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emiconductor nanowires (NWs) are

promising materials for a variety of ap-

plications, such as solar cells,' lasers,?
logic gates,’ and transport of charge carriers.*
Despite the many examples of NW-based
devices and improved synthetic methods
allowing the production of high quality struc-
tures, the fundamental processes occurring in
these materials, such as exciton dephasing,
are little understood. Studies of ultrafast dy-
namics in NWs are few, and have mainly been
confined to a limited number of materials,®
such as ZnO and cadmium chalcogenides.5~°
The majority of the ultrafast studies of semi-
conductor nanostructures have been ensem-
ble measurements,® that yield average rate
constants for charge carrier relaxation. These
experiments show that effects such as surface
chemistry and composition can cause large
changes in the charge carrier dynamics.?
In this paper we use transient absorption
microscopy to study the ultrafast dynamics
of single CdTe NWs.'® The results show a
broad distribution of charge carrier trapping
times, and that the dynamics are strongly
influenced by trap-filling."""'? This unique in-
formation is made possible by the single
particle experiments: details about how the
dynamics vary within the ensemble cannot
be obtained from conventional transient
absorption measurements.

Coherently excited acoustic phonon modes
are also observed in our measurements,
which are assigned to breathing modes of
the NWs. In semiconductors, interaction be-
tween excitons and acoustic phonons, either
by direct coupling or through scattering pro-
cesses, is one of the main contributions to the
dephasing of the exciton resonance."* "¢
These vibrational modes also play an impor-
tant role in carrier mobility'” and the Stokes
shift."® Acoustic phonon modes have been
investigated in colloidal quantum dots (QD)
using frequency-domain photoluminescence
and Raman measurements,'®* and time-
domain techniques,> 2% and the spectral
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are extremely heterogeneous, which makes
single particle techniques a useful way to
interrogate their properties. In this paper
the ultrafast dynamics of single CdTe nano-
wires are studied by transient absorption
microscopy. The wires have lengths of
several micrometers and lateral dimensions
on the order of 30 nm. The transient

absorption traces show very fast decays,

which are assigned to charge carrier trapping into surface defects. The time constants vary

for different wires due to differences in the energetics and/or density of surface trap sites.

Measurements performed at the band edge compared to the near-IR give slightly different

time constants, implying that the dynamics for electron and hole trapping are different. The
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amplitudes provide data about the coupling
to excitons.'® However, information about the
lifetimes of the acoustic phonon modes is
difficult to obtain in ensemble measurements,
as the damping is dominated by inhomogene-
ity in the size distribution.®> Our measure-
ments are the first observation of coherently
excited phonon modes in single semiconduc-
tor nanostructures, and the measured decay
times give fundamental information about
energy relaxation in these materials.

RESULTS AND DISCUSSION

Selection of Single Nanowires. The ensemble
linear absorption and transient absorption (TA)
spectra, at 0 ps pump—probe delay, for our
CdTe NW sample are presented in Figure 1a.
CdTe was chosen for these studies because the
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band edge is within the tuning range of the laser
system used in the single particle TA experiments.
The two prominent features observed in the TA
spectra, a bleach at ~750 nm and an induced
absorption at ~810 nm, are labeled as B1 and A1,
respectively, following the nomenclature used in pre-
vious works.3°~37 Similar to CdSe QDs3*3' and NWs,2
and CdTe QDs,*? the B1 feature is assigned to bleach-
ing of the lowest optical absorption transition from
state filling.3> =3¢ The A1 feature arises from red shifting
of the lowest absorption feature due to the presence of
charge carriers created by the pump pulse (either free
or trapped carriers).3*73% Note that transitions from
trap states to the conduction band are also possible,
but typically occur much further into the near-IR.3%*’
For QDs there has been extensive work to determine
the relative contributions from electrons and holes to
these features.3*~3” The general consensus is that the
B1 feature primarily involves electron states®® 3
whereas both electrons and holes can contribute to
the near-IR absorption, with weights that depend on
the wavelength.>*~3” The NWs used in our studies have
relatively large diameters, and are outside the quan-
tum confinement region.>? The lack of exciton features
makes it difficult to assign the near-IR absorption to
specific transitions, and also means that a bulk-like
description of the NW optical properties may be more
appropriate.'® In the single wire measurements dis-
cussed as follows, we focus on probing the time
evolution of the A1 and B1 features.

Figure 1c shows high and low resolution transmis-
sion electron microscopy (TEM) images of the sample,
which contains a large number of branched structures.
The lengths of the nanowires vary from one to several
micrometers, and the average width is 29 nm with
a standard deviation of 10 nm (a histogram of
the nanowire widths is given in the Supporting
Information). The bands that can be seen in the high-
resolution TEM images arise from twinning between
the wurtzite and zinc-blende phases of CdTe.3®

To ensure that a single wire is being measured
in the transient absorption experiments, isolated
branched structures are selected because they are
unlikely to form bundles, as can be seen in the TEM
images. The NWs were found by observing scattered
light from the sample; a representative scattered light
image of a branched CdTe nanowire is shown in Figure 2a.
For all the experiments described in what follows,
the samples were covered in microscope oil, which
allows the nanostructures to be clearly seen in scatter-
ing. The nano-object in Figure 2a appears smooth in
the image, and has a characteristic shape consistent
with those in the TEM images. This nanostructure is,
therefore, likely to be a single branched NW. For many
of the nanowires interrogated in the ultrafast experi-
ments, additional confirmation that the object is a
single nanowire was obtained by measuring the
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Figure 1. (a) Upper panel: Ensemble linear absorption
spectra of the CdTe NW sample. Lower panel: Correspond-
ing ensemble transient absorption spectra at 0 ps pump—
probe delay time. Two prominent features are observed, a
bleach (B1) at ~750 nm and an induced absorption (A1) at
~810 nm. (b—e) High and low resolution TEM images of
representative CdTe NWs.

extinction cross-section. This gives an estimate of the
NW radius, and allows single nanowires to be differ-
entiated from bundles.

Extinction cross-section measurements were per-
formed by moving the NW in-and-out of the beam
path, in either the x or the y direction, using a piezo-
electric stage.>**° As the wire crosses the laser focus, a
drop in transmission is observed. Traces obtained in
this way are shown in Figure 2b for each arm of the NW
in Figure 2a (note the color coding). Each trace is an
average over 10 scans and has been normalized to the
background. The maximum percentage drop in trans-
mission, |AP/P|, is related to the extinction cross sec-
tion, onw, through®'

o *wﬁﬂAP\ )]
NW = oy /5 P

where the Gaussian beam waist wg = 042 £ 001 um
was determined in a separate measurement. Cir-
cularly polarized light was used in our optical measure-
ments, which means that onw = (0 + 0.)/2. Values
of onyw Were calculated for different nanowire radii to
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Figure 2. (a) Scattered light image of a typical branched CdTe wire used in this study. (b) Extinction measurements using the
procedure described in text. The percentage drop in transmission is related to the extinction cross section oy through eq 1.
(c) Transient absorption traces at the B1 feature at different spatial points of the wire. The dominant time constant for each
trace is shown in the figure, the error is estimated to be £0.1 ps. Inset is the transient absorption image of the wire. (d) Same as
panel c at the A1 feature. For panels b—d the color of the traces correspond to the positions marked by the dashed circles in

panel a.

generate a calibration curve (see Supporting Information),
using the absorption and scattering cross sections for an
infinite cylinder given in ref 42. For the NW in Figure 2,
comparison between the calculations and experimental
measurements gave values of the radii of 13.2 + 0.3 nm
(arm 1, purple trace), 144 + 0.2 nm (arm 2, blue trace)
and 174 £ 0.5 nm (arm 3, red trace). These sizes are
consistent with the TEM images of NWs with similar
morphologies; therefore, this nanostructure is likely to
be a single wire and appropriate for use in subsequent
TA measurements.

Charge Carrier Relaxation. Once a wire has passed the
selection process described above, transient absorp-
tion images at fixed pump—probe delay times, and
transient absorption traces at different spatial posi-
tions within the wire were recorded. The TA images
and decays corresponding to the branched wire shown
in Figure 2a are presented in Figure 2c,d for probe
wavelengths of 750 nm (at the B1 bleach feature) and
800 nm (at the A1 induced absorption feature). The
wavelengths of the pump pulse were 375 and 400 nm,
respectively, and the pump intensity was set to 0.4 pJ/
pulse before the microscope for these experiments.
The TA images at the B1 feature show spatial variations
in the signal intensity. Qualitatively, the signal is stron-
gest at the thickest arm while it is weakest at the
thinnest arm. This is expected since the transient
absorption and bleach signals are proportional to the
absorption cross-section of the nanostructure. The TA
image at the A1 feature shows similar spatial trends in
signal intensity. The signal levels are worse when
probing at 750 nm compared to 800 nm because the
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efficiency of the optical components in our microscope
is decreased at wavelengths <400 nm, which means
that the pump beam is attenuated at the sample in the
former experiments.

The time-resolved traces at both the A1 and B1
features are dominated by a fast decay, on the order of
a picosecond, followed by a weaker long time absorp-
tion signal. Fits to the traces with a single exponential
convoluted with the instrument response function,
plus a slower absorption signal are shown as solid lines
in Figure 2¢,d. The time constants for the exponential
decays extracted from these fits are given in the figure.
The colors for the traces correspond to the spatial
positions marked by circles of the same color in
Figure 2a. The time constants for the A1 and B1 decays
are similar, with the A1 feature decaying on a slightly
longer time scale for the NW in Figure 2. The time scale
for these decays are consistent with those found in
previous ensemble and single NW studies for CdTe.”'°

Several possible processes could be responsible for
the fast decay observed in the transient absorption
traces: diffusion of charge carriers out of the probe
region,‘B'44 carrier thermalization via electron—
phonon coupling and/or Auger processes,***' charge
carrier trapping,>*? or Auger recombination.*® The
decay times observed are too fast to correspond to
charge carrier diffusion: we estimate that diffusion out
of the probe region should occur on a tens of picose-
conds times scale from the electron mobility in bulk
CdTe.*® To confirm that diffusion is not important,
measurements were also performed on single CdSe
nanowires (see Supporting Information). The decay
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Figure 3. (a) A scatter plot of the dominant time constant at the B1 feature versus that at A1. (b) Histogram of 7,4, the

dominant time constant of the decay at the A1 feature.

times are much longer, on the order of 30—50 ps. Given
that the charge carrier mobilities are similar for CdTe
and CdSe,* these results show that charge carrier
diffusion is not significant on the picosecond time
scale of our measurements. The comparison between
CdTe and CdSe also implies that the measured dy-
namics are not due to carrier thermalization. In bulk
semiconductors excited charge carriers lose energy by
emission of optical phonons, with a typical rate of
0.5 eV/ps,*® which is similar for CdTe and CdSe.*® For
our experiments this would correspond to a few ps time-
scale process. This process could, in principle, appearin
the transient absorption traces. However, it should be
present for both CdSe and CdTe.

The decays in the transient absorption traces could
also arise from electron—hole recombination through
Auger processes,*>*' or mediated by trap sites. Trap
mediated recombination is usually a much longer time
scale process in semiconductor nanostructures,” and
can be discounted. The rate of Auger recombination
can be estimated from the Auger rate constants re-
ported in ref 8 for CdSe NWs. For the carrier densities
used in our experiments (see below), we estimate an
Auger recombination time of ca. 40 ps. This is much
slower than the fast time scale decays seen in Figure 2.

On the basis of the above considerations, the short
time dynamics observed in the transient absorption
traces for CdTe are assigned to charge carrier trapping
into surface states.'®*2 Trapping produces a change in
the A1 signal because free carriers and trapped carriers
have different optical absorption cross sections. The
background absorption signal that is present in all
the transient absorption traces shows that the charge
carriers remain trapped for relatively long times. The
assignment of the dynamics to charge carrier trapping
is consistent with the low quantum yields for these
CdTe NWs.?® Note that the fast time constants in our
experiments are the same order of magnitude as the
1.7 ps hole trapping time measured for CdTe QDs.>?
The difference between our measurements and those
in ref 32 most likely arises from differences in the
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surface chemistry of the samples. The fast trapping
times for the CdTe NWs also implies that there could be
significant trapping of hot carriers in this system.*’*8

Performing measurements at the single particle
level allows several issues to be examined that cannot
be accessed in conventional ensemble measurements.
For example, Figure 3a shows a scatter plot of the time
constants measured at the B1 (rg;) and A1 (ta;)
features. Each point in this plot corresponds to a
different NW, with the two experiments being per-
formed at the same spatial position in the NW. The data
in Figure 3a shows that 7z; and 7, are similar in
magnitude but, in general, have different values. There
is very little correlation between the two time con-
stants—the correlation coefficient for the data in
Figure 3a is —0.28, which implies uncorrelated
measurements.*® These experiments were performed
at low pump fluence <0.13 mJ/cm?, corresponding to
<0.13 electron—hole pairs per nm>. This is well below
the level where intensity dependent effects are ob-
served (see below). The differences in the B1 and A1
decay times imply that experiments at these two
features monitor different processes. On the basis of
the QD literature, we propose that experiments at B1
primarily probe electron dynamics, whereas, experi-
ments at A1 have contributions from both electrons
and holes.2°~3” The observation that for some NWs 74,
> 11, While for others 75; < g, implies uncorrelated
variations in the trapping times for the electrons and
holes.

Figure 3b shows a histogram of the 7, values
recorded for 61 NWs (the experiments are easier to
perform at the A1 feature, thus we have concentrated
on this feature to generate statistics for the charge
carrier trapping process). Most wires have values of
Ta1< 1 ps, but a significant fraction have 74, > 1.2 ps.
The average value of 7,4, is 0.9 ps, with a standard
deviation of 34%. The wide distribution of trapping
times observed for our measurements on CdTe is
similar to a recent report for ZnO nanostructures.>®
These results imply that there are significant variations
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Figure 4. (a and b) Decay of the A1 feature as a function of
pump fluence for two representative CdTe nanowires. The
y-axis gives the root-mean-square signal recorded by the
lock-in amplifier. The insets show the amplitude weighted
average lifetimes for the two NWs in panels a and b. The
colors of the data points in the insets correspond to the
colors of the transient absorption traces.

in the energy and/or density of the electron and hole
trap states in the NWs, presumably because of varia-
tions in the surface chemistry, that cause differences in
the trapping times.>'® No correlation was observed
between the trapping times and the radius of the NWs.

Figure 4 panels a and b present decays recorded at
the A1 feature for two representative wires as a func-
tion of pump fluence. As the excitation intensity
increases the time scale for charge carrier trapping
becomes longer, and there is an increase in the back-
ground induced absorption signal. The increase in the
background absorption is also seen in the 750 nm
probe experiments (see the Supporting Information).
The traces in Figure 4a and b were fit to a biexponential
function plus an offset, convoluted with the instrument
response function. The amplitude weighted average
time constants 7,,q = (a177 + a;1)/(ay + ay), where a,
and 7; and a, and T, are the weights and time constants
for the two exponentials, respectively, are plotted
versus fluence in the insets of Figure 4a,b. Note that
in almost all studies of semiconductor nanostructures,
an increase in excitation intensity produces a fast
decay component, which can be due to either
Auger recombination,3**'>" or dynamics associated
with forming an electron—hole plasma.”*? Thus, the
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Figure 5. Acoustic phonon modes of representative CdTe
nanowires. Gray traces are residuals from the decay fits (see
Figure 4); colored lines are fits to the residuals using a
damped-double cosine function. The periods and damping
times are given in Table 1.

intensity dependent results in Figure 4 are somewhat
unusual.

Charge carrier trapping is a second order process that
depends on the number of free charge carriers and the
number of empty trap states.'""'>'® As the pump fluence
increases, the trap states fill up, which reduces the rate of
trapping. The intensity-dependent results in Figure 4 are
thus a clear signature of trap state filling in semiconduc-
tor NWs.""? The trap filling mechanism is consistent with
the increase in the background signal for the A1 feature
at high pump intensities. Trap state filling has been
previously invoked to explain fluorescence quantum
yield measurements for semiconductor nanowires'"'?
and QDs,>? but to the best of our knowledge it has not
been directly observed in time-resolved measurements
for these materials until now.

Acoustic Phonon Modes. Ultrafast excitation of semi-
conductor nanostructures can also coherently excite
phonon modes of the material. Modulations can be
clearly seen in the data recorded at high pump fluence
in Figure 4. Figure 5 shows the oscillating component
of the data, obtained by subtracting a biexponential
function plus a background from the transient absorp-
tion traces (see Figure 4). The solid lines in Figure 5
represent a fit to the data using a damped double
cosine function. The periods extracted for the oscilla-
tions are ~7 and ~16 ps, and are the same order of
magnitude as those expected for the acoustic phonon
modes. While there are abundant reports on the ob-
servation of acoustic phonons in colloidal semicon-
ductor quantum dots,>>~%® there are no reports of
these modes for solution-based NWs to date. Similar
to CdSe QDs, both the frequency and phase of
the oscillations are independent of the pump inten-
sity, indicating that within the pump fluence range
employed in the measurements the elastic proper-
ties of the wires have not been modified.>* The ampli-
tudes of the oscillation were found to increase as a
function of increasing pump intensity (see Supporting
Information), as is the case for CdSe QDs.?*
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TABLE 1. Periods and Damping Times for the Acoustic
Phonon Modes”

wire 1 wire 2 wire 3

radius (nm) 185 =+ 0.4 15.8 402 14.1 4 04
O (ps) expt 176 + 02 17.6 £ 02 155+ 03
19 (ps) theory 164 14.0 125

9 (ps) expt 78 +01 67 £ 0.1 72401
TV (ps) theory 6.6 56 5.0

Tiomp (pS) 598 + 17 533411 U4+ 4
oo (pS) B8+ 17 179415 24+19
q 107 £ 32 95421 50 £ 09
Q" 96+ 08 84+ 08 98 £ 1.0
A0 20 1.0 20

“The radii of the wires were estimated from the extinction cross-section
measurements. 717 is the period of the nth breathing mode, rf{;]mp is the damping
time, 0" is the corresponding quality factor, and A”/A is the relative amplitude
of the n = 0 and n = 1 modes. The calculated periods were obtained from the
measured radii using eq 3 and 4 in the text.

In experiments on 1D nanostructures, ultrafast laser
excitation coherently excites the extension and breath-
ing modes.> Modeling the NWs as long, elastically
isotropic cylinders yields the following expressions for
the extensional and breathing mode frequencies:>*

n1 [
W == /- )

(3)

where n =0, 1, 2, ... is the mode number, E is Young's
modulus, p is the density, ¢, is the longitudinal speed of
sound, a is the radius of the cylinder, and L is its length.
The eigenvalue &, for the breathing mode is obtained
from the roots of the equation

1

‘EnJO(En) = 1

RN (@)
where v is Poisson's ratio and J,,(§) are Bessel func-
tions of order m. For CdTe, £ = 38.2 GPa, p = 5854 kg/m?,
¢ =3234m/s,and v = 0.35.>°

The typical lengths of the NWs used in this study
are =1 um. According to eq 2, the lowest frequency
extension modes, which are predominantly excited in
transient absorption experiments,>* are expected to
have periods on the nanosecond time-scale. This is
much longer then the time-window of the current
experiment, which means the oscillations in Figure 5
cannot be attributed to the extension modes. On the
other hand, the predicted periods for the breathing
modes are very similar to the experimental values, see
Table 1. In this table the experimental values are
compared to the values calculated through eq 3, with
radii determined from the extinction cross-section
measurements. The largest discrepancy between the
calculated and measured periods is ~30%, which is
reasonable considering that both the optical and the
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elastic constants of CdTe are not precisely known. Thus,
the oscillations in the transient absorption traces are
assigned to the breathing modes of the NWs.

It is interesting to note that both fundamental
(n = 0) and overtone (n = 1) breathing modes are ob-
served, with the latter having a slightly larger amplitude.
The relative amplitudes of the n=0and n = 1 modes are
included in Table 1. Higher order breathing modes
have been observed in metal nanoparticles,® although
the amplitude of the n = 0 mode is usually larger than
that of the n = 1 mode. The n = 1 spheroidal mode
has been observed in Raman experiments on ZnO
nanoparticles,>” but the selection rules for Raman are
different to those in time-resolved measurements.>®
The amplitude of the acoustic breathing modes de-
pends on both the excitation and probe processes.
In our experiments the increased amplitude of the
overtone compared to the fundamental most likely
arises from how these modes couple to the probe
transition. Calculations of the expected amplitudes
are difficult, because of the complicated nature of the
probe transition in these experiments, and we have not
attempted this for this manuscript.

The damping time of the oscillations, \jamp, can also
be extracted from the fits, allowing the calculation of
the quality factor Q" = 70,/ Thr for each phonon
mode (n = 0 and 1); these are summarized in Table 1.
Note that since the oscillations were observed at the
single wire level, the extracted rﬁj’a)mp values reflect the
homogeneous damping time of the acoustic phonon
modes. The Q values for the CdTe NWs are similar to
those reported in single particle measurements on
metal nanoparticles and NWs,>*°°%° and ensemble
experiments on highly monodisperse NP samples.®’
Typically values of Q = 10 are found for Ag, and Q =
3040 for Au.>%%9%°

The damping of the acoustic modes arises from
radiation of sound waves into the surrounding
medium.®%®* Previous single particle results for metal
nanostructures have been interpreted in terms of the
miss-match between the acoustic impedance Z = p.c,
of the particle and the surroundings.?>*?63%* Specifi-
cally, a large difference in Z causes reflection of sound
waves at the interface, and long vibrational lifetimes. In
contrast, for a small difference in Z, sound waves are
transmitted through the interface, giving short vibra-
tional lifetimes.?®%® The acoustic impedance of CdTe
(Z=18.9 x 10°kg m 25 ") is much smaller than that
of Au(Z=625 x 10°kgm 25 ') or Ag (Z = 383 x
10% kg m~2 s7"), and is closer to the acoustic impe-
dance of the environment. Thus, by the acoustic
impedance miss-match model the quality factors for
the acoustic vibrational modes should be smaller for
CdTe compared to metal nanoparticles.

Our experiments with Ag nanowires showed
that the damping of the breathing mode can be
estimated by a formula derived for spherical particles
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in a homogeneous medium.?®>° The NWs in the pre-
sent experiments are on a glass surface surrounded by
microscope oil. For particles in a glass environment (p =
2240 kg/m>, ¢, = 5100 m/s, and ¢y = 2840 m/s) the
calculated quality factors for the fundamental and
overtone breathing modes are Q¥ = 2.6 and Q" =
4.6, respectively, slightly smaller than the experimental
values. This indicates incomplete contact with the glass
substrate, and a possible role of the surrounding fluid
in the damping of the vibrational modes.®®

The acoustic mode damping calculations can be
extended to include viscosity by writing the speeds of
sound in the environment as ¢, = (A, + 2 uy + iw(d +
2u))/p)""? and cr = ((u, + iwu)/p)'?, where i and A, are
the Lame constants, and  and A are the shear viscosity
and second viscosity coefficient.%® This formalism was
recently used to analyze results for single Au nanopar-
ticles optically trapped in water.®” The results showed a
weak influence of solvent viscosity. However, the
damping is strongly dependent on the frequency of
the vibrational motion, and for the higher frequency
modes in our experiments it becomes significant. For
example, for water we calculate a quality factor of Q© =
12.5 for the fundamental breathing mode of the CdTe
NWs, and Q" = 31.3 for the overtone. For viscous
liquids the damping is even stronger; however, it is not
clear that the theory is applicable to high frequency
motions in viscous liquids."*®%” These considerations
show that the damping of the vibrational modes is
probably influenced by both contact with the glass
substrate, and the surrounding microscope oil. Experi-
ments are currently being conducted on suspended

MATERIALS AND METHODS

CdTe nanowires were synthesized using a solution—liquid—
solid growth method.3®°% After synthesis, the wires went
through several cleaning cycles using methanol and were then
stored inside a glovebox to avoid oxidation.® The synthesized
wires were found to have diameters of 29 4= 10 nm (error equals
standard deviation), and lengths of several micrometers as
measured under TEM. Samples for optical studies were pre-
pared by drop casting onto a clean coverslip inside the glove-
box. The sample was allowed to dry, then a drop of immersion
oil was added and a second coverslip was placed on top; the
edges of the coverslips were then sealed with nail polish. This
sample preparation procedure greatly reduced the oxidation of
the samples,®® and allowed them to be studied for several days
in the transient absorption microscopy experiments. The de-
gree of oxidation was judged by observing the (weak) fluores-
cence from the sample: a decrease in fluorescence intensity
implies sample oxidation.

Transient absorption measurements were performed using a
Coherent Chameleon Ultra-ll Ti:sapphire laser (repetition rate of
80 MHz). The output was sent through a Coherent 9200 pulse
picker, set at 5 MHz, and then split by a 50/50 beam splitter. One
of the beams was frequency doubled using a 0.5 mm BBO
crystal (Castech) to produce the pump, while the second beam
was used as the probe. The pump was chopped at 500 kHz using
an acousto-optical modulator (Intra-Action Corp), triggered by a
BK Precision 4011A function generator. The function generator
was synchronized to the pulse-picker to ensure a consistent
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nanowires to isolate the effect of fluids on vibrational
damping.

CONCLUSIONS

Transient absorption measurements were con-
ducted on single CdTe nanowires. At low excitation
intensities (carrier densities of <0.13 nm ) decays at
the bleach and induced absorption features were found
to be fast, between 0.4 to 1.4 ps. This rapid decay is
assigned to efficient charge carrier trapping. Examin-
ing multiple CdTe NWs revealed a large distribution
of the decay times. This was attributed to inhomo-
geneity in the surface chemistry of the NWs used in
these experiments, which causes different trapping
times for the charge carriers in different NWs. When
the excitation intensity was increased, the time scale
for charge carrier trapping increased. This behavior is
strikingly different to colloidal semiconductor QDs,
where Auger processes cause faster kinetics at high
pump powers,>>3! and was attributed to trap-state
filling.""'? At high pump intensities, oscillations were
also observed in the transient absorption traces which
were assigned to acoustic phonon modes, specifically,
to the fundamental and overtone breathing modes of
the NW.?® The quality factors of these modes were on
the order of Q ~ 9—10, which is similar to those
observed in experiments on single metal nanostruc-
tures. These results represent the first time that
acoustic phonon modes have been observed for
semiconductor NWs, and are also the first observation
of acoustic phonon modes in any single semiconduc-
tor nanostructure.

number of pump pulses per on—off cycle. A Newport
UTM100PP.1 translation stage was used to control the relative
delay between the pump and probe pulses. The instrument
response function was estimated to be 0.3 ps, based on the rise
time in transient absorption traces for materials with long
excited state lifetimes. Quarter wave plates were used to set
the polarizations of the pump and probe pulses to be circular,
while their intensities were controlled by a half waveplate-
polarizer combinations and neutral density filters.

The pump and probe beams were overlapped and focused
onto the sample using an Olympus UPlan FLN100x 1.30 NA oil
immersion objective. The transmitted beams were then recolli-
mated using a matched objective. A long pass filter was
employed to prevent any pump light from reaching the detec-
tor, and changes in the probe were monitored with an ava-
lanche photodiode detector (Hamamatsu, C5331-03 or-11). The
signal from the detector was measured with a RF-frequency
lock-in amplifier (Stanford Research Systems, SR844) triggered
by the function generator. Transient absorption images were
recorded by raster scanning the sample with a piezoelectric
stage (Physik Instrumente, P-527.3Cl). The piezo stage was also
used for the extinction measurements in Figure 2b and Table 1.
Ensemble transient absorption experiments were performed
with a Clark-MXR CPA-2001 Ti:sapphire laser system, and an
Ultrafast Systems transient absorption spectrometer.

The extinction cross sections for the nanowires were
calculated using the expressions given in ref 42. These cal-
culations were performed in Mathematica (version 8.01,
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Wolfram Research, Inc.). The nanowire extinction cross sections
were also estimated by Finite Element simulations using COM-
SOL Multiphysics (version 4.2a). The two calculations were in
excellent agreement, validating the values used for the size
analysis.
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