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ABSTRACT: The excited-state dynamics in individual Ge
nanowires (NWs) are imaged using ultrafast pump—probe
microscopy with high spatial (~600 nm) and temporal (~500
fs) resolution. Photoexcitation of the NW by a focused
femtosecond laser pulse promotes electrons from the valence
band to the conduction band within a 400 nm segment of the
20—30 pum long NW. The localized excitation is then probed by
a delayed femtosecond pulse, whose position with respect to
the pump pulse is precisely controlled. The pump—probe
signals contain contributions from free carriers, thermal
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excitation, and impulsively excited acoustic phonons, the latter of which are detected in the time domain as a coherent
oscillation in the pump—probe signal. Examination of an ensemble of NWs with diameters (d) ranging from S0 to 300 nm
shows that the coherence frequency is inversely proportional to d, consistent with excitation of a radial breathing mode. In
addition, experiments performed with spatially separated pump and probe beams show that the vibrational motion is not
confined to the excitation region but, rather, spreads as much as 2.5 ygm along the NW axis during the first 3 ns after excitation.
Spatially separated pump—probe microscopy also reveals the creation of a longitudinally propagating wave that travels along the
NW at ~6500 m/s or ~20% faster than the speed of sound in bulk Ge.
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Pump—probe experiments performed on semiconductor
nanowires (NWs) often reflect a variety of dynamical
phenomena, including carrier trapping, recombination, and
thermal relaxation, as well as coherent processes arising from
coherent excitation of lattice phonons. Size variation from one
structure to the next complicates pump—probe signals
obtained from ensembles of nanostructures, making it difficult
to interpret them in terms of fundamental physical
phenomena.”” Even a first-order (or pseudo-first-order)
kinetic process such as electron—hole recombination is
observed as a multiexponential decay with a distribution of
lifetimes that correspond to the range of diameters found in
the ensemble.' ™ The transient response arising from coherent
excitation of acoustic phonons is also affected by this
heterogeneity,” as slight variations in phonon frequencies due
to different diameters causes dephasing and loss of the
coherent signal over just a few vibrational periods.”

We used ultrafast pump—probe microscopy to circumvent
this heterogeneity by performing transient transmission
measurements on a single structure with diffraction-limited
spatial resolution. Measurements performed using a spatially
overlapped pump—probe (SOPP) configuration are analogous
to conventional pump—probe spectroscopies but implemented
in a microscopy mode. This configuration allows one to follow
the excited-state dynamics from different structures, or
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different points within the same structure when an object is
larger than the tightly focused pump and probe beams. Using
this configuration, we discovered the presence of significant
wire-to-wire variation in the surface recombination velocity
(i.e., surface quality) in Si NWs, even when the NWs were
selected from the same growth sample.” Work in our group
also revealed strikingly different dynamics taking place at
different points within individual nanostructures, including the
partitioning between trap and band-edge electron—hole
recombination in needle-shaped ZnO rods®’ and strain-
induced recombination in bent Si NWs.'” Measurements
performed using a spatially separated pump—probe (SSPP)
microscopy mode, in which independent scanning mechanisms
for the two beams enable a structure to be excited in one
location and probed in another, allow for the characterization
of transport phenomena. We used this SSPP configuration to
directly visualize the diffusion of photogenerated carriers'" and
the spread of thermal excitation in Si NWs," as well as charge
separation in Si NWs encoded with axial p-i-n junctions."
Here, we report on the application of pump—probe
microscopy methods to the study of Ge NWs. Like Si NWs,
the transients obtained from Ge NWs include contributions
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from electron—hole recombination, carrier diffusion, and
thermal relaxation. However, unlike Si, the Ge NWs also
show clear evidence for impulsive excitation of acoustic modes.
Low-frequency acoustic phonons have been observed in
pump—probe transient absorption and microscopy experi-
ments of many metals'*">” and semiconductor nanostruc-
tures.””*>” On the one hand, in the vast majority of these
e)(amples,30’31 the nanostructures are smaller in size than the
pump beam, thus generating a uniform excitation over the
entire structure. The pump and probe spots in our experiment,
on the other hand, are smaller than the NW length, resulting in
phonon excitation in a localized segment of the wire. We
observe two characteristic acoustic phonon modes. Coherent
oscillations with a 10—20 ps period are observed at the
location of the pump pulse, which we attribute to the
excitation of a radial breathing mode (RBM) of the NW.
The coherence persists for 3—5 ns, when the NW is
mechanically decoupled from the substrate, and spatially
separated experiments show that this excitation slowly spreads
along the wire axis over many vibrational periods. Ultrafast
excitation also creates a longitudinally propagating wave that is
observed 3—5 pm away from the pump pulse as it travels along
the NW at close to the speed of sound.

B EXPERIMENTAL SECTION

NW Samples. Germanium NWs were grown with Au
nanoparticle catalysts using the vapor—liquid—solid (VLS)
mechanism,”” using a home-built chemical vapor deposition
(CVD) system™ to produce single-crystal wires with a native
oxide (GeOx) shell after exposure to ambient conditions. For a
typical growth, 20.0 standard cubic centimeters (sccm) of
germane gas was flowed through the reactor using 100 sccm of
hydrogen as carrier gas, while maintaining a total reactor
pressure of 30 Torr. The reactor was held at 320 °C for 5 min
to nucleate wire growth and then cooled (60 °C/min) to 260
°C for continued wire growth over 1.5 h. The NWs were then
dry-transferred from the growth chip to quartz substrates with
trenches patterned by photolithography and formed by deep
reactive ion etching. Pump—probe measurements were
performed on suspended NW segments that span these
trenches (5S—15 pm wide), with several microns of the NW
supported by the substrate on both sides, as well as segments
supported entirely by the substrate. NWs were deposited on
the registry patterned grid to relocate the exact NW in the
scanning electron microscope (SEM) to correlate dynamics to
structural features, such as NW diameter.

Ultrafast Microscope. Pump—probe experiments were
performed with a home-built microscope based on a mode-
locked Ti:sapphire laser.'' In the setup, the 850 nm laser
output is split by a 90:10 beam splitter, and the two beams pass
through synchronized acousto-optic modulator (AOM) pulse
pickers, reducing their repetition rates to 1.6 MHz. The more
intense fraction is directed through a f-barium borate (BBO)
crystal to generate the 425 nm pump pulse, while the lower-
intensity component is used as the 850 nm probe. The probe is
quadruple-passed through a 253 mm mechanical stage,
providing ~3.3 ns of optical delay. Access to pump—probe
delays up to several hundred nanoseconds is achieved through
the selection of different pulses from the 80 MHz pulse trains.
The probe then passes through a set of computer-controlled
scanning mirrors that change the angle of the beam as it enters
the objective, allowing the probe to be focused to a spatially
distinct point on the sample. The two beams are then

2214

attenuated using neutral density filters to 10 and 4 pJ/pulse for
the pump and probe, respectively. They are then recombined
using a dichroic mirror and directed onto the back aperture of
a microscope objective (100X, 0.8 NA), which focuses the
pump and probe beams to 400 and 600 nm diffraction-limited
spots at the sample. Individual nanostructures are placed
within the laser focus using a two-axis piezo scanning stage.
The transmitted probe light is collected by a high numerical
aperture (NA) condenser lens and detected by a balanced
photodiode. The pump beam is modulated at 16 kHz, and the
pump-induced changes in the probe intensity (AI) are
detected by lock-in amplification. With this microscope, we
can measure the transient response of a single nanostructure
with ~600 nm spatial resolution and ~500 fs time resolution,
with a sensitivity of AI/I ~ 1 x 107"

B RESULTS AND DISCUSSION

Spatially overlapped pump-—probe measurements on an
individual Ge NW reveal a complex transient that has
contributions from free carrier and thermal excitation, as well
a low-frequency coherence arising from an acoustic phonon
mode (Figure 1). This specific nanowire (denoted NW1) is
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Figure 1. Transient obtained from a typical Ge nanowire (NW1)
obtained with a spatially overlapped configuration. The NW is excited
at 425 nm (10 pJ/pulse) at the location of the blue circle in the
corresponding SEM image (inset) and probed by a delayed 850 nm
laser pulse directed at the same location. The diameter of the blue
circle approximates the spot size of the focused 425 nm pump pulse.
The nanowire is 153 nm in diameter and supported on a quartz
substrate. The black curve is the biexponential fit.

~153 nm in diameter and is typical of the structures studied
here. The pump pulse excites an ~400 nm segment of the 20—
30 pm long NW at the location indicated by the blue circle,
promoting electrons from the valence band to the conduction
band with a carrier density of ~1 X 10*° cm™>.** The
photogenerated carriers alter the absorption and scattering
properties of the Ge NW, causing the initial increase in the
probe intensity (positive-going signal), which decays over time
as the carriers undergo electron—hole recombination and
migrate away from the point of excitation. The long-lived
negative-going signal arises from localized heating of the NW
by the pump pulse, which we estimate based on the amount of
pump E)ulse energy deposited as thermal energy to be ~150
K.>'V1%393¢ This component decays over time, as the thermal
energy diffuses along the wire and dissipates into the
substrate.'” Superimposed on top of the free carrier and
thermal contributions are time-dependent coherent oscillations
that result from coherent excitation of a low-frequency radial
breathing mode (RBM),>"3%*73%% wwhich could occur either
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through an impulsive or displacive mechanism.””~* The
periodic vibrational motion of the NW modulates the transient
signal, perhaps through strain-induced changes in the band
structure or changes in refractive index.””*”*~*

Free Carrier Relaxation and Thermal Dissipation
Dynamics. The overall form of the transient depicted in
Figure 1 (neglecting the coherent oscillations) is reasonably
well-described by a biexponential form, that is

AI(At) = Ap exp(—kpAt) + Ay exp(—kyAt) (1)
where the first and second terms correspond to the loss of the
photogenerated carrier population (positive-going component)
and thermal energy within the probe spot (negative-going
component), respectively. We note that, in this description, the
decay rates (kp = (32 ps)™" and ky = (7.2 ns)™') have
contributions from both population loss (i.e., recombination
and heat dissipation) and transport (i.e., carrier migration and
thermal diffusion), and thus, they are only effective rate
constants.

Transport phenomena are probed directly by SSPP
experiments. Displayed in Figure 2 are SSPP images depicting
the spread of the photoexcitation in NWI1 for time delays
ranging from a few picoseconds to tens of nanoseconds.'" The
image at At = 0 ps shows the spatial distribution of the
photoinduced transparency. Note that, because the size of the
focused pump beam is larger than the diameter of the NW, the
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Figure 2. SSPP images from NWI. During the collection of these
images, the location of the pump beam is held fixed and located at the
point marked by the blue circle in the SEM image (Figure 1). The
pump—probe delay is also fixed and held at the value indicated in the
lower-left corner of each image. Each image is then obtained by raster
scanning the probe beam across the field of view and collecting its
pump-induced changes in intensity (i.e., AI). The intensity changes at
each pixel, which reflects interaction with multiple pump—probe pulse
pairs, are plotted on the normalized color table shown at the bottom
of the figure, with relative scaling factors in the lower-right corner of
the images. The pump pulse energy was 10 pJ/pulse. The NW
location is denoted by the dashed lines.
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transparency appears to exceed the NW boundary, as indicated
by the dashed lines in the figure. Over time this transparency
spreads along the length of the NW, as the quasi-neutral charge
cloud diffuses. During this time, the electrons and holes
recombine, resulting in a fading of the photoinduced
transparency, and by 88 ps, the images are dominated by the
absorptive component (i.e., blue feature) that corresponds to a
localized thermal excitation. This thermal component also
spreads along the NW, but at a slower rate, and even at ~2 ns
it is only slightly larger than the initial excitation. By 30—40 ns
the SSPP images show significant dispersal of the thermal
excitation along the NW.

When the population decays through higher-order kinetic
processes, the center of the excitation region will decay faster
than the wings, resulting in an apparent spatial broadening of
the pump—probe signal that is not due to transport. However,
at sufficiently low excitation intensities, the pump—probe
kinetics are independent of the photoinjected carrier density.
In this regime, the signal decays uniformly across the excitation
region, and as a result, the observed spreading of the pump—
probe signal is due only to transport. This situation leads to a
separation of the spatiotemporal signal into two factors, one
that describes the time evolution of the size of the pump—
probe signal, and the other its temporal decay. The separation
applies to both the free carrier and thermal signals, resulting in
the following expression:*'*"?

_ —41n2 Ax? exp(—*4;.)
AI(At, Ax) = lac exp(—FC(At)z ) c —FC(At)
I —4 In2 Ax? 8 eXP(—At/TT)
T TG |7 T A 2

where At and Ax are the temporal delay and spatial separation
of the pump and probe spots along the nanowire, respectively.
In this representation, the loss of the free carrier population
and the dissipation of heat are modeled as first-order decay
processes with corresponding lifetimes of 7 and 7,
respectively. The diffusional spreading of the free carrier and
thermal signals along the NW are described by the Gaussian
expressions with time-dependent full width at half-maximum

(fwhm) values given by

T(At) = \/ypuz + 7, + 16 In2 DcAt (33)

L (At) = \/ypuz +7,” + 16 In2 DAt (3b)
where 7, and y,, are the fwhm sizes of the pump and probe
spots (400 and 600 nm, respectively), D¢ is the ambipolar
diffusion constant for the free carriers, and Dy is the thermal
diffusivity.

Overview of Kinetic Analysis. In principle, all four kinetic
constants (7¢, D¢, Tr, Dy) could be obtained by fitting the set
of SSPP images to these equations. However, global fits of this
nature are not robust due to the structure of the
spatiotemporal data sets. The SSPP images, for example,
show the variation in the signal as a function of the pump—
probe separation, but only for a sparse selection of time delays,
while the SOPP transient shows how the signal varies with
time delay, but only for a single overlap configuration. In
addition, because the SSPP images are collected sequentially,
the relative intensity between two images is known with less
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certainty when compared with two adjacent delay points in the
SOPP transient, which are collected closer together in time
and are thus less susceptible to instrumental drift.

Rather than pursue a global analysis of these equations using
the entire data set, we take advantage of the separation of the
transport and relaxation contributions and extract the four
parameters through a two-step process. In the first step, we
analyze the spread in the axial profile of SSPP images using the
spatial portion of eq 2, that is

—4 In2 Ax*
AI(Ax; At) = exp| —————
( ) = e a Xp( (A )
+n (—4 In2 sz)
exp
A Li(At) 4)

where ¢ = acfc exp(—At/tc)/T(At), and likewise for
1A While 7¢ o, and 71 4, both depend upon At, for a given
pump—probe delay they are constants, and the axial profile
only depends upon the pump—probe separation Ax. By fitting
eq 4 to the series of axial profiles, each collected at a different
pump—probe delay, we can extract D¢ and Dy without having
to rely on an accurate measure of the relative signal intensities
from one SSPP image to the next. Once D¢ and Dy are
determined, the lifetimes are then obtained by nonlinear least-
squares fitting of I(At) = I(At,0), that is

exp(— At/rc) eXP(_At/rTh)
(a0 F2(a0

AI(At) = k¢ T

()

to the SOPP transient, where k¢ = a¢fic, and similarly for k.
This decay expression reduces to a simple biexponential form
in the limit that transport is slow compared to relaxation, a case
that is not applicable here.

Transport Coefficients. Figure 3 depicts a series of axial
profiles obtained from NW1. Each profile was generated by
integrating the SSPP image normal to the NW axis (i.e., along
the vertical direction in the panel). The positive-going profiles
observed at early delays are dominated by the free-carrier
signal and show clear lateral broadening, as the signal decays in
amplitude (Figure 3A). By 40—S0 ps, the impact of the
thermal excitation becomes increasingly apparent, as the profile
takes on a progressively more bimodal character. As the free
carrier contribution disappears, all that remains is the negative-
going thermal contribution, which at 460 ps has spread only
slightly beyond the excitation region. While robust fits of eq 4
to the axial profiles are possible at intermediate time delays,
where the two contributions are clear, at earlier times the
thermal contribution causes only a slight distortion in the
shape of the axial profile. This situation leads to a strong
dependency between the amplitudes and widths of the two
Gaussian components, and less stable fits.

We circumvent the problem by first determining the thermal
diffusivity using the axial profiles from 460 ps to 37.5 ns
(Figure 3B). Over this time range, the thermal signal
measurably spreads along the wire axis. However, because
the free carrier contribution has completely decayed, the
profiles can be fit by a single Gaussian function. The set of six
normalized profiles were simultaneously fit to eq 4 with ¢ A =
0 and nya = —1. The fit treated Dy as a global fitting
parameter and extracted a value of Dy = 0.2 cm?/s. The
thermal conductivity (k) is related to Dy by k = pC,Dr, where
p is the mass density (5.32 g/cm3),35 and C, is the specific heat
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Figure 3. Quantifying thermal transport and carrier diffusion in NW1.
The pump pulse energy was 10 pJ/pulse, and the excitation was
located at the point marked by the blue circle in the SEM image
(Figure 1). (A) Axial profiles depicting the spatial distribution of the
pump—probe signal along NW1 during the first 460 ps after
excitation. In this time window, the axial profile evolves from a
photoinduced transparency at zero delay to a photoinduced
absorption at 460 ps. (B) SSPP axial profiles for delays ranging
from 460 ps to 37.5 ns. Each profile is normalized to —1, and the gray
shaded region shows the size of the initial excitation.

capacity (0.32 J/g-K).* This expression yields k = 29 W/mK,
which is approximately a factor of 2 smaller than the ~60 W/
m-K value for bulk Ge.””~>* A similar reduction in thermal
conductivity between the NW and bulk forms is also observed
in Si.'> As with Si, the smaller conductivity in the NW is likely
the result of a reduced mean free path of the high-frequency
optical phonons responsible for thermal transport.

The free carrier diffusion constant (Dc) is determined
through a simultaneous fitting of eq 4 to the 10 SSPP axial
profiles obtained during the first 125 ps after excitation. The fit
is constrained by treating Dy = 0.2 cm*/s as a fixed parameter.
The fit is further constrained by determining the amplitudes
for the free carrier and thermal components (B¢ a, and By s,
respectively) at each delay using the results of the
biexponential fit to the SOPP transient (Figure 1) and then
setting them to be fixed parameters, as well. Thus, the only
adjustable parameter in the global fit of eq 4 to the SSPP axial
profiles is Dc. The best fit to the data is obtained when D¢ =
63.253c_r?2/ s, which is comparable to the value observed in bulk
Ge.>”

Lifetimes. The SOPP transient depicted in Figure 1 is fit
using eq S with D¢ = 63.2 cm®/s and Dy = 0.2 cm?/s, 7¢ = 46
ps, and 71 = 9.0 ns. Both are longer than the observed lifetimes
(ky~" and kp™") extracted from the biexponential fit, which are
influenced by transport processes, as discussed above.
Electron—hole recombination in nanostructures can occur
through a combination of mechanisms, including surface-
mediated mechanisms, as well as higher-order processes such
as Auger recombination that occur in the NW core.”
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Transients collected at a series of excitation intensities show
that the lifetime is nearly constant for pump pulse energies up
to ~5 pJ, after which it becomes shorter with increasing
intensity. Thus, while recombination is likely dominated by
surface-mediated processes, there appears to be a slight
enhancement of the recombination rate at 8—10 pJ (and
higher) due to higher-order kinetic processes. The effects of
Auger recombination are also reported in ensemble pump—
probe measurements performed on Ge NWs at similar
excitation intensities,”” consistent with our observations. The
carrier recombination time in Ge NWs is markedly faster than
that observed in Si NWs, which exhibit carrier lifetimes of
200—500 ps for NWs of comparable diameter.

Phonon Dynamics. Shown in Figure 4 are SOPP
transients obtained from a 125 nm diameter Ge NW
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Figure 4. (A) SOPP kinetic traces obtained from substrate-supported
(orange) and suspended (blue) sections of NW2. Solid black lines are
best fits to eq S. (inset) The SEM image with the trench (left) and
substrate (right) visible. The positions at which transient scans were
collected are highlighted by blue and orange circles, whose diameters
approximate the spot size of the focused pump beam. (B) Residuals
from fitting yields coherent oscillations. (C) Frequency spectrum
obtained by FT of residuals.
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suspended across a S ym trench etched into a quartz substrate.
Two transient data sets are shown in Figure 4A, one from the
section suspended over the trench and the other from a
segment in contact with the quartz substrate. Both traces were
fit to eq S, and the resulting fit residuals, which isolate the
coherent amplitude oscillations, are depicted in Figure 4B.
While the free carrier and thermal contributions are largely
unaffected by decoupling the NW from the substrate,
suspending the NW increases the amplitude of the coherent
signal and extends its lifetime by as much as a factor of 6
compared to the section in contact with the substrate (Figure
4B). Fourier transform (FT) of the residuals yields the phonon
frequency spectra depicted in Figure 4C. While both sections
of the NW show an intense frequency component near 30
GHz, there appears to be a slight upshift in the RBM frequency
when the NW is in contact with the substrate, which perhaps
reflects the presence of a restitutive force that increases the
RBM frequency.

Pump—probe measurements performed on multiple NWs
(Figure S2 in Supporting Information) show that the
coherence frequency increases with decreasing diameter,
much in the same way that the pitch of a bell changes with
size. This variation with diameter is exemplified by the data
from the two NWs depicted in Figure SA. There is a clear
increase in the coherence period for the larger of the two
nanowires (Figure SB), and Fourier analysis reveals that the
RBM frequency decreases by a factor of 2 as the diameter
increases from 123 to 220 nm (Figure SC). Pump—probe
measurements performed on an ensemble of NWs provide a
quantitative relationship between vibrational frequency and
NW size. RBM frequencies obtained from 38 different
locations on 24 different NWs with diameters ranging from
50 to 300 nm (as measured by SEM) show that the coherence
frequency scales linearly with 1/d (Figure SD, with labeled
data points in Figure S1 in Supporting Information).

The inverse proportionality with diameter is consistent with
elastomeric models of the NW. The RBM frequency (w,)
predicted for an isotropic elastic cylinder is given by

) _ &
® —C
br d L

(6)

In this expression, d is the NW diameter, C; is the longitudinal
speed of sound,””*” and &, is the nth eigenvalue obtained from

ERE) = —— 21

1—-v

(7)

where v is the Poisson ratio, and J,(£) and J;(&) are Bessel
functions. For Ge, v = 0.28,°° which yields &, = 2.10 and &, =
5.41 for the fundamental and first overtone, respectively. The
frequencies for the fundamental and first overtone obtained
from eq 6 with C; = 5400 m/s (speed of sound in bulk Ge)**
are depicted as a function of NW diameter by the dashed lines
in Figure SC.

The fundamental frequency (n = 0) closely matches the
most prominent frequency component observed in the phonon
spectrum. Some structures (e.g., NW3) also show a very weak
higher-frequency peak that could correspond to the first
overtone (n = 1) of the RBM. While the agreement with this
elastic cylinder model is remarkable, when parametrized using
C. and v values for bulk Ge, it appears to slightly
underestimate the RBM frequencies observed in the NW
ensemble. While origin of this deviation is unclear, it is possible
that these properties in the NW differ somewhat from those of
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Figure S. Diameter dependence of acoustics phonon mode. (A) SEM
images of suspended NW3 and NW4. (B) Coherence patterns
(residuals from fitting the transient signals) corresponding to the
NWS3 (orange) and NW4 (teal). Orange and teal circles in the SEM
images depict the locations where transient scans were collected, and
their diameters approximate the spot size of the focused pump beam.
(C) Frequency spectrum obtained by FT of the coherence patterns
for NW3 and NW4. The spectra show the fundamental modes at 30
GHz (NW3, d = 123 nm) and 15 GHz (NW4, d = 220 nm) and the
first overtone mode at 82 GHz in NW3. (D) The frequency of the
observed vibrational modes versus 1/d. The symbols represent
experimental data, with the orange and white filled symbols showing
measurements performed on suspended and substrate-supported NW
sections, respectively. Dashed lines represent calculations for
fundamental (teal) and first overtone breathing modes (orange) (&,
=2.10 and &, = 5.41), performed using the bulk elastic constants of
germanium.”>® Error bars represent the fwhm of the RBM peaks in
the phonon spectra. Error bars smaller than the symbols were omitted

for clarity.
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the bulk. Indeed, better agreement can be achieved either by
increasing the value of Cp to ~6000 m/s or the value of v to
~0.45. Another possibility is that this deviation results from a
substrate-induced alteration of the RBM frequency. The
collection of data points in Figure SD represent data collected
from both suspended sections and substrate-supported seg-
ments of the NWs, with the symbols representing the
suspended segments highlighted by the orange fill. Although
there are only nine measurements on suspended sections
depicted in the figure, the RBM frequencies observed at those
locations exhibit better agreement with this elastomeric model,
suggesting that the observation of values that exceed the
theoretical prediction could be due to the presence of the
substrate.

Close examination of the SOPP transients shows a clear beat
pattern in the coherence component that gives rise to satellite
peaks in the phonon spectrum. Similar beating is observed in
transient signals of metal nanowires,”**”*° where the non-
circular cross section gives rise to multiple RBMs with similar
frequencies that interfere with each other.”*®" While the
physical origin of the satellite peaks in the Ge NWs is not
entirely clear, it appears that they may correlate with the NW
diameter, with larger NWs tending to exhibit a single RBM
feature in their phonon spectra (see Supporting Information).
Although we have a limited sampling, the appearance of the
satellite peaks in the phonon spectra of the smaller Ge NWs
could indicate that the modulated amplitude of the coherence
in their transients arises from a similar beating between closely
spaced modes resulting from a slightly noncircular NW cross
section.

Spreading of the phonon excitation along the NW is
observed by collecting transients with spatially separated pump
and probe beams (Figure 6). The experimental geometry is
depicted in Figure 6A, which shows NWS suspended across a §
um wide trench. The pump beam is directed onto the NW
near one edge of the trench (red circle), impulsively exciting a
localized region of the NW. The probe beam (purple circle) is
then positioned at a distance (Ax) away, toward the opposite
side of the trench. Figure 6B shows a series of 13 transients
obtained at increasing separations (Ax) ranging from 0 to 4
pum, with the different probe locations marked by the arrows in
Figure 6A. The transient obtained when the pump and probe
are spatially coincident (Ax = 0) exhibits the same dynamical
features as the transient observed for NW1 (Figure 1) and
NW2 (Figure 3). The shape of the transients changes
dramatically as the probe pulse is moved progressively further
away from the pump. There is an overall decrease in the
pump—probe signal, the magnitude of which is indicated by
the scaling factors shown at the right for each transient. The
transients obtained with Ax between 1.0 and 1.7 ym show a
delayed rise in the signal, reflecting the time needed for charge
carriers to reach the location of the probe beam. Given the
spot sizes of the pump and probe beams (400 and 600 nm,
respectively), there is some residual overlap of the two laser
pulses for separations up to ~1.0 pm, which is likely the reason
for the observation of signal at At = 0 ps. For larger
separations, their spatial overlap is expected to be negligible,
yet we still observe pump—probe signal at At = 0 ps, even at
separations as large as 4 ym. We do not observe this type of
prompt signal in experiments where the NW is in direct
contact with the substrate, suggesting that its origin involves
the trench geometry of the experiment. One possibility is that
it results from scattering of the pump beam by the trench as it
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Figure 6. SSPP transients depicting an acoustic phonon propagation. (A) SEM image showing suspended section of NWS. The location of the
pump excitation is indicated by red circle. The probe position is displaced from the pump along the NW axis up to 4 ym separation (purple circle)
in steps of ~200—400 nm as denoted by the arrows. The diameters of the red and purple circles approximate the fwhm size of the pump and probe
beams. (B) SSPP transients obtained with the pump—probe separations Ax between 0 and 4 um. Each transient is normalized to its maximum
signal with scaling factors relative to Ax = 0 ym shown to the right. The asterisk, triangle, and diamond symbols mark three recurrences in the
transient signal that result from excitation of a low-frequency mode propagating out from the point of excitation. (C) Pump—probe transients after
application of a high-pass Fourier filter show delayed onset of high-frequency coherence at larger separations, as indicated by arrows above each
trace. (D) The spatial position of the fundamental phonon peak (marked by asterisks in (B)) vs pump—probe delay. The slope of the linear fit line

(black) is the propagation speed of the low-frequency mode.

passes through the sample, causing a weak excitation of the
NW even at the remote locations.

Like the free carrier and thermal signals, the coherence
associated with the RBM also appears to exhibit a delayed
onset when the pump and probe spots are well-separated. The
RBM coherence in the SSPP transients is isolated through
application of high-pass Fourier filter, which removes
frequency components below 10 GHz (Figure 6C). This
delayed onset (marked by the arrows in the figure) is apparent
when the separation exceeds 1.0 ym, although it is most easily
seen in the Ax = 2.0—2.5 ym transients, where the coherent
oscillations do not appear until ~1000 ps (or later) and then
increase in amplitude over time. As the separation is further
increased, it takes more time for the signature of the RBM to
appear, and by 2.7 um the onset of the coherent oscillation has
shifted beyond the 2.8 ns time window of the experiment. The
systematic delay in the coherence onset at larger separations
indicates that the RBM motion is not confined to the point of
excitation but rather slowly spreads along NW axis at ~1 nm/
ps, as the expansion and contraction of the NW in one location
induces vibrational motion in adjacent sections that are initially
vibrationally quiet.

The series of transients also show a broad temporal feature
(marked by an asterisk) that is first noticeable as a shoulder in
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the 2.2 pm transient at ~350 ps. This feature is followed by a
second recurrence of weaker intensity (marked by the triangle)
appearing at ~750 ps. The arrival time of these two features
increases linearly with pump—probe separation (Figure 6D),
indicating the transient distortion moves at a constant velocity
away from the point of excitation. We attribute these two
features to the formation of a wave propagating longitudinally
along the NW axis at ~6540 m/s, or ~20% faster than the
speed of sound in bulk germanium (5400 m/s).”’ Measure-
ments performed on NW9 show a similar propagating wave
but with a slightly slower speed of 6040 m/s (Figure S3 in
Supporting Information).

The coherence period (T), or time between successive
recurrences, can be written in terms of the propagation velocity
(Vg) and its wavelength (A) as T = A/ V,. Taking A to be
approximately twice the size of the excitation region (ie, A =
2:2.5 )/pu) yields A & 2.0 ym, which in turn gives T = 310 ps, a
value that is comparable to the 400 ps observed in the SSPP
transients. This simple analysis indicates that the oscillation
period and wavelength of the propagating wave are determined
by the spatial extent of the excitation, much in the same way
that vibrational frequency depends on the grating period in
impulsive stimulated Brillouin scattering (ISBS) experi-
ments.*>%* However, in those experiments, the transient
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grating formed by the crossed pump beams forms a well-
defined spatial wave in the material, resulting in a long-lived
coherence. Since the pump excitation is spatially localized, this
wave is not described by a single wavelength but rather a
superposition of waves, resulting in a short coherence time and
the observation of only two recurrences in the pump—probe
signal.

These two features are followed by a third recurrence in the
signal (marked by a diamond) that is significantly broader than
the other features. This third recurrence is most well-defined at
the largest separation (4 um), arriving at 2—3 ns after
excitation. However, whereas the arrival of the first two
features is increasingly delayed as the probe is moved away
from the pump, the third appears to arrive earlier and becomes
more intense at the furthest separation. These observations
might suggest that the third recurrence results when the
propagating wave reaches the far side of the trench and reflects
off the point where the NW contacts the substrate. The
reflected wave would then travel back along the NW toward
the location of the probe pulse, which would take longer to
reach when the probe spot is located closer to the pump (i.e.,
smaller Ax). While this scenario accounts for the timing of the
third recurrence, we note that this feature is not significantly
attenuated relative to the second recurrence, as one might
expect, and we do not observe strong evidence of this reflected
wave in the SSPP data collected on NW9 (Figure S3 in
Supporting Information), although a third recurrence is
evident. Nevertheless, further investigation of the phenomena
using samples with better defined contacts may shed light on
the matter.

Bl CONCLUSIONS

In summary, the pump pulse photoexcites electron—hole pairs
within a localized section of the Ge NW. Rapid electron—hole
recombination results in a coherent excitation of an RBM and
a longitudinally propagating wave. When the NW is in contact
with the substrate, the coherences dampen out quickly.
Suspending the NW across a trench reduces its mechanical
coupling with the substrate, allowing the coherence to live
much longer. We observe spreading of the RBM outside the
initial excitation spot at a rate of ~1 nm/ps. The longitudinally
propagating wave travels along the NW axis at ~6500 m/s.
Time-resolved images show clear evidence of rapid diffusion
and recombination of the free carriers followed by thermal
transport on slower time scales. Charge-carrier diffusion is
similar to that observed in bulk Ge; the thermal diffusion is
~2X slower than the bulk, consistent with trends previously
observed in our studies of Si NWs.
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