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The ultrafast structural dynamics of the Si-H bond in the rigid solvent environment of an amorphous silicon
thin film is investigated using two-dimensional infrared four-wave mixing techniques. The two-dimensional
infrared �2DIR� vibrational correlation spectrum resolves the homogeneous line shapes ��2.5 cm−1 linewidth�
of the 0→1 and 1→2 vibrational transitions within the extensively inhomogeneously broadened �78 cm−1

linewidth� Si-H vibrational band. There is no spectral diffusion evident in correlation spectra obtained at 0.2,
1, and 4 ps waiting times. The Si-H stretching mode anharmonic shift is determined to be 84 cm−1 and
decreases slightly with vibrational frequency. The 1→2 linewidth increases with vibrational frequency. Fre-
quency dependent vibrational population times measured by transient grating spectroscopy are also reported.
The narrow homogeneous line shape, large inhomogeneous broadening, and lack of spectral diffusion reported
here present the ideal backdrop for using a 2DIR probe following electronic pumping to measure the transient
structural dynamics implicated in the Staebler-Wronski degradation �Appl. Phys. Lett. 31, 292 �1977�� in
a-Si:H based solar cells.
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I. INTRODUCTION

Silicon is the most commonly used material in photo- and
electroactive materials, and the current commercial photo-
voltaic �PV� market place is dominated by silicon-based
technology.1–8 High quality single-crystalline silicon �c-Si�
PV cells generally provide the best performance, while hy-
drogenated amorphous silicon �a-Si:H� thin-film PV cells
exhibit low performance.9 The cost associated with device
fabrication is reduced substantially by utilizing thin-film
growth methods with inexpensive substrate materials, which
have been developed for a-Si:H.10 The low optical absorp-
tion in the visible spectrum of c-Si requires large thicknesses
��100 �m� of Si in PV cells, while the higher absorption
coefficient of a-Si:H enables the use of submicron films.8

Although c-Si modules continue to be the dominant product
in the market place, “amorphous silicon modules appear to
be the ideal future candidate for those PV applications in
which low cost is more important than high efficiency.”5

The principal challenge to the improvement of perfor-
mance and stability of a-Si:H PV cells relates to the light-
induced degradation that substantially reduces the efficiency
of the device. The photoexcited structural dynamics associ-
ated with this phenomenon, known as the Staebler-Wronski
effect �SWE�, produces defects in the material that ultimately
lead to a reduced, yet stabilized electrical conductivity.11

While the exact mechanism responsible for the photoinduced
degradation has yet to be determined experimentally, the pre-
vailing model proposes the creation of metastable defect
states that act as additional charge recombination centers,
thus reducing efficiency.12,13 In spite of vigorous research
effort and device fabrication advancements, the SWE re-
mains intrinsic to a-Si:H films. Until a fundamental under-
standing of the transient Si-H bond dynamics in a-Si:H is
achieved, additional technological improvements in perfor-
mance and stability may remain elusive.

Time-resolved ultrafast infrared experiments using intense
picosecond pulses from a free electron laser �FEL� have been

carried out previously to study the Si-H �Refs. 14–16� and
Si-D �Ref. 17� bond dynamics in a-Si films. A universal
scaled nonexponential line shape for the 0→1 Si-H vibra-
tional stretch population decay was observed in one-
dimensional �1D� transient grating experiments over a wide
temperature range. On the other hand, a single exponential
decay was found for the pure dephasing time of the 0→1
Si-H vibrational transition. Based on those results, it was
determined that the Si-H vibrational mode relaxation pro-
ceeded by decaying into three Si-H bending modes and one
TA phonon.14–16 Different behavior was observed for Si-D
vibrational relaxation. The Si-D population was found to de-
cay directly into the collective modes of the a-Si lattice with-
out exciting a local Si-D bending mode.17 Studies on a-Si:D
based p-i-n solar cells demonstrated superior stability against
hot-electron and photoinduced degradation processes.18,19

The authors concluded that differences in the photoinduced
degradation stabilities of a-Si:H and a-Si:D were related to
the differences in the Si-H and Si-D vibrational dynamics
and the ability of the Si-D mode to decay directly into low
frequency Si-Si lattice modes very rapidly.18,19 It was further
suggested that since the Si-H stretch does not equilibrate
rapidly with the lattice, vibrational energy becomes trapped
on the Si-H bond, thereby increasing the dissociation prob-
ability of the bond.18,19 It is clear that direct observation of
the photoexcited transient structural dynamics of the Si-H
bond would prove extremely useful in understanding photo-
degradation in a-Si:H.

Recent advances in multidimensional Fourier transform
spectroscopy have made it possible to probe both electronic
and vibrational dynamics of complex molecular systems
where transient structural fluctuations are relevant.20–46 Two-
dimensional infrared �2DIR� spectroscopy is a type of coher-
ent multidimensional vibrational spectroscopy capable of ob-
serving structural dynamics on subpicosecond time scales,
offering numerous advantages over traditional linear or 1D
techniques. By analogy to 2D NMR, spectral features are
separated along two frequency axes for increased resolution,
with off-diagonal cross peaks in the 2DIR spectrum indicat-
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ing coupling between vibrational modes in a variety of local
chemical or bonding environments. Because 2DIR includes a
rephasing photon echo component, homogeneous linewidths
become resolved within an inhomogeneously broadened en-
semble. Time-dependent spectral relaxation or diffusion in-
dicative of transient molecular structures, conformational or
structural changes, solvent-solute interactions, and vibra-
tional dynamics can be observed by the influence of a second
“waiting time” variable in the photon echo pulse sequence.
Additionally, intramode and intermode anharmonicities are
directly measured for coupled vibrational modes that are ex-
cited within the bandwidth of the excitation pulse. As such,
2DIR is an ideal method for probing bond dynamics and
degradation mechanisms in semiconductor PV materials such
as a-Si:H.

In this paper, we present 2DIR vibrational spectra of the
Si-H stretching mode in a thin film of a-Si:H. The vibra-
tional population dynamics and coherence lifetime of the
Si-H bond in the rigid, glassy environment of a-Si are inves-
tigated using 2D photon echo, 2D transient grating, and de-
generate pump-probe absorption methods with mid-infrared
femtosecond laser pulses. Using these methods, the fre-
quency dependence is determined for the vibrational anhar-
monic shift, population lifetime, and coherence dephasing.

II. EXPERIMENTAL METHODS

The experimental details of the interferometer have been
described elsewhere.47 The experimental layout, adapted
from Ref. 48, is illustrated in Fig. 1. Briefly, mid-infrared
transform-limited, 90 fs pulses centered at 5 �m with �5 �J
of energy were created by difference frequency generation
following optical parametric amplification. The optical para-
metric amplifier was pumped at 1 kHz with 1 mJ, 45 fs Ti-
:sapphire pulses. Each mid-infrared pulse was split into five
pulses of approximately 25% /25% /25% /12.5% /12.5%
energies along equivalent length paths. Four pulses �8 mm
in diameter �1/e2� were arranged collinearly into a box

geometry, focused onto the sample, and collimated after the
sample, with 4 in. focal length, 2 in. diameter, 90° off-axis
paraboloid reflectors. Three pulses are used for excitation of
the four-wave mixing �FWM� signal, and the fourth attenu-
ated �tracer� pulse is made collinear with the FWM signal
and used for timing and pump-probe absorption experiments.
The tracer is blocked during the rephasing and nonrephasing
photon echo experiments. A local oscillator �LO� pulse is
made collinear with the FWM signal and combined with the
signal. A mask is placed before the spectrometer to isolate
the pulse�s� of interest. A large nonresonant signal was ob-
served, substantial even with only two excitation pulses
present. This signal was made negligible, while retaining
most of the four-wave mixing signal by limiting the total
infrared intensity at the sample. A similar but larger spurious
signal was observed in 230 �m thick wafers of crystalline
Si.

Relative delays were determined with second harmonic
generation between pairs of pulses in a AgGaS2 crystal lo-
cated at the position of the sample. Self-diffraction transient
grating geometry frequency resolved optical gating was used
to verify optimal compression of the pulses achieved by in-
sertion of dispersion compensating material into the common
beam path.

Motorized actuators �Newport LTA� controlled temporal
delays that were calibrated at every time step for the rephas-
ing spectral acquisition using a helium-neon laser based
Michelson interferometer attached to each delay stage. The
nonrephasing spectra reported here have decay times
�100 fs, and the stage motion was not independently cali-
brated over this very limited range and resolution. Due to the
massive inhomogeneous broadening, the nonrephasing spec-
tra contribute less that 2% to the correlation spectra. Aliased
spectra were acquired with time steps of 20 fs. The total time
scanned was 3.2 ps to enable resolution of spectral fringes
with a 5 nm monochromator step size.

The amorphous silicon sample used in these experiments
was grown by plasma-enhanced chemical vapor deposition.

FIG. 1. A schematic of the experimental setup. The five-beam interferometer is composed of the three input pulses �1, 2, and 3�, the tracer
pulse �T�, and the local oscillator pulse �LO�. The remaining optical components are denoted as follows: TOPAS, optical parametric
amplifier; M, mirror; PM, parabolic mirror; BS, AR-coated Ge beam splitters; CP, compensator plates; C, chopper; S, sample; MA, mask; W,
BaF2 window; MONO, monochromator; and D, single-channel HgCdTe detector.
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A 1.3 �m thick amorphous film was deposited on a 700 �m
thick sapphire substrate, which was polished on both sides.
The film thickness was determined from the fringe frequency
obtained from broadband Fourier transform infrared �FTIR�
absorption. All 2D experiments were performed at room tem-
perature �297 K� with the infrared excitation spectrum cen-
tered at 1980 cm−1 �5.05 �m� in the ZZZZ �parallel� polar-
ization geometry.

For each waiting time T, rephasing and nonrephasing pho-
ton echo signals were acquired using heterodyne-detection
based spectral interferometry. Transient grating and pump-
probe measurements were acquired without the LO present.
For all experiments, the E1 field was mechanically chopped.
A boxcar integrator �Stanford Research SR250� used for the
single-channel mercury cadmium telluride infrared detector
�Infrared Associates� subtracted out the nonchopped signal.
The signal was further normalized to a second detector to
remove effects of infrared pulse energy fluctuations. The
pump-probe experiments utilized the E1 pulse as the pump
field and the tracer pulse as the probe field. A lock-in ampli-
fier �Stanford Research SR510� was used for differential de-
tection of the spectrally dispersed probe pulse. To remove
residual scattered light contributions that heterodyne the
pump-probe signal, the probe delay was dithered over ap-
proximately one wavelength by a piezoelectric actuator at
�200 Hz.

The data were analyzed by Fourier filtering the spectral
interferograms at each time step to remove any undesired
low frequency components. In practice, this was only re-
quired for the nonrephasing echo where the signal was much
weaker than the rephasing echo and decayed very quickly.
For rephasing and nonrephasing measurements, the spec-
trally dispersed time data, S�ks ,�t ,T ,��, were interpolated
onto evenly spaced frequency and time grids. No temporal
filtering or apodization was employed, but the signal decayed
substantially by the final time of 3.2 ps after the third pulse.
The data are zero padded to a length of 210 and then Fourier
cosine transformed to produce the 2D spectrum,
S�ks ,�t ,T ,���. Because the absolute zero timing is not ad-
equately determined, phase error is introduced in the de-
tected signal that must be taken into account. Spectrally dis-
persed pump-probe signals acquired at each waiting time
were used to provide final phasing by projection of the 2DIR
correlation spectrum onto the �t axis. This was accomplished
with a single timing parameter for each rephasing and non-
rephasing spectrum, �tLO/E �the separation between the local
oscillator and the echo�, which was determined from the
spectral interferogram produced by the tracer and local os-
cillator fields. The 2DIR vibrational correlation spectrum
was “phased” by adding a phase correction factor, ��tLO/E,
to the measured local oscillator and/or tracer phase prior to
Fourier cosine transforming the rephasing and nonrephasing
data along �. The required timing corrections were always
�10 fs to minimize the difference between the pump-probe
and 2DIR correlation projection.

III. THEORY

The 2DIR experiment is a time-resolved FWM technique
in which three infrared pulses interact within a sample to

generate a nonlinear signal containing information regarding
the time-dependent changes in the local bonding environ-
ment and coupled vibrational modes. Several reviews of the
theoretical and experimental aspects of the technique have
been published.48–52 The three time-ordered ultrafast mid-
infrared laser fields, denoted E1, E2, and E3 with wave vec-
tors k1, k2, and k3, interact in the sample and generate a
complex nonlinear signal field Es radiating in the phase-
matched direction of ks= �k1±k2+k3, where the upper sign
signifies the rephasing echo experiment and the lower sign
signifies the nonrephasing echo experiment. The six double-
sided Feynman pathways illustrated in Fig. 2 describe the
rephasing and nonrephasing photon echo signal amplitudes
generated from a single, anharmonic oscillator. Vibrational
ladder diagrams for each pathway are also included in Fig. 2.
Pathways I and II in the rephasing and nonrephasing dia-
grams shown in Fig. 2 represent single quantum excitations.
Double quantum excitations produced by the overtone state
are described by pathway III. The signal field is denoted by
the wavy arrow and results from the third-order polarization
generated by the three matter-field interactions in the sample.

The first field applied generates a vibrational coherence
within the sample, and after waiting some evolution time �,
the second field interacts with the sample. After a fixed wait-
ing period of T, the third pulse arrives at the sample. The
local oscillator field then interferes with the emitted signal,
which is detected by spectral interferometry. Spectral inter-
ferometric detection produces the same information as the
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FIG. 2. Double-sided Feynman diagrams and vibrational ladder
diagrams corresponding to the �a� rephasing and �b� nonrephasing
pathways. Pathways I and II correspond to one-quantum states,
while pathway III corresponds to one-quantum and two-quantum
states. In the Feynman diagrams, the two vertical lines represent the
ket �left� and the bra �right� with time increasing from bottom to
top. In the ladder diagrams, solid �dashed� lines correspond to ket
�bra� interactions.
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conceptually simpler method where the local oscillator time
gates the signal field radiated at time t.44

For a single vibrational mode, the two-dimensional Fou-
rier transform of the real part of the heterodyned radiated
signal will have a single peak projected along the �� axis,
and will have two peaks projected along the �t axis sepa-
rated by the vibrational anharmonic shift. Rephasing or non-
rephasing signals are detected by varying the time orderings
of the respective excitation fields at the wave vectors noted
above. In the rephasing experiment, the phase acquired by a
vibrational coherence during � is the conjugate of the phase
detected at t. In the nonrephasing experiment, the coherences
evolve with the same phase during the evolution and detec-
tion periods. The vibrational correlation spectrum is the real
part of the sum of the rephasing and nonrephasing spectra,
resulting in a purely absorptive line shape.48 In the 2D
rephasing and correlation spectra, the inhomogeneous line-
width is observed as an elongated peak along the diagonal
axis �t=��, whereas the homogeneous linewidth is observed
along the antidiagonal. By varying the waiting time T, spec-
tral diffusion may be elucidated if structural fluctuations such
as solvent reorganization, bond dissociation, and chemical
exchange are present. These structural fluctuations are ob-
served as time-dependent changes the 2DIR spectral features.

In the inhomogeneous limit, line narrowing is only ob-
served in the rephasing photon echo pathway. In notation
consistent with Fig. 2, the response functions for the rephas-
ing echo pathways can be expressed as53

RI = RII

= �01
4 exp�− i�� + ���t − 	01t�exp�i�� + ���� − 	01�� ,

�1�

RIII = �01
2 �12

2 exp�− i�� + �� − ��t − 	01t − 	12t�


exp�i�� + ���� − 	01�� , �2�

such that the ensemble-averaged frequency of the fundamen-
tal is given by �, and �� is the frequency shift of an indi-
vidual transition within the ensemble. In general, �� is used
to describe spectral diffusion and would therefore be time
dependent. However, it is shown below that the distribution
of Si-H oscillators in a-Si is not time dependent, and we
therefore take �� to be static. Furthermore, � is the anhar-
monic shift separating the fundamental and overtone occur-
ring at 2�−�, and 	01 and 	12 describe the motionally nar-
rowed total dephasing rates for the 0→1 and 1→2
transitions.

We treat the excitation pulses in the impulsive limit such
that the detected signal is given as53

S�t,�� � Re�R�t,��� , �3�

with

R�t,�� = RI�t,�� + RII�t,�� − RIII�t,�� . �4�

The minus sign in Eq. �4� is due to the odd number of bra
interactions in the third pathway as opposed to the even
number in the first two pathways.

The complex 2D spectrum in the frequency domain is
produced by a Fourier-Laplace transformation of Eq. �3�
along t and � to obtain the expression53

S̃��t,��� = �
0

� �
0

�

S�t,��e−i�tte−i���dtd� �5�

or

S̃��t,���

=

�01
4

	01 + i�� + �� + �t�
−

�01
2 �12

2

	01 + 	12 + i�� + �� − � + �t�
	01 − i�� + �� + ���

.

�6�

The effect of inhomogeneous broadening on the spectrum
can be included by introducing the normal probability distri-
bution function

G���� =
1

	2�
exp
−

��2

22� , �7�

followed by multiplication with Eq. �6� and subsequent inte-
gration over �� such that the complex 2D photon echo signal
may be expressed in the following analytic form:

SPE��t,��� = �
−�

�

S̃��t,���G����d�� . �8�

IV. RESULTS

A. Experimental determination of 2DIR spectra

The infrared absorption spectrum of the Si-H stretching
mode is shown in Fig. 3. The spectrum is centered at
2010 cm−1 and possesses a weak shoulder on the blue side of
the band near 2080 cm−1. A sloping base line due to low
frequency fringes from multiple reflections has been re-
moved. The extensively inhomogeneously broadened absorp-
tion spectrum �105 cm−1 full width at half maximum
�FWHM�� contains contributions due to the isolated mono-
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FIG. 3. Infrared absorption spectrum of a-Si:H taken at room
temperature. Contributions from isolated Si-H monohydride bonds
are peaked at 2010 cm−1. The shoulder apparent on the blue side of
the spectrum near 2080 cm−1 is attributed to clustered Si-H bonds
or SiH2.
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hydride bonds �2010 cm−1� and clustered Si-H bonds and/or
SiH2 �2080 cm−1�.54,55

Figure 4 shows the �a� 2D rephasing echo, �b� nonrephas-
ing echo, and �c� their sum, the correlation spectra for
a-Si:H taken at T=1 ps. The rephasing and nonrephasing
spectra are both characterized by positive and negative fea-
tures that are elongated along the diagonal �rephasing� and
antidiagonal �nonrephasing�. Note that we have represented
the x axis of the rephasing spectrum to be positive using the
convention detailed in Ref. 48. The nonrephasing echo peak
magnitude is approximately 60 times weaker than the
rephasing echo and consists of very broad and diffuse spec-
tral features. The correlation spectrum shows two elongated
spectral features along the diagonal that are oppositely
phased. The band along the diagonal with positive intensity
is the 0→1 vibrational transition of the Si-H stretch and the
band below with negative intensity is the 1→2 vibrational
transition. The separation between the 0→1 Si-H vibrational
transition and the 1→2 Si-H vibrational transition observed
in the correlation spectrum yields the vibrational anharmonic
shift.

Small oscillations are apparent and displaced from the
0→1 transition along the �� axis. We have considered the
possibility that these artifacts originate from the truncation of
data at the end of our scan for the long coherence times of
the 0→1 transition. However, we have also acquired 2D
echoes for delays up to 12 ps in which the echo has com-
pletely decayed, and we have found similar oscillations in
the wings of the 0→1 transition. Furthermore, we observe

no improvement in the resolution of the homogeneous line-
width. Individual step sizes were calibrated to �50 nm,
which should allow for accurate Fourier transformations.
Apodization of the 12 ps data did not decrease the artifacts,
suggesting that long-term phase instabilities due to thermally
induced pointing changes into the interferometer are not the
origin. The most likely remaining origin of the oscillations is
multiple reflections intrinsic to the high dielectric constant of
the a-Si thin film. Despite the oscillations which are presum-
ably artifact in nature, the 1→2 transition is well resolved
under our experimental conditions, while the 0→1 transition
is broadened in a consistent manner since all frequencies and
waiting times are analyzed with the same total scan time.

The vibrational correlation spectrum in Fig. 4�c� is phased
by projecting the correlation spectrum onto the �t axis and
minimizing the error in the difference between the projection
and the dispersed pump-probe spectrum by adjusting the
phase correction factor ��tLO/E. Figure 5 demonstrates the
result of the phasing procedure.

The influence of waiting time T on the 2DIR vibrational
correlation spectra is depicted in Fig. 6. Correlation spectra
at T=0.2, 1, and 4 ps shown in Fig. 6 exhibit no change in
the 2DIR spectral features within the resolution of the ex-
periment. Quantitative details determined from the data of
Fig. 6 include frequency dependent anharmonicities and line-
widths, shown in Fig. 7.

The anharmonic shift decreases slightly, but measurably,
as the frequency increases. The anharmonic shift was deter-
mined simply from the �� dependent difference between the
0→1 and 1→2 peaks. Linewidths �FWHM� of the 0→1
and 1→2 peaks were determined by fitting the projection
onto the �t axis to the sum of two displaced Gaussians.
While the projection overestimates the linewidth for determi-
nation of the decay time due to the convolution between the
inhomogeneous and homogeneous distributions, it provides a
simple and convenient method of looking for frequency de-
pendent changes. The linewidth of the 0→1 transition is
essentially constant and instrumentally limited �note that this
is a projection linewidth and the absolute magnitude is not
the homogeneous linewidth�. The linewidth of the 1→2
peak is large enough to resolve and demonstrates a slight
broadening with increasing frequency.

The spectrally dispersed transient grating, shown in Fig.
8, illustrates Si-H vibrational population relaxation. The
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panel on the right provides the excitation spectrum. The in-
tensity of the spectrally dispersed transient grating signal is
shown as a function of probe delay where the two pump
pulses have been separated by 200 fs. The small time delay
between the two pump pulses was necessary to remove a
residual zero time delay artifact that causes an anomalous
oscillation in the grating decay. The upper panel shows the
transient grating signal at 2000 cm−1 on a logarithmic inten-
sity scale and demonstrates that the population does not de-
cay with a single exponential time constant. The frequency
dependent transient grating decay was fitted to a function
that has been empirically found to fit the decay in previous
work by Rella et al.,16 the sum of two exponentials squared
I�t�� �exp�−t /� fast�+exp�−t /�slow��2. The fit through the lin-
eout is purely phenomenological and will be discussed be-
low. The fits describe the data satisfactorily; the parameters
determined are shown in Fig. 9.

B. Calculation of the 2DIR spectra

Figure 10�a� provides the fit of the T=1 ps rephasing pho-
ton echo experimental data from Fig. 4�a� using the formal-
ism developed in Eqs. �1�–�8�. We have used a quasi-Newton
nonlinear least squares fitting algorithm to obtain the best-fit
parameters. Figure 10�b� gives a lineout from the 2D data
�open circles� and calculated spectrum �solid line� taken at

��=−2000 cm−1. An inhomogeneous distribution width of
2	2 ln 2=77.7 cm−1 has been assumed in the calculation. It
should be noted that this value is smaller than the 105 cm−1

FWHM from the linear IR absorption spectrum due to the
apparent absence of the SiH2 shoulder in the 2DIR spectrum
and the finite bandwidth of the excitation pulses. In the
2DIR experiment, we are sensitive only to the Si-H
distribution. The fit yields homogeneous linewidths for the
0→1 and 1→2 Si-H transitions of 	01=1.53 cm−1 and
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FIG. 8. Spectrally dispersed transient grating decays for the
Si-H stretching mode. Top panel: 1D line spectrum taken at
2000 cm−1. Right panel: the excitation spectrum.
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	12=2.15 cm−1, respectively. The anharmonic shift at
��=−2000 cm−1 was calculated to be 84.8 cm−1. The ratio of
the transition dipoles �01/�12 was found to be 0.99 com-
pared to 1/	2 from the harmonic approximation. The fre-
quency dependence of the anharmonicity and 1→2 transi-
tion �projected� linewidths is not included as a part of the
photon echo response, and it is therefore unable to be repro-
duced in the least squares fit of the experimental data.

V. DISCUSSION

Due to the amorphous nature of the system, the Si-Si
lattice may be considered to be a rigid solvent containing
randomly oriented Si-H solute molecules in a variety of dif-
ferent local bonding environments, leading to the infrared
absorption band observed in Fig. 3. This type of spectrum
contains no dynamical information because the system ap-
pears static due to the time scale of the experiment, and only
represents a time-averaged distribution of molecular states
within the ensemble.52 Fluctuations in the local environment
that involve interactions between the Si-H stretch and Si lat-
tice modes further broaden the homogeneous line shape. The
FTIR absorption centered at 2080 cm−1 is generally inter-
preted as SiH2 or clustered Si-H bonds.54,55 The absorption
cross section of the 2080 cm−1 band is approximately three
times less than the monohydride absorption cross section,55

and the echo magnitude will square this factor. Nonhetero-
dyned four-wave mixing measurements of the intensity
square the dependence on transition dipole moment again for
a signal contribution from the SiH2 or SiH clusters that
would be a factor of 81 times less intense than the monohy-
dride species. Also, the Si-H concentration is greatest for the
monohydride species. For these reasons, we observe only the
monohydride species in the 2DIR spectra shown in Figs. 4
and 6.

In Figs. 4 and 6, the homogeneous linewidth of the
0→1 transition is more than 50 times less than the massively
inhomogeneously broadened ensemble as evidenced in the
rephasing and correlation spectra. The nonrephasing spectral
features are diffuse and weaker in intensity due to the very
fast decay of the nonrephasing echo with the large inhomo-
geneous bandwidth of a-Si:H. In the rigid, glassy network of
a-Si, the vibrational dephasing time for Si-H bonds is long
due to intrinsic constraints on rotational and translational
motions resulting in very narrow homogeneous linewidths.
The previous photon echo studies determined the average
dephasing time to be on the order of 10–15 ps at room tem-
perature, suggesting a homogeneous linewidth of �1 cm−1

for the 0→1 transition.14,15 Based on our fits to the 2D
rephasing echo data, the 1.53 cm−1 linewidth �resolution is
experimentally limited� observed for the 0→1 transition ap-
pears to agree quite well with the FEL results.

In Fig. 6, we find no dependence of the vibrational corre-
lation spectra on waiting time, indicating that structural fluc-
tuations do not occur on the time scale of our experiments.
This is not unexpected for a solid material. On the other
hand, it is anticipated that spectral diffusion may become
evident by optically pumping the material at visible wave-
lengths. The lack of spectral diffusion is particularly impor-
tant if this is to be used as an identification mechanism for
Staebler-Wronski intermediates12,13 in transient electronic
excitation 2DIR probe in future studies.

The frequency dependence of the anharmonic shift and
linewidth of the 1→2 transition likely originates in the dif-
ferent types of Si-H bonds that occur due to variations in
local structure and bonding. There are many different Si-H
bond defects that have been resolved and identified in crys-
talline Si, and corollaries likely exist in a-Si:H, but have not
been resolved in the large inhomogeneous linewidth. It is not
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FIG. 9. Frequency dependence for the “fast” and “slow” decay
components of the transient grating signal fit to a squared biexpo-
nential model �see text for details�.
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��=−2000 cm−1.
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surprising that different types of Si-H bonds have different
frequencies, linewidths, and anharmonicities, but it is also
not immediately apparent what this variation will be. The
results of Fig. 7 provide these values. Additional experimen-
tal and/or computational results are required to definitively
assign specific vibrational frequencies to variations in the
microscopic nature of the amorphous lattice.

Although we recognize that the transient grating should
be composed of a distribution of decays from the �=1 state,
we use the functional form of Rella et al.16 in order to make
direct comparisons. In that work, the transient grating signal
was acquired for more than 250 ps. Our results focus on the
frequency dependence of the “fast” component of the earlier
results. The fast component is sensitively determined,
whereas the “slow” component less accurately due to the
total time scan length of 60 ps. The parameters determined
are consistent with previous reports using narrow band FEL
pulses. The inhomogeneous distributions of the 0→1 and
1→2 transition frequencies partially overlap and therefore
contribute to the observed transient grating decays.

By 3 ps, the echo intensity has decayed by 63%, whereas
the population has decayed by only 14%; the echo signal
decay is due predominantly to pure dephasing. These results
are consistent with the results of van der Voort et al.15 and
Rella et al.16 in which pure dephasing was the main contribu-
tor to the echo decay. We also find that pure dephasing is
largely responsible for the echo decay of the 1→2 transition
since the dephasing time is almost a factor of 4 faster than
the fast component of the vibrational population relaxation
time.

We also speculate on the implications of Si-H bond dy-
namics coupled with electronic excitation due to visible light
pumping. If electron-hole recombination selectively breaks
certain Si-H bonds �weak bonds or defects at certain frequen-
cies�, a frequency dependent time evolving homogeneous
broadening is expected, which can offer detailed insights into
transient structures formed. The light-induced degradation of
a-Si:H associated with the SWE is expected to produce tran-
sient structures such as Si dangling bonds and mobile H
atoms, which may be observed in transient-2DIR spectra.
Electronic pump-2DIR probe difference spectroscopy will be
sensitive to small vibrational changes induced by the elec-
tronic pump, as appropriate for observation of the light-
induced Staebler-Wronski states. The effect of photoexcita-

tion should lead to dephasing times of Si-H shorter than
those of stable Si-H bonded species which will be apparent
as frequency dependent spectral broadening in the 2DIR
rephasing and vibrational correlation spectra. As such, the
relevant subset of Si-H bonding environments that contribute
to the SWE may be determined by a combination of
transient-2DIR spectroscopy with other experimental or the-
oretical methods.

VI. CONCLUSIONS

Two-dimensional infrared correlation spectra of the Si-H
stretching mode in a-Si:H were reported for waiting times of
0.2, 1, and 4 ps. The homogeneous linewidth of the 0→1
transition is more than 50 times narrower than the inhomo-
geneous linewidth, and there is no spectral diffusion ob-
served as a function of waiting time. The anharmonic shift of
84 cm−1 is much larger than the homogeneous linewidth
��2.5 cm−1�, allowing for the total separation of the 0→1
and 1→2 transitions. The anharmonic shift decreases
slightly with frequency. The 0→1 linewidth is constant with
Si-H stretch frequency within our instrumental resolution,
but the 1→2 linewidth increases with increasing frequency,
reflecting the different local structures that correspond to dif-
ferent vibrational frequencies. Transient grating also shows
frequency dependent decays. These results offer quantitative
measurements of a-Si:H vibrational dynamics beyond those
accessible with previous methods. In addition, the combina-
tion of narrow homogeneous linewidths, broad inhomoge-
neous linewidths with frequency dependent properties, and
lack of spectral diffusion establishes the ideal base line for
studies of transient-2DIR probe following an electronic ex-
citation. Transient-2DIR following electronic excitation of-
fers future potential to deduce structural dynamics of the
Staebler-Wronski degradation relevant to the photovoltaic
performance of a-Si:H films.
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