computationally very expensive, and the simulation of vibrational dynam-
ics requires a very small time step—a fraction of a femtosecond—with a total simulation time
of several tens of picoseconds for our present purpose, we have restricted ourselves to models
with 100 Si atoms containing 12 H and 14 D atoms. The vibrational densities of states (VDOS)

for these models, obtained using the harmonic approximation, are shown in Figs. 1 and 2. A small



band of isolated states in the vicinity of 2001 (1460) cm~*! indicates the presence of high-frequency
stretching modes (HSM) due to the vibration of SiH (SiD) bonds. To ensure that our models cor-
rectly produce the localized and stretching character of SiH (SiD) vibrations, we have examined
the vibrational eigenfunctions and calculated the inverse participation ratio (IPR)* of the modes
near 2001 (1460) cm~!. The results confirmed that the modes are truly localized and the SiH (SiD
) vibrations have a stretching character. An example of such a high-frequency stretching mode
(2001 cm™!) of SiH is shown in Fig.3 (cf. Fig.1 in the inset for w = 2001 cm~!). The HSM is
found to be highly localized with 97% of the total squared amplitude of the mode centered on the
H atom and an analysis of the corresponding vibrational eigenvector reveals that the mode exhibits
99.2% stretching character. Once the localized HSMs were identified, the (infrared) excitation of
the HSMs proceeded using the method described in step 4 of section II. In view of the small
number of modes near 2001 cm~! (for SiH) and 1460 cm™* (for SiD), we have not distinguished
low-frequency stretching modes (LSM) from high-frequency stretching modes (HSM), and used
the term HSM to indicate both of these modes hereafter. It may be noted that, although the VDOS
in Figs. 1 and 2 have been obtained using the harmonic approximation, the vibrational lifetimes
computed in this work are independent of the harmonic approximation. Since we do not compute
the vibrational energy using the normal-mode frequencies and eigenvectors, the results include
any possible anharmonic effects that might be present in the systems. The VDOS simply confirms
the frequency position, vibrational character and the localized nature of the SiH/SiD stretching

modes, which are implicitly assumed in writing Eq.(1).

A. YVibrational relaxation of SiH/SiD stretching modes

Figure 4 depicts the variation of (¢, T") with time (¢) in a-Si:H for three different temperatures
T'. The corresponding semi-log plots are also shown in the inset to characterize the energy decay.
All the plots show a transient decay for the first few picoseconds, which are not included in the
semi-log plots. A close examination of the plots in Fig. 4 reveals the following features: 1) the
energy decay is temperature dependent — the higher the temperature, the faster the decay; 2) the
decay appears to be multi-exponential in nature. This is particularly evident from the semi-log
plots for temperatures 25 K and 200 K, where the presence of two characteristic time scales can
be seen clearly (from 5 ps to 10-12 ps and 12 ps to 50 ps); 3) the remaining plot at 7' = 100 K

appears to fit neither a single-exponential nor a bi-exponential function. Although our results have
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FIG. 3. A high-frequency localized SiH stretching mode, with 99.2% stretching character, observed at 2001
cm~! in the a-Si:H model. Silicon and hydrogen atoms are shown in yellow and white colors, respectively.

A pair of red arrows indicate the component of the vibrational eigenvector on the atoms.
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FIG. 4. The decay of vibrational energy d(t,1") with time (¢) in a-Si:H for three different temperatures 7'.

The inset shows the corresponding plots on a semi-log scale.

been affected by the finite-size effects and limited statistics due to the presence of only a few H
atoms in the model, it is apparent that the decay curves, in general, cannot be represented reli-
ably by a single-exponential function. This observation is in agreement with experimental studies
on infrared transient-grating measurements of vibrational dynamics in a-Si:H thin films.'*"'? The
corresponding variation of dg(t,7") for a-Si:D is shown in Fig.5. While dg(¢,T") for different
temperatures shows a similar behavior as observed in the case of a-Si:H, there are subtle differ-
ences, which are particularly pronounced at low temperature, specifically at 25 K. A comparison
of the semi-log plot for 7'=25 K in Fig.5 with that from a-Si:H at the same temperature (in Fig. 4)

suggests that the energy decay for a-Si:D exhibits a stronger linear behavior on the semi-log scale
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FIG. 5. The decay of vibrational energy dz (¢, T") with time (¢) in a-Si:D for three different temperatures 7T'.

The inset shows the corresponding plots on a semi-log scale.

than for a-Si:H. In other words, the low-temperature (25 K) behavior of the vibrational-energy de-
cay in a-Si:D can be adequately expressed by a single-exponential function. The deviation from a
single-exponential behavior at high temperature can be largely attributed to the presence of strong
anharmonic coupling and stimulated emissions. We should mention at this point that the single-
exponential behavior of the vibrational-energy decay has been observed experimentally only at
low temperature!? to our knowledge. To examine this aspect further, we have directly compared
our results from CPMD simulations at 25 K with the experimental data from infrared transient-
grating measurements on a-Si:D at 4 K, obtained by Wells et al.,”!% in Fig. 6. The plots show that
the simulated energy decay at 25 K is considerably slower than the experimental decay measured
at 4 K. One plausible explanation for this slow behavior in simulation could be the absence of
very low-energy Si modes in small models containing only ~ 100 Si atoms and intrinsic quantum
effects associated with the atomic dynamics of hydrogen/deuterium at low temperatures. Should
the principal decay channels involve any low-energy modes that are missing, the absence of such
modes would impede the dissipation process, particularly at low temperatures (due to weak anhar-
monic coupling between the modes), and affect the overall decay behavior by increasing the decay
time. While our results do not match accurately with the experimental data at a quantitative level,
there is a considerable agreement at the qualitative level. This is evident from Table II, where we
have listed the computed values of the lifetimes of SiH and SiD stretching vibrations, along with
the corresponding experimental values from Refs. 12 and 13, respectively. It may be noted that
some of the experimental values provided in Table II were not obtained exactly at the simulated

temperatures listed therein.
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FIG. 6. Comparison of the decay of vibrational energy of the SiD stretching mode at 1460 cm™"! from
CPMD simulations with the infrared transient-grating signal for resonant excitations of the SiD stretching
mode at 1461 cm~! from Ref. 13. For the purpose comparison, the simulated data are multiplied by a

constant scale factor.

B. Temperature dependence of lifetimes and decay channels

The temperature dependence of the decay rate, 1/7, can be obtained by calculating 7 using
Egs. (1) and (2). The results from our calculations are presented in Figs. 7 and 8 for a-Si:H and a-
Si:D, respectively. Also included in these figures are the experimental data from infrared transient-
grating measurements by Jobson et al.'?> and Wells et al.'® For a-Si:H, the agreement between
computed values and experiment data is reasonably good with the exception of the decay rate at
25 K, where a considerable deviation from the experimental value has been observed. A similar
deviation can be noticed for the case of a-Si:D at 25 K in Fig. 8 as well. While the origin of this
deviation at low temperature is unknown to us, we surmise that the deviation can be attributed to
the quantum-mechanical nature of the dynamics of light H/D nuclei that cannot be fully treated
classically at low temperature.*® A path-integral Monte Carlo study of a-Si by Herrero,*! which
treats atomic nuclei as quantum particles, has indicated that the vibrational energy and the spatial
delocalization of silicon atoms are indeed affected by non-trivial quantum effects and the anhar-
monic nature of atomic vibrations in the amorphous state. In view of this, it is not surprising that
the results show noticeable fluctuations from the experimental data. Furthermore, the absence of
very low-energy vibrational modes in the system could also be a possible contributing factor for
this deviation to appear at low temperature. However, it is notable that the overall temperature de-
pendence of the simulated decay rates, for both a-Si:H and a-Si:D, displays a qualitative behavior

which is consistent with experimental observations.!>!3
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TABLE II. Average lifetimes of SiH (2000 cm™!) and SiD (1460 cm™!) stretching vibrations at selected
temperatures. Tcpyp and TexpT denote the CPMD and experimental lifetimes, respectively. Experimen-

tal values are from Refs. 12 and 13. Experimental temperatures for some 7 values are indicated where

applicable.
a-Si:H
T (K) 25 75 100 125 200
TepMD (PS) 78.1 92.0 73.1 74.0 51.3
TEXPT (PS) 101.1 93.7 82.7 72.7 57.3
a-Si:D
T (K) 25 75 100 125 200
TcpMD (PS) 78.7 54.0 54.6 - 50.1
TEXPT (PS) 56.2¢ 54.9b 57.1 - 52.8¢

4 Measured at 7=40 K
b Measured at T=69.5 K

¢ Measured at 7=189 K

a-Si:H
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1/ (GHz)
p— E p—
1

RPN B B BN B
0 50 100 150 200
T (K)

FIG. 7. Temperature dependence of the vibrational-energy decay rate for a-Si:H from CPMD simulations.

Experimental data, due to Jobson et al. 2

are included for comparison.

When an atom or molecule is excited at its characteristic vibrational frequency w in a condensed-
phase system, the system relaxes via redistribution and delocalization of the vibrational energy
through a number of possible decay channels comprising a few accepting modes w; of the sur-

rounding phonon bath, such that the total energy is conserved in the process. While the exact
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relaxation process and the number of phonons involved in amorphous systems can be highly
complicated, it is generally determined by the availability of accepting low-energy modes in the
vibrational density of states and the anharmonic coupling between the decaying and accepting

L ’42

modes. Following Nitzan et a a simple model of vibrational relaxation dynamics in condensed

phases gives the following temperature dependence of the decay rate:

1 exp(hw/kgT) — 1
7(T)  7(0) ITi: exp(hws /kpT) — 1]

Here 1/7(0) is the spontaneous decay rate in the limit 7" — 0, which is generally approximated

3)

by the value of 7 obtained at the lowest measured or computed temperature. Recently, several
workers’!? have attempted to identify possible decay channels of SiH/SiD stretching modes in
a-Si:D/H, involving three- or four-phonon processes, by fitting experimental data of the tempera-
ture dependence of vibrational relaxation rates of a-Si:D/H with Eq. (3). Here, we have adopted
a similar approach to examine a few possible relaxation pathways, including those proposed
by others, that satisfy the following conditions: 1) the relaxation process is energy conserving,
> iy hw; = hw; 2) the accepting mode w;s are in ample supply, i.e., they correspond to the high-
density regions of the vibrational density of states. While these “sum rules” cannot determine the
decay channel(s) uniquely, they certainly reduce the number of possible combinations consider-
ably. By invoking additional assumptions (e.g., the localized or delocalized nature of the accepting
modes) and using Eq. (3), it is possible to study the presence of a few probable decay channels in
the system. In our work, 7(0) was taken to be the decay rate at 25 K, which is found to be 12.8
GHz (12.7 GHz) for a-Si:H (a-Si:D).

a-Si:-D
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FIG. 8. Vibrational-energy decay rates as a function of temperature for a-Si:D. The experimental data are

due to Wells et al. 13

The results from our analysis, using Eq. (3), for the case of a-Si:H are presented in Fig. 9, where
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we have explored three decay channels. The first channel, indicated as A (in Fig.9), comprises

three SiH bending modes at 623 cm™! and one Si-Si transverse-acoustic (TA) mode at 133 cm™!.

This channel was proposed by van der Voort et al. '

in an effort to fit their experimental data from
infrared transient-grating and photon-echo measurements with Eq. (3). While the channel seems
to produce the correct qualitative behavior of 7(7") with temperature, our CPMD data cannot be
described very accurately by this channel. The second channel (C), proposed by Rellaet al.,!! con-
sists of four transverse-optical (TO) modes of 500 cm~!. However, this produces a considerably
weaker temperature dependence and it cannot explain the general behavior of 7(7"), particularly at
elevated temperatures. We thus propose a new decay channel (B) that involves one SiH bending
mode at 623 cm™*!, one TO mode at 500 cm™*, and three Si-Si longitudinal-acoustic (LA) modes
at 301 cm~!. The proposed channel satisfies the decay conditions mentioned earlier and provides a
way of redistributing energy to the low-energy accepting modes in a-Si:H. Although it is unlikely
to have high-order phonon processes at low temperature, the ample supply of Si-Si LA modes (at
301 cm™1) in the vibrational density of states of a-Si:H makes this channel a likely candidate for
a possible relaxation path for the vibrational energy relaxation of SiH stretching modes. Thus,
despite the presence of some fluctuations and other shortcomings of our CPMD simulations, it is
reasonable to conclude that both channel A and channel B provide a good choice for the possible
1

decay channels for vibrational relaxation of high-frequency stretching modes near 2000 cm™" in

a-Si:H.
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FIG. 9. The average decay rate from Eq. (3) for three decay channels discussed in the text: A) Three SiH
bending modes at 623 cm~! and one Si-Si TA phonon at 133 cm~!; B) One SiH bending mode at 623
cm~!, one TO phonon of 500 cm™! and three Si-Si LA phonons at 301 cm™~!; C) four TO phonons of 500

cm~!. Computed data are shown as black circles.

The decay channels for a-Si:D are depicted in Fig. 10. Earlier works by Wells et al. *'* have
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FIG. 10. Temperature dependence of the average decay rate for two decay channels in a-Si:D: A) four Si-Si
modes (one at 335 cm ™!, one TA mode at 175 cm~! and two TO modes at 485 cm™!); B) three Si-Si modes

each at 487 cm~!. Simulated values are shown as black triangles.

indicated that the relaxation of the vibrational energy from high-frequency stretching modes in
a-Si:D takes place by circumventing the SiD bending modes, which causes the energy to drain
into delocalized Si-Si modes and, consequently, leads to a relatively fast decay of vibrational en-
ergy. However, unlike for a-Si:H, we could not find an appropriate channel for a-Si:D that fits our
simulated data and satisfies the decay rules mentioned earlier owing to the presence of too much
noise in the computed average lifetimes. Instead, here we choose to study two decay channels pro-

posed by Wells et al. >3

and examine the correctness of our results. The temperature dependence
of 7(T') for the channels are shown in Fig. 10. The first channel (A) involves four Si-Si modes
comprising one at LA mode at 335 cm™!, one TA mode at 175 cm™! and two TO modes at 485
cm~!, whereas the second channel (B) consists of three Si-Si modes each at 487 cm~!. Although
our results do not match well with the experimental data from Ref. 9, the computed values from
CPMD simulations are reasonably close to the values obtained from channel A. Further simula-
tion studies are needed to improve the statistics of our results for several temperatures in order to
predict a possible decay channel in a-Si:D. Finally, it would be relevant to mention at this point
that the lifetimes of the H- and D-related stretching modes in crystalline silicon also decrease with
an increase of the temperature of the system. However, a direct comparison of the lifetimes of the
SiH/SiD stretching modes in a-Si with those in ¢-Si is rather complicated owing to considerable

differences between the local and global atomic structures, as well as the localization character of

the vibrational modes in these systems.
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IV. CONCLUSIONS

The vibrational relaxation of high-frequency stretching modes in a-Si:H and a-Si:D has been
studied using first-principles density-functional calculations with particular emphasis on the decay
of the vibrational energy of stretching modes and the temperature dependence of the lifetime of
the vibrational-population decay. Using Car-Parrinello molecular-dynamics (CPMD) simulations,
combined with realistic models of a-Si:H and a-Si:D, we have observed that the decay behavior of
the vibrational energy from high-frequency stretching modes is distinctly different in a-Si:H and
a-Si:D. For a-Si:H, the time evolution of the vibrational energy appears to be largely bi- or multi-
exponential in nature, whereas an almost single-exponential decay has been observed in a-Si:D at
low temperature. The average lifetimes of the SiH and SiD stretching vibrations have been found
to be approximately 51-78 ps and 57-70 ps, respectively, which approximately agree with experi-
mental data in the temperature range of 25-200 K. In agreement with the experimental data from
infrared transient-grating measurements, the simulated decay rates in a-Si:H and a-Si:D show a
minor increase at elevated temperatures, which can be attributed to an increase of anharmonic
coupling and the presence of stimulated emissions at high temperature. Using a simple theoretical
model of vibrational relaxation in condensed-phase systems proposed elsewhere, an analysis of
our results for a-Si:H suggests that the redistribution of vibrational energy takes place through two
principal decay channels or relaxation pathways. The first channel involves three SiH bending vi-

1

brations at 623 cm~! and one Si-Si vibration at 133 cm™!, whereas the second channel comprises

1 1

three Si-Si vibrations at 301 cm™ "', one SiH mode at 623 cm™ " and one Si-Si vibration at 500
cm~!. While the presence of sizeable fluctuations in the temperature-dependence plot of the av-
erage decay rate in a-Si:D prevents us from proposing a definitive decay channel in this system, a
combination of simulated and experimental data appear to suggest that four Si-Si modes (compris-
ing one at 335 cm ™!, one TA mode at 175 cm~! and two TO modes at 485 cm~!) and three Si-Si
vibrations at 487 cm™~! constitute the primary decay channels in a-Si:D. In conclusion, we have
presented a fairly accurate first-principles simulation of vibrational-energy decay and lifetimes of
high-frequency SiH/SiD vibrations in hydrogenated/deuterated amorphous silicon. By employing
a simple mode-excitation scheme, which does not invoke the harmonic approximation and closely
mimics time-resolved ultrafast infrared experiments using picosecond laser pulses, a quantitative

agreement with experimental data has been obtained. The results presented here provide funda-

mental insight and understanding of the vibrational dynamics of hydrogen and deuterium atoms in
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amorphous silicon, which are particularly useful in technological development and designing of

a-Si:H-based photovoltaic devices.
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