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ABSTRACT: Strain-induced changes to the electronic
structure of nanoscale materials provide a promising avenue
for expanding the optoelectronic functionality of semi-
conductor nanostructures in device applications. Here we
use pump−probe microscopy with femtosecond temporal
resolution and submicron spatial resolution to characterize
charge−carrier recombination and transport dynamics in
silicon nanowires (NWs) locally strained by bending
deformation. The electron−hole recombination rate increases
with strain for values above a threshold of ∼1% and, in highly
strained (∼5%) regions of the NW, increases 6-fold. The
changes in recombination rate are independent of NW
diameter and reversible upon reduction of the applied strain, indicating the effect originates from alterations to the NW bulk
electronic structure rather than introduction of defects. The results highlight the strong relationship between strain, electronic
structure, and charge−carrier dynamics in low-dimensional semiconductor systems, and we anticipate the results will assist the
development of strain-enabled optoelectronic devices with indirect-bandgap materials such as silicon.
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Lattice strain produced by bending deformation can
significantly alter material properties, such as band

energies, symmetry, and carrier mobility, providing the
potential means to develop novel functionalities in nanoscale
devices.1−5 In Si nanowires (NWs), for example, strain may
offer a route toward Si lasers and light-emitting diodes
(LEDs),6 enhanced carrier transport in nanoscale elec-
tronics,7−9 and junctionless charge separation in Si NW-based
photovoltaics.10 The potential for accessing such unique
functionalities has prompted both experimental11−16 and
theoretical4,6−10,17,18 studies of materials under high levels
(>2%) of both homogeneous and inhomogeneous strain.
Spectroscopic methods provide direct insight into the influence
of lattice strain on the electronic structure. For example, strain-
induced redshifts in the emission spectra of bent ZnO11−14 and
CdSe15 NWs observed using fluorescence microscopy indicate
that lattice strain can significantly reduce the band gap, and
cathodoluminescence measurements of ZnO NWs suggest
excitons tend to drift from regions of compressive strain (with
larger bandgap) toward regions of tensile strain (with smaller
bandgap) at cryogenic temperatures.16 While strain has a clear
impact on the electronic structure of nanomaterials, its
influence on the carrier dynamics (e.g., carrier lifetime and
mobility) remains largely unexplored, particularly in indirect-

bandgap materials such as Si and Ge that cannot be studied
using luminescent techniques.
Here we present time-resolved pump−probe microsco-

py19−23 measurements of the photoexcited charge carrier
dynamics in individual Si NWs that are inhomogeneously
strained through bending deformation. The combination of
submicron spatial resolution and femtosecond temporal
resolution, as well as the ability to control the position of the
probe beam relative to the pump beam, enables direct
measurement of both charge carrier diffusion constants and
electron−hole recombination rates at localized points along
straight and bent regions of individual NWs. Decay kinetics
collected at 144 discrete locations within 14 different NWs
show a clear correlation between the electron−hole recombi-
nation rate and the degree of lattice strain, with NWs exhibiting
up to a 6-fold increase of the carrier recombination rate in
regions experiencing the highest strain (∼5%). By studying
NWs on flexible polydimethylsiloxane (PDMS) substrates, we
further show the changes in the recombination rate are
reversible, indicating that the intrinsic electronic structure of
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low dimensional semiconductor systems can be manipulated by
straining the lattice without introducing defects.
In these experiments, photoexcited carriers are created in a

localized region of a single NW by a femtosecond laser pulse
(pump: 425 nm, 0.4 pJ/pulse, 300 μJ/cm2) that is focused to a
near diffraction-limited spot by a microscope objective (100×,
NA = 0.8). The spatial and temporal evolution of the
photogenerated carriers are followed by a second laser pulse
(probe: 850 nm, 150 μJ/cm2) that is also focused by the
objective. Pump-induced changes in the intensity of probe
pulses are monitored by collecting the probe light transmitted
through the sample and directing it onto a two-channel
balanced photodetector coupled to a digital lock-in amplifier.
The probe beam can be laterally positioned relative to the
pump spot by adjusting the angle of incidence at the back
aperture of the microscope objective using a pair of computer-
controlled mirrors. The spatial evolution of the photoexcited
carrier density is monitored by scanning the probe position on
a pixel-by-pixel basis relative to the pump at a fixed pump−
probe temporal delay time, Δt. The microscope is capable of
measuring the carrier dynamics in a localized region of a single
structure with spatial resolution of ∼700 nm and a temporal
resolution of ∼500 fs.21−23

Intrinsic Si NW samples were synthesized by the vapor−
liquid−solid (VLS) mechanism at 420 °C using Au catalysts for
VLS growth in a low-pressure chemical vapor deposition
system under conditions identical to those described
previously.24 NWs were thermally oxidized at 1000 °C for 60
s in 100 Torr flowing oxygen to form a 5−10 nm-thick thermal
oxide and were mechanically transferred from the growth
substrates to microscopy slides for imaging. The scanning
electron microscopy (SEM) image of a typical ∼100 nm
diameter Si NW (denoted NW1) that was bent during the
transfer from the growth substrate to a microscope slide is
shown in Figure 1A. Although the lattice in the straight
segments of the NW is under little external stress, the bent
region experiences compression and tension on the inner and
outer edges, respectively.
Microscopy measurements performed with spatially over-

lapped pump and probe pulses show distinct decay kinetics in
the straight segments compared to the bent segments. The
decay kinetics obtained at the seven different locations along
NW1 (indicated by the corresponding circles in panel A) are
displayed in Figure 1B. At all seven locations, there is an initial
increase in probe transmittance that reflects the population of
free carriers produced by photoexcitation.22,25 The decay of the
signal reflects recombination of electrons and holes, which
under low-strain conditions (blue traces) occurs primarily at
the surface. In the regions of high curvature (red and green
traces), the electron−hole recombination is faster, with the
higher-curvature points in red decaying more quickly than the
lower-curvature point in green.
Spatial variation in carrier recombination can be visualized in

pump−probe images (Figure 1C). Here, the pump−probe
delay is fixed, and the focused pump and probe beams are
scanned over the structure to produce a spatial map of the
transient signal at a specific delay time. The raw (“as collected”)
images obtained in this manner generally show a spatial
variation in the signal intensity that stems from a dependence
of the absorption and scattering cross sections on the laser
beam polarizations. Even though the magnitude of the transient
signal is diminished in regions where the wire is oriented
orthogonal to the polarization axis, the kinetics are not

affected.22 The images in the lower portion of Figure 1C
have been normalized to remove this spatial variation, resulting
in a constant signal intensity along the NW at Δt = 0 ps. As the
delay between pump and probe pulses is increased, the signal in
the bent region of the NW fades quickly compared to the
straight segments, consistent with faster electron−hole
recombination. Closer inspection of the images indicates that
the increase in the recombination rate varies continuously along
the bend, with the region of highest curvature showing the
fastest recombination. The discussion below expands upon this
qualitative observation by providing a quantitative correlation
between the recombination rate and degree of NW curvature.
Electron−hole recombination rates were determined by

fitting kinetic traces, such as those depicted in Figure 1B, to a
previously developed model of diffusion and recombination22

consisting of a single-exponential function modified to account
for the size of the pump and probe beams as well as carrier
diffusion out of the probe volume:
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In eq 1, Δx defines the spatial separation between pump and
probe spots along the wire (Δx = 0 for these spatially
overlapped kinetics traces), a0 is a normalization constant, and
kobs is the electron−hole recombination rate. In eq 2, γ1 = 430
nm and γ2 = 860 nm are the full-width at half-maximums
(FWHMs) of the pump and probe spots, and D is the effective
ambipolar diffusion constant of the material.

Figure 1. Charge carrier recombination in a Si NW locally strained by
a bending deformation (A) SEM image of a bent Si nanowire ∼100
nm in diameter (NW1). Colored circles denote regions where
transient kinetics were acquired; scale bar, 2 μm. (B) Normalized
kinetic traces of carrier recombination dynamics collected at multiple
locations on NW1. Red, green, and blue data points correspond to the
locations denoted by red, green, and blue circles in panel A,
respectively. Solid lines correspond to a fit of each kinetic trace to
eq 1. (C) Sequence of spatially overlapped pump−probe images from
NW1 in panel A, showing faster carrier recombination near the bent,
high-strain region. The upper image depicts the raw (“as collected”)
data, whereas the bottom four images are normalized relative to the
data at Δt = 0 ps; scale bar, 2 μm.
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The diffusion constant is determined using the spatially
separated pump−probe microscopy configuration that allows
direct and contactless characterization of the transport
properties. Figure 2A shows an SEM image of a single bent
Si NW (NW2) with black and red circles indicating straight and
bent regions, respectively, where carrier transport was
characterized. In Figure 2B, spatially separated pump−probe
images obtained from the straight region at Δt = 0, 78, and 145
ps show progressive broadening of the photogenerated charge
cloud as a result of carrier diffusion.
Normalized carrier profiles, generated by integrating the

images along the direction normal to the NW axis, are shown in
Figure 2C. These profiles are fit to the spatially dependent
terms of eq 1:
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to extract the fwhm of the distribution, β(Δt). A plot of β(Δt)2
as a function of pump−probe delay yields a linear relationship
with a slope that is proportional to the diffusion constant, D,
and a y-intercept, β(0), that reflects the pump and probe spot
sizes (see eq 2 for Δt = 0 ps). Figure 2D shows the time-
dependent component of the fwhm, (β(Δt)2 − β(0)2), for the
bent and straight regions of NW2. Analysis of this data yielded
diffusion constants of 7.5 ± 0.2 cm2/s and 7.8 ± 0.1 cm2/s,
respectively, for the two regions. Characterization of carrier
transport in four additional NWs yielded diffusion constants
that ranged from 6 cm2/s and 10 cm2/s with no apparent
correlation between the local curvature and the diffusion
constant. The average diffusion constant found for these NWs
(∼8 cm2/s) is significantly lower than the bulk ambipolar
diffusion constant of 18 cm2/s,26 which is most likely a
consequence of the high photoexcited carrier density (∼4 ×

1019 cm−3) dominating transport through carrier−carrier
scattering.27

Although lattice strain is anticipated to affect charge carrier
mobility,7−9,17 the lack of a strain dependence in our
measurements may be a consequence of several factors. First,
in Si, the electron mobility (μe) is typically increased in regions
under tensile strain and decreased under compression, with the
opposite behavior expected for the hole mobility (μh). Since the
ambipolar diffusion constant depends upon both (i.e., D =
(2kBT/q)(μeμh/μe + μh), where kB is the Boltzmann constant, T
is temperature, and q is elementary charge), an increase in the
electron mobility could be partially offset by a decrease in hole
mobility, resulting in very little difference in the measured
ambipolar diffusion constant. In addition, a strain dependence
may be masked by the diffraction-limited spatial averaging that
samples both compressive (at the inside edge) and tensile (at
the outside edge) strain of the bent NW (see Figure 4 and
discussion below). In this case, minimal impact on the transport
properties arising from strain would be apparent.
Electron−hole recombination times were determined by

fitting the kinetic traces shown in Figure 1B to eq 1 with D = 8
cm2/s. This analysis yielded recombination times of ∼150 ps in
the straight segments (blue circles) and 72 and 33 ps at the
bent regions indicated by the green and red circles, respectively,
in Figure 1A. Although we used an average carrier diffusion
constant of 8 cm2/s for fitting the kinetic traces, fits conducted
with values of D from 6 to 10 cm2/s changed the extracted rates
by less than 15%.
The simplest explanation for the increase in the recombina-

tion rate in the regions of higher curvature is an increase in the
trap density due to bond breaking or dislocation effects in the
crystal lattice or at the surface.18,19 The creation of defect sites
would likely be irreversible, causing rapid recombination to
persist even after release of the deformation. To test this idea,

Figure 2. Charge carrier diffusion in a Si NW locally strained by a bending deformation (A) SEM image of a bent Si nanowire ∼100 nm in diameter
(NW2); scale bar, 5 μm. (B) Spatially separated pump−probe images of carrier diffusion at the location indicated by the black circle in panel A.
Dashed white lines denote the location of the NW; scale bar, 1 μm. (C) Normalized carrier profiles obtained by integrating the spatially separated
images shown in panel B in the direction orthogonal to carrier diffusion. Data are shown as symbols, and solid lines represent fits of the data to eq 3.
(D) Change in the square of the carrier profile fwhm, β(Δt)2 − β(0)2, as a function of pump−probe delay for bent (red square) and straight (black
triangle) locations indicated by the red and black circles, respectively, in panel A. The blue shaded region shows the range of diffusion constants (6.0
cm2/s < D < 10.0 cm2/s) found for four additional NWs characterized.

Nano Letters Letter

dx.doi.org/10.1021/nl5026166 | Nano Lett. XXXX, XXX, XXX−XXXC

http://pubs.acs.org/action/showImage?doi=10.1021/nl5026166&iName=master.img-002.jpg&w=365&h=221


we investigated carrier recombination dynamics in NWs
transferred to a stretched poly(dimethylsiloxane) (PDMS)
substrate. The pump−probe image taken at Δt = 0 ps for a
single Si nanowire (NW3) in its initial straight configuration is
shown in panel 1 of Figure 3A. The electron−hole
recombination time (Figure 3B) observed at the point indicated
by the black circle is similar to those observed in the low
curvature regions of NW1. The substrate was then allowed to
relax, and NW3 adopted a bent configuration (panel 2). The
rate of recombination at a corresponding position along NW3
(red circle) increases, commensurate with the higher-curvature
regions of NW1. Finally, the substrate was restretched (panel
3), and NW3 returned to its initial straight configuration. Once
the deformation was released, recombination slowed, returning
to its prebent character. This reversible behavior suggests that
the changes in the recombination kinetics observed in regions
of higher curvature are not the result of an increase in defect
density but rather stem from an intrinsic change in the
energetics or symmetry of NW band structure due to elastic
deformation of the lattice.
The strain induced by elastic deformation of a NW from

bending can be analytically determined from the local radius of
curvature, R (Figure 4A). The strain in this configuration
consists of a gradual shift from lattice compression at the inner
edge to lattice tension at the outer edge and has a maximum
magnitude, |ε|, that can be expressed in terms of R and the NW
diameter, d, as |ε| = d/2R (see Figure 4B). For the locations
indicated by the blue circles in NW1 (Figure 1A), the
calculated strain is less than 1%, and the observed electron−
hole recombination rate, kobs, is between 6 and 8 ns−1. The
regions of higher curvature (green and red circles in Figure 1A)
on the NW have |ε| = 1.9% (kobs = 13.8 ns−1) and |ε| = 2.7%
(kobs = 30.3 ns−1), respectively. This corresponds to enhance-
ment factors of ∼2 at 2% strain and 4−5 at 3% strain. Given the
lateral resolution of the microscope, kobs is a spatial average of
the carrier recombination dynamics that encompasses regions
experiencing both tension and compression. As a result of this
spatial averaging, the observed rate reflects the average of the
carrier recombination dynamics throughout the NW.
Multiple electron−hole recombination mechanisms are

potentially present in NWs, producing an observed recombi-
nation rate that is the sum of bulk and surface processes:

= + + +k k k k kobs s r SRH A (4)

where ks, kr, kSRH, and kA represent the rates associated with
surface, radiative, Shockley−Read−Hall (SRH), and Auger
recombination, respectively. Previous work in our lab showed
that recombination in straight NW segments takes place at the
surface and is well-described by ks = 4S/d, where the surface
recombination velocity (S) parametrizes the surface qual-
ity.21,22,25 The inverse diameter dependence in this expression
reflects the geometrical localization of recombination events to

Figure 3. Reversibility of the strain-dependent carrier recombination rate. (A) Pump−probe images at Δt = 0 for NW3 (d ∼ 100 nm) deposited on a
flexible PDMS substrate in initial stretched (1), relaxed (2), and restretched (3) configurations; scale bars, 5 μm. (B) Transient kinetic traces
collected from the same position (indicated by circles in panel A) along the length of NW3 in its initial straight (1), bent (2), and straightened (3)
configurations.

Figure 4. Correlation between carrier recombination rate and lattice
strain. (A) SEM image of a bent Si NW (∼100 nm in diameter)
illustrating the local radius of curvature, R. The scale bar is 1 μm. (B)
Schematic showing the regions of compression (shaded blue) and
tension (shaded red) predicted in a bent NW. (C) Combined strain
dependence of the carrier recombination rate for 14 individual NWs. R
was determined for each measurement through analysis of the NW
transmission images, and the diameter was determined from SEM
images. NWs grown with 100 nm Au catalysts (gray circles) and 50
nm Au catalysts (red squares) show the same trend. The black solid
line is a quadratic trend line fit to the 100 nm rates. Red dashed line
shows behavior predicted for 50 nm NWs if strain-dependent rate
contributions were a surface effect. Inset: illustration of surface and
bulk contributions to the overall electron−hole recombination rate as
a function of strain.
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the surface. In these low-dimensional NWs, radiative and SRH
recombination mechanisms do not compete with surface
recombination, which is orders of magnitude faster at room
temperature.25,28,29 Auger recombination can also contribute to
the observed rate; however, the pump−probe decays are
independent of the pump pulse energies below 0.4 pJ/pulse, in
both bent and straight regions of individual NWs (Figure S1),
indicating that at the excitation energies of these experiments,
Auger processes are not a major contributor (i.e., kA ≈ 0).
The increase in recombination rate upon bending

deformation could arise from a strain-induced enhancement
of one or more of these mechanisms. Thus, the observed
electron−hole recombination rate can be expressed as a sum of
strain-independent (k0) and strain-dependent (k(ε)) contribu-
tions:

ε= +k k k( )obs 0 (5)

The strain-dependent component, k(ε) = kobs − k0, is plotted in
Figure 4C for 144 measurements across 14 different wires. Due
to differences in surface quality and diameter, we determined k0
on a NW-by-NW basis by averaging the low strain (<0.5%)
recombination rates found for each individual NW. It appears
that the carrier recombination rate is independent of strain up
to a value of ∼0.7%, at which point the strain-dependent
contribution begins to influence the overall recombination
dynamics.
Although the reversibility of the strain-dependent recombi-

nation suggests an intrinsic change to the band structure, the
reversibility alone is insufficient to determine if the change in
recombination results from a process in the core of the NW or
at the surface, due, for example, to changes in the coupling
between the bulk bands and the surface states. Nevertheless,
these two scenarios can be distinguished by examining NWs of
different diameters. If surface recombination (ks) is increased
by lattice strain, then the strain dependence should scale
inversely with NW diameter (since ks = 4S/d). The black line in
Figure 4C is a quadratic trend line fit to the ∼100 nm NW data.
If the strain effect is occurring at the surface, then
recombination rates collected from ∼50 nm wires should lie
along the dashed red line (which shows a 2-fold greater strain
variation due to the 2-fold difference in diameter). This is not
the case. Strain-dependent recombination rates collected from
∼50 nm diameter wires (shown as red squares in Figure 4C)
follow a similar trend as the ∼100 nm diameter NWs. Although
there is some spread in the data, the strain-dependent rates
appear inconsistent with a surface recombination model,
suggesting that the strain-induced increase in the rate, k(ε), is
primarily a consequence of recombination events that are
occurring throughout the NW volume.
The dependence of the electron−hole recombination rate on

strain is illustrated in the inset of Figure 4C. At low strain (ε <
0.7%), recombination via typical bulk mechanisms (i.e., SRH,
Auger, radiative) is slow, and the overall recombination is
dominated by the surface (i.e., kobs ≈ k0 = ks). Lattice strain
introduced by bending deformation enhances the bulk
recombination rate, and at ε ∼ 0.7%, the strain-induced
enhancement in the bulk recombination rate has a noticeable
impact on the overall rate. By 4−5% strain, it dominates the
recombination process. Even though it is unclear which specific
bulk mechanism (SRH or, radiative) is affected, in either case,
the increase likely arises from strain-induced changes to the Si
band structure that include a reduced band gap or, in the case

of the inhomogeneous strain (such as that produced by
bending deformation), a change to the symmetry of the lattice.
A number of mechanisms may be at play in determining the

carrier recombination kinetics in bent NWs. Calculations
performed by other groups on strained Si predict that the
bandgap can be reduced by as much as 0.5 eV at 4−5% strain,
suggesting that faster recombination may occur through
improved energetic overlap of the photogenerated carriers
with the manifold of trap states.6,7,10,30 However, it is also
predicted10 that the conduction and valence band energies are
both stabilized in regions of tensile strain, and they are both
increased in energy in regions of compressive strain. Thus, in
the neighborhood of a bend, a potential gradient should exist
across the NW that would serve to rapidly separate electrons
and holes, lengthening the charge carrier lifetime in the region
of a bend. The absence of this behavior in the strain-dependent
rate constant may stem from the high density of photo-
generated carriers, which could screen the effects of the strain-
induced potential in a manner analogous to recent measure-
ments made by our group of a P−I−N junction.23 Efforts
directed toward reducing the photoexcited carrier density and
improving spatial resolution (to possibly image charge
separation in a bent NW) are currently underway. In addition
to energetic effects, calculations also show dramatic changes to
the band symmetry occur with increasing strain, resulting in a
loss of the indirect band gap character.6,7,10,30 Because
electron−hole recombination events in indirect semiconductors
(e.g., unstrained Si) typically require the emission of multiple
phonons to span the energy and momentum difference
between conduction and valence band electrons,31 this
rearrangement of the electronic structure may mitigate the
momentum mismatch and accelerate both SRH and radiative
electron−hole recombination.
In summary, we have observed carrier recombination rates in

bent Si NWs that are nearly 6-fold higher than straight Si NWs.
The enhancement is reversible, with bent wires recovering their
unstrained carrier decay kinetics when they are straightened.
The observations are consistent with elastic strain-induced
changes to the intrinsic electronic structure of NWs, whereby a
reduction in the band gap energy and alteration of conduction
and valence band symmetry causes faster free carrier
recombination. These results have important implications for
a broad range of Si-based devices, in which changes to the
fundamental material properties of Si make strain a tool for
achieving novel functionality in electronic and optoelectronic
devices. Although promising, the peripheral effects of strain in
Si, particularly the enhanced carrier recombination rate, may be
problematic to the efficient operation of these devices,
especially optoelectronic devices that rely on long charge
carrier lifetimes, such as nanostructured solar cells. Further
studies of the effects of strain on the carrier dynamics of silicon
(and other material) nanostructures, particularly in architec-
tures amenable to device applications (uniaxial, biaxial strained
NWs), will be important indicators for the development of
strained NW technologies.
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ABSTRACT: Silicon nanowires incorporating p-type/n-type (p-
n) junctions have been introduced as basic building blocks for
future nanoscale electronic components. Controlling charge flow
through these doped nanostructures is central to their function,
yet our understanding of this process is inferred from
measurements that average over entire structures or integrate
over long times. Here, we have used femtosecond pump−probe
microscopy to directly image the dynamics of photogenerated
charge carriers in silicon nanowires encoded with p-n junctions
along the growth axis. Initially, motion is dictated by carrier−
carrier interactions, resulting in diffusive spreading of the neutral electron−hole cloud. Charge separation occurs at longer times
as the carrier distribution reaches the edges of the depletion region, leading to a persistent electron population in the n-type
region. Time-resolved visualization of the carrier dynamics yields clear, direct information on fundamental drift, diffusion, and
recombination processes in these systems, providing a powerful tool for understanding and improving materials for
nanotechnology.

KEYWORDS: Femtosecond microscopy, charge transport, silicon nanowire, ultrafast imaging

A detailed understanding of the factors that govern the
motion of mobile charge carriers through nanostructures

is critical to the rational design of nanoscale devices.1−8

Understanding carrier motion is particularly important for
nanowires (NWs) encoded with p-n junctions, which have been
widely explored for use in photovoltaic devices based on a
range of materials including Si,9−16 InP,17 GaAs,18,19 and
CdS.20,21 Because of the inherently small dimensions, many
nanoelectronic components operate at high carrier concen-
trations resulting from heavy doping or high injection
conditions. In this regime, carrier−carrier interactions and
other many body effects (e.g., dopant/carrier interactions,
electron screening, and electron−hole scattering) must be
considered.22−24 Charge carrier dynamics in nanostructures are
further complicated by unintentional electric fields created
through surface charging25,26 or ionized defects. Under
conditions of high carrier density and short length scales, our
understanding of charge carrier flow through nanostructures
draws heavily on experimental observations coupled with
sophisticated simulations. Most experimental information of
this type is inferred from ultrafast time-resolved measurements
that are spatially averaged over entire structures27−30 or steady-
state observations made on single structures or devices using
functional imaging techniques.31−35 While such methods are
powerful tools for probing nanomaterials and have been applied
with great success, the combination of spatial and temporal
information provided by ultrafast microscopy36−44 enables a
characterization of carrier dynamics in relation to specific

structural features, and it does so using all optical detection
without the need for active electrical connection.
This report describes the use of a femtosecond pump−probe

microscopy technique36−39 to visualize charge carrier motion
across axial p-type/intrinsic/n-type (p-i-n) silicon nanowire
(SiNW) junctions. The microscopy results are combined with
finite element simulations15,45 to yield a detailed picture of the
charge separation process. Our results reveal characteristics of
these junctions that could not be obtained without the
spatiotemporal resolution of the microscope. For instance, we
find that the lifetime of charge carriers depends sensitively on
position in the junction, changing by more than 1 order of
magnitude from the p-type to n-type segments. Significant
variation is also observed across the intrinsic segment with
faster population loss near the boundaries being consistent with
deformation of the built-in electric field predicted by finite
element simulations. The ultrafast microscope used in this work
is capable of exciting a structure in one location and probing it
in another, enabling the direct visualization of the charge carrier
motion. Pump−probe images obtained following excitation in
the middle of the intrinsic segment show that the evolution of
the charge carrier cloud is initially dominated by carrier−carrier
interactions, causing it to spread at early times through
ambipolar diffusion. It is not until 300−400 ps after excitation,
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when the cloud reaches the boundaries of the intrinsic segment
and depletion region, that evidence of charge separation is
observed. The insights gained from visualization of the carrier
dynamics have direct implications for the synthesis, design, and
performance of many nanoscale devices.
Nanowire Junctions. The SiNW structures used in this

study, which were synthesized by the vapor−liquid−solid
(VLS) mechanism, are ∼100 nm in diameter and consist of a
long (>10 μm) p-type region followed by a 2 μm intrinsic
segment and 3 μm n-type region. The p-type and n-type
regions are doped with boron and phosphorus, respectively, at a
nominal doping level of 3 × 1019 cm−3. The location of the p-i-
n junction is determined by its proximity to the ∼100 nm gold
catalyst used for VLS growth, which is easily identified at the tip
of each p-i-n junction (J1, J2, and J3) in the three scanning
electron microscopy (SEM) images in Figure 1a. The intrinsic
layer grown between the p-type and n-type segments increases
the length of the depletion region, giving rise to an internal
electric field that extends across the intrinsic segment. When
the layer is short (<100 nm), this field is nearly constant;45

however, as its length increases, the electric field produced by
the junction becomes more complicated.46 This increased
complexity is illustrated by finite element simulations of a p-i-n
junction with a 2 μm intrinsic segment, which show significant
variation in both the charge density and electric field near the
interfaces. The charge density distribution at the i-n boundary
consists of fixed positive charges in the n-type material that are
partially counter balanced by the accumulation of free electrons
within the intrinsic segment (Figure 1b). At the p-i boundary,

the situation is reversed with the fixed negative charges being
offset by the accumulation of mobile holes. Thus, the p-i-n
junction behaves more like two separate junctions46 (a p-i
junction and an i-n junction) that are close enough that partial
recombination of the mobile electrons and holes is possible but
far enough apart that it is not complete. The close proximity of
the positive and negative charge distributions at the interfaces
gives rise to a spike in the electric field magnitude (107 V/m)
with a smaller (105 V/m) but relatively constant field in the
center of the intrinsic segment (Figure 1c).

Spatially Resolved Population Decay of Photogenerated
Carriers. A free carrier population of ∼105 electron−hole pairs
(5 × 1019 carriers/cm3) is generated in a localized region of the
SiNW by photoexcitation with a 425 nm femtosecond laser
pulse focused to a diffraction-limited spot by a microscope
objective (100×, 0.8 NA). The decay of this photogenerated
population is monitored using a delayed 850 nm probe pulse
that is also focused to a diffraction limited spot by the objective
and spatially overlapped with the pump beam. Pump−probe
measurements are performed by positioning the focal point of
the two beams at a specific location within a single NW
structure using a piezoelectric scanning stage. The pump and
probe pulses have equivalent pulse energies (2.5 pJ at a 1.6
MHz repetition rate); however, the absorption coefficient for Si
at the 850 nm probe wavelength is ∼100 times smaller than at
the 425 nm pump wavelength. Thus, absorption of the probe
beam is negligible compared to the pump, as is customary for
transient absorption measurements. After passing through the
sample, the probe beam is collected and focused onto a

Figure 1. Characteristics of silicon NW p-i-n junctions. (a) The p-i-n axial doping profile (left) compared with corresponding SEM images (right)
for three silicon NW structures denoted J1, J2, and J3. Horizontal dashed lines represent junction positions estimated from growth parameters. (b)
Illustration of charges present within the junction. Mobile holes (circled positive charges) in the p-type region (pink) diffuse into the intrinsic
segment leaving behind fixed negatively charged acceptors. On the other side, mobile electrons (circled negative charges) in the n-type region (blue)
diffuse into the intrinsic segment leaving behind fixed positively charged donors. Incomplete recombination in the intrinsic segment leads to residual
free carriers at the interfaces. (c) Finite element solutions for charge density, ρ, and electric field, E, along the axis of a p-i-n junction. The model
consists a 100 nm cylindrical wire with a 2 μm p-type region, a 2 μm intrinsic region, and a 2 μm n-type region. To simulate the characteristics of the
p-i-n junction, the built-in potential is calculated and applied across contacts placed at either end of the wire. Note the break in the x-axis such that
only ∼150 nm around each interface is displayed.
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balanced photodiode detector. Pump-induced changes in the
probe intensity (ΔI) are then monitored as a function of
pump−probe delay using lock-in detection. The microscope is
capable of measuring the transient response of a single NW
structure with ∼700 nm lateral resolution and a time resolution
of ∼500 fs.38

Pump−probe measurements obtained at the center of the
intrinsic region of a p-i-n SiNW (green curve in Figure 2a)
show an initial photoinduced transparency (i.e., bleach) that
decays during the first 500 ps after photoexcitation, ultimately
becoming a net absorptive signal at long delays. The transient
bleach originates from several potential contributions, including
changes in the NW absorption that arise from state filling by
photoexcited holes in the valence band and electrons in the
conduction band or from changes in the NW scattering cross
section that arise from a transient modulation of the refractive
index due to photoexcited carriers.47 With either mechanism,
the magnitude of the bleach signal reflects the population of
free carriers (electrons and holes). The long-lived absorption is
attributed to absorption by carriers that become trapped at
defect sites in the lattice and to a thermal modulation of
refractive index that results from the ∼10 °C rise in
temperature caused by carrier relaxation.47

Changes in the amplitude of the bleach signal can reflect
several dynamical processes. Transient absorption experiments
performed on undoped Si NWs show an initial increase in the
amplitude of the bleach during the first 500 fs that results from
the relaxation of carriers to the band edge.47 On the picosecond

time scale, the decay of the bleach reflects the decrease in the
free carrier population within the localized probe spot due to
electron−hole recombination and diffusion away from the
point of excitation.38 For indirect band gap semiconductors,
electron−hole recombination occurs through a mixture of trap-
mediated recombination processes, which take place predom-
inately at the surface in nanostructures. At high doping levels or
large photoexcited carrier densities, Auger recombination can
also become a dominant process; however, in order to
minimize its contribution, pump−probe experiments were
performed at excitation intensities in which the time scale for
recombination was independent of the pump pulse energy.
Pump−probe microscopy enables direct observation of the

carrier lifetime as a function of position in the p-i-n junction.
Excitation of the intrinsic and n-type regions exhibit similar
decay kinetics (81 and 97 ps, respectively) but differ from the
transient response in the p-type region, which occurs much
more rapidly (13 ps). The faster decay in this region suggests a
characteristically higher surface recombination velocity for the
p-type region of the SiNWs. This observation is consistent with
passivation of the NW surface by a native oxide layer, which is
known to serve as better surface passivation for n-type Si than
p-type Si.48 While kinetic measurements at discrete spatial
locations can be used to quantify decay rates, spatial variation in
the lifetime of the free carrier population is more easily
visualized by scanning the pulse pair over the structure at a
series of fixed pump−probe delay times to generate time-
resolved images. Pump−probe images for several time delays

Figure 2. Time-resolved measurements with spatially overlapped pump−probe microscopy. (a) Normalized decay kinetics in a p-i-n NW (J1)
following localized photoexcitation within the n-type region (blue curve), the intrinsic region (green curve), and the p-type region (red). The exact
locations of photoexcitation are indicated with colored circles on the SEM image in panel c. All three decays were fit (solid traces) to a sum of two
exponentials with a negative offset, ΔI(t) = A1e

−t/τ1 + A2e
−t/τ2 − y0, in which the average lifetime was determined by (1/τ)Avg = [(A1/τ1) + (A2/τ2)]/

(A1 + A2). (b,c) Spatially resolved transient absorption images collected at various pump−probe delays for p-i-n silicon NW junctions, J2 and J1,
respectively. Doping profile schematics and corresponding SEM images are shown to the left of the pump−probe images. The same scale is used for
SEM and pump−probe images and scale bars are 1 μm. Dotted lines represent the approximate locations of the junction interfaces, and outlines
from the SEM images are superimposed on each pump−probe image to represent approximate location of the wire. Each pump−probe image is
depicted using a normalized color scale with the relative amplitudes indicated by the scaling factors at the bottom right of each image.
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are shown for two p-i-n junctions, J2 and J1, in Figure 2b and
2c, respectively. At early times (0 ps), a positive going (bleach)
signal is observed throughout the entire structure. As the
pump−probe delay increases, a complex spatial variation in the
transient signal emerges in which three distinct regions that
coincide with the p-type, intrinsic, and n-type segments of the
junction are evident. Within the p-type and n-type regions there
is nearly uniform behavior49 with the rapid loss of the bleach
signal in the p-type region and the slower loss in the n-type
segment being consistent with the pump−probe transients
collected at single points (Figure 2a). On the other hand, the
intrinsic segment shows distinctly different behavior in the
center compared to the two ends with regions near the i-n and
p-i boundaries decaying faster. While the faster decay observed
at the p-i boundary is likely influenced by the rapid loss of the
bleach in the p-type region itself, the i-n interface is surrounded
by longer lived bleach signals, suggesting that the rapid decay is
a consequence of the boundary. This spatial variation in the
dynamics may be an indicator of the intense electric field at the
interfaces predicted by the finite element simulations (Figure
1c). The electric field could induce charge separation or
enhance free carrier tunneling into trap sites,50,51 and both
processes would appear as a rapid decay of the signal in this
region. The results clearly demonstrate that pump−probe
microscopy provides far more specific details on the spatial
variation of carrier dynamics than can be measured by
established methods such as scanning photocurrent micros-
copy.31−34

Imaging Charge Carrier Motion. The spatial evolution of
the charge carrier cloud along the NW axis is mapped with a
spatially separated imaging mode that uses two separate
positioning mechanisms for the pump and probe beams. The
pump spot is positioned over a particular point in the structure
through adjustment of the x−y sample stage. Independent
placement of the probe beam is accomplished by directing it
through a pair of scanning mirrors that vary the angle of the
probe beam relative to the fixed pump beam, enabling the
position of the focused probe spot to be displaced from the
pump by a distance of up to 20 μm.
Spatially separated pump−probe (SSPP) images collected

with the pump focused on the center of the intrinsic segments
in wires J1 and J3 are shown in Figure 3 for several pump−
probe delay times. The image at 0 ps reflects the size of the
charge carrier cloud produced by the pump pulse. Initially, this
cloud spreads symmetrically in both directions along the wire,
reaching the boundaries of the intrinsic segment within 300−
400 ps after excitation. As the charge cloud approaches the
edges of the intrinsic segment, its evolution becomes
asymmetric, and over the next 200 ps a bleach appears in the
n-type region that then persists well beyond 1 ns. In the case of
J3, free carriers are discernible in the n-type region even at 12.5
ns after excitation. This result is qualitatively different than
observations in intrinsic NWs in which the free carrier
population disappears within 600−700 ps due to electron−
hole recombination.38 The persistent signal observed in the n-
type region is indicative of the formation of a long-lived charge
separated state. The absence of a signal from the holes in the p-
type region could be an indication that transient absorption
signal arises primarily from the electrons or that the hole
population is distributed over a large region of the p-type
segment and is simply not detected in this experiment.
The simplest picture of charge carrier motion in a p-n

junction would show electrons and holes drifting in opposite

directions with independent, uncorrelated motion as a result of
the built-in electric field. Unless the electrons and holes
contribute equally to the transient signal, field-driven motion
should result in an asymmetric evolution of the photoinduced
transparency in the SSPP images. Furthermore, finite element
simulations discussed below indicate that when the carrier
motion is dictated by the field, the charge cloud should spread
rapidly, reaching the boundaries of the intrinsic segment within
20−30 ps. Although the symmetric evolution observed in the
SSPP images cannot rule out field-driven motion (the electrons
and holes could contribute equally to the transient signal), the

Figure 3. Time-resolved measurements with spatially separated
pump−probe microscopy. (a,b) Evolution of photoexcited charge
carrier cloud after excitation in the center of the intrinsic region of
SiNW p-i-n junctions J1 (panel a) and J3 (panel b). (Top) SEM
images of each wire with 1 μm scale bars. The location of the
excitation spot is depicted by the red circle. (Bottom) Series of SSPP
images acquired at the pump−probe delay times denoted in lower left
of each image. Location of the NW is depicted by black outlines. Each
image is displayed using a normalized color scale with the relative
amplitudes indicated by the scaling factors at the lower right of each
image. Vertical dashed lines mark the positions of dopant transitions in
each NW. Animations of the SSPP images for each of the junctions are
provided as Supporting Information.
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time scale for spreading across the intrinsic segment is much
longer (300−400 ps) than that predicted for field-driven
motion. Instead, the spatial evolution observed in the SSPP
images closely resembles carrier diffusion,38 suggesting that the
electric field in the middle of the junction is too weak to
influence carrier motion at early times. This result is most likely
a consequence of a strong electrostatic attraction between the
photogenerated charge carriers that opposes separation of the
positive (hole) and negative (electron) charge clouds. At low
carrier densities, these interactions are negligible and motion is
largely governed by the built-in field of the p-n junction.
However, at higher carrier concentrations carrier interactions
begin to dominate and screen the effects of the built-in electric
field. It is because of these carrier−carrier interactions that the
neutral electron−hole cloud persists and (ambipolar) diffusion
is initially observed. At later times, once the cloud has reached
the edges of the intrinsic segment, the built-in field of the
junction begins to affect the dynamics, ultimately leading to
formation of a long-lived charge-separated state.
Computational Simulations of Charge Carrier Motion

at Low and High Injection. The role of carrier−carrier
interactions in the motion of the charge carriers is illustrated by
a simple time-propagated finite element simulation. The model
consists of an intrinsic SiNW 100 nm in diameter and 10 μm in
length with an applied electric field along the NW axis to
represent the built-in field of an axial p-i-n junction (Figure 4a).
A localized Gaussian distribution (600 nm fwhm) of carriers
(electrons and holes) is generated at the center of the wire with
a temporal growth profile that corresponds to excitation by an
ultrafast laser pulse (500 fs fwhm). The spatial distributions for
both the electron and hole populations evolve in time and are
subjected to drift and diffusion with differences in electron and
hole mobilities taken into account, as well as electron−hole
recombination by Auger, surface, and Shockley−Read−Hall
mechanisms as described previously.45 While the simulations
do not account for ballistic motion of the carriers, it is unlikely
that ballistic transport is an important factor in these
experiments. Pump−probe measurements show that relaxation
of the charge carriers to the band edge occurs in less than a
picosecond,47 suggesting that charge carrier scattering, and the
transition from ballistic to diffusive behavior, occurs on time
scales much shorter than those monitored here.
The charge carrier distribution exhibits qualitatively different

behavior depending upon the initial density of photoinjected
carriers. At the lowest injection level (∼1015 cm−3), the
electrons and holes are easily separated by the applied field (106

V/m) and move rapidly in opposite directions, traversing the
first 2 μm in ∼30−50 ps (Figure 4b). The electron and hole
populations move with different speeds due to the difference in
electron and hole mobilities. The separation of the electron and
hole distributions occurs faster than electron−hole recombina-
tion; as a result, almost all (97%) of the carriers are extracted by
the electrodes. As the carrier density increases to 1016 cm−3,
interactions between electrons and holes become increasingly
important (Figure 4c). At this injection level, charge separation
is observed at the edges of the distribution where the carrier
density is lower and the field is able to strip the electrons from
the right-hand side of the distribution and holes from the left-
hand side, accelerating the carriers toward the more positive
and negative electrodes, respectively. In the center of the
distribution, where the carrier density is higher, charge
separation is suppressed by strong electron−hole electrostatic
attraction. The quasi-neutral charge cloud formed by the

overlapping electron and hole populations (indicated by purple
shading) spreads through ambipolar diffusion while simulta-
neously decaying in amplitude due to electron−hole recombi-
nation. Because electron−hole recombination competes with
charge separation, only 70% of the carriers are extracted
through the electrodes. At the highest densities simulated (1017

cm−3), charge separation occurs only in the wings of the
distribution (Figure 4d), and as a result, only 40% of the
carriers are collected by the electrodes. The quasi-neutral
charge cloud that remains exhibits a net flow toward the
positive electrode as it broadens and decays in amplitude. This
directional motion is a consequence of the applied electric field
and mobility difference between electrons and holes. The
carrier−carrier interactions cause the less mobile carriers
(holes) to be dragged along with the higher mobility carriers
(electrons). While the carriers move quickly at low carrier

Figure 4. Finite element simulation of charge carrier evolution
through a NW under applied bias. (a) Diagram of the intrinsic NW
finite element simulation. Metal contacts are placed at the ends of a 10
μm long NW with 100 nm diameter. A bias is applied across the wire
to induce an electric field with a magnitude of 106 V/m. A Gaussian
distribution of carriers is generated at the center of the NW
(corresponding to an axial position of 0 μm). (b−d) Charge carrier
evolution along the wire axis under (b) low injection (∼1015 cm−3

electrons and holes), (c) intermediate injection (∼1016 cm−3), and (d)
high injection (∼1017 cm−3). Hole distributions are shaded in red and
electron distributions in blue with shading getting lighter at longer
times. Areas where the distributions overlap appear purple.
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density, the time scale associated with the evolution of the
quasi-neutral charge cloud observed at high density is
significantly slower, occurring over hundreds of picoseconds.
This time scale is similar to that observed in the evolution of
the SSPP images, implying the spatial evolution observed in the
SSPP images corresponds largely to evolution of the quasi-
neutral charge cloud.
Although the simulations confirm that charge carrier

evolution within the p-i-n junctions is largely governed by
carrier−carrier interactions, they also indicate that the junction
can separate electrons and holes only when the carrier density
drops below 1016−1017 cm−3. This regime is ∼2−3 orders of
magnitude lower than the injection level estimated for the SSPP
experiment.
Simulation of SSPP Images. While the model depicted in

Figure 4 is valuable for illustrating the dependence of the carrier
motion on photogenerated carrier density, it does not account
for the spatial variation in the electron−hole recombination

(Figure 2). In addition, the photogenerated carrier density in
the simulation is significantly smaller than the density created
experimentally by the pump pulse, preventing a direct
comparison between the simulations and the transient
absorption images.
The model illustrated in Figure 5a expands upon the

previous simulation by including a surface recombination rate
that varies along the length of the NW. In order to account for
the faster electron−hole recombination observed in the p-type
segment, the surface recombination velocity for the left-most 4
μm of the NW is 10 times greater (S = 105 cm/s) than the rest
of the wire (S = 104 cm/s). Furthermore, the initial peak carrier
density is set to 3 × 1019 cm−3, which is comparable to the
photogenerated carrier density in the SSPP experiment but is
about 500 times greater than highest carrier density depicted in
Figure 4. As a result of the strong carrier−carrier interactions,
the charge cloud spreads as a quasi-neutral packet, exhibiting a
net flow toward the positive electrode (Figure 5b). While this

Figure 5. Finite element simulation of the spatially separated pump−probe images. (a) Illustration of the finite element simulation model, which
consists of a cylindrical intrinsic NW. Metal contacts with applied bias provide the internal electric field. The surface recombination velocity (S)
varies along the length of the NW to mimic the spatial variation in the recombination time and enhanced recombination in the p-type region. A
Gaussian distribution of carriers (3 × 1019 cm−3) is generated at the center of the NW at an axial position of 0 μm. (b) Charge carrier evolution along
the wire axis. Hole distributions are shaded in red and electron distributions in blue with lighter shading at longer times. Areas where the
distributions overlap appear purple. Inset shows the 200 ps time slice with an expanded vertical scale to show the charge separation that occurs in the
wings of the distribution. Lower panel shows time slice at 800 ps. (c) Construction of simulated image. Upper image depicts the bleach contribution
arising from the free carrier (electron and hole) population. Middle image depicts the absorptive contribution (negative signal). Lower image is the
simulated SSPP image that is obtained by summing the bleach and absorptive contributions. (d) Simulated SSPP images at a series of pump−probe
delays. Each image is displayed using a normalized color scale with the relative amplitudes indicated by the scaling factors at the lower left of each
image.
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net shift arises in part from the difference in carrier mobilities,
the faster surface recombination in the left-most section of the
wire also contributes to the asymmetry of the carrier packet
evolution. Charge separation is also observed but only in the
wings of the distribution where the carrier density is low
enough that the electric field can overcome the carrier−carrier
interactions (Figure 5b, insets). Approximately 1% of the
electrons and holes are separated in this manner with the
remaining carriers recombining within the first nanosecond
after excitation.
To facilitate direct comparison of the experiment and

computational model, simulated SSPP images are constructed
as illustrated in Figure 5c for the 800 ps time frame. The bleach
signal (red) resulting from free carriers is obtained by

convolving the density profile obtained from the simulations
with a Gaussian (650 nm fwhm) transverse to the NW axis.
The long-lived absorptive signal (blue) is represented in an ad-
hoc fashion by a fixed, two-dimensional Gaussian with an
amplitude and width determined from SSPP images at long
times. The full simulated image is formed from a linear addition
of these two contributions. The simulated images (Figure 5d)
show a strong resemblance to the SSPP images, reproducing
both the time scale and asymmetry of the evolution. Because
the separated charges are extracted by the electrodes, the
positive-going amplitude depicted in the simulated images
represents a quasi-neutral charge cloud consisting of both
electrons and holes with nearly equal carrier densities. The
similarity between the simulated images and the SSPP images

Figure 6. Mechanism for charge separation in a p-i-n NW junction under high photogenerated carrier densities. (i) Carriers are generated at the
center of the intrinsic region by an ultrafast laser pulse focused to a diffraction-limited spot. Photoexcited carriers are depicted as solid circles (blue
for electrons and light orange for holes). Because of the high photoexcited charge carrier density, carrier−carrier interactions dominate, screening the
influence of the electric field that results from the presence of fixed negative charges in the p-type region (pink) and fixed positive charges in the n-
type region (blue), as well as mobile carriers that accumulate near the boundaries. (ii) Carrier density is reduced by electron−hole recombination as
the photogenerated carrier cloud spreads across the intrinsic region. (iii) Further reduction in the photogenerated carrier density occurs as the
photogenerated holes reach the n-type boundary and recombine with free electrons (open blue circles). On the opposite side, photogenerated
electrons recombine with free holes (open light pink circles) from the p-type region. (iv) Rapid surface recombination in p-type with slower
recombination in n-type regions. (v) The reduced carrier density and large field at the boundary leads to the formation of a long-lived charge-
separated state.
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suggests that much of the asymmetric evolution observed in the
pump−probe images arises from a combination of two factors:
(i) differences in the electron and hole mobilities, which causes
the quasi-neutral charge cloud to drift toward the positive
electrode, and (ii) faster electron−hole recombination in the p-
type segment compared to the intrinsic and n-type regions.
Although the simulations are intended to mimic the p-i-n

junctions, there is a notable difference between the model and
the experimental measurements. The SSPP experiments are
performed on isolated wires under open-circuit conditions
whereas the simulations model the junction as a wire connected
to an external circuit, which is needed to mimic the built-in
electric field. A long-lived charge-separated state can be
produced in the experiment but would not be expected in
the simulations because separated charges are extracted by the
electrodes. Thus, the simulations recover many of the
qualitative features of the SSPP images but do not reproduce
the long-lived signals that are observed on the nanosecond time
scale (e.g., 12.5 ns frame in Figure 3b) and are attributed to
charge separation.
This analysis leads to the description of carrier migration and

separation illustrated in Figure 6. Photoexcitation produces a
neutral electron−hole cloud consisting of free electrons and
holes in the middle of the intrinsic segment (Figure 6i).
Because of the high photogenerated carrier density, carrier−
carrier interactions result in a significant energy penalty for
charge separation, and as a consequence the neutral distribution
spreads across the intrinsic segment with little influence from
the built-in electric field (Figure 6ii). As it spreads, electron−
hole recombination reduces the carrier density by a factor 10−
20. Once the charge cloud reaches the depletion region
boundaries (200−400 ps), photogenerated carriers near the n-
type region encounter the free electrons that have accumulated
near the i-n boundary, resulting in enhanced recombination,
with a similar process occurring at the p-i boundary.
Recombination may also be assisted by the larger field50,51

predicted to be at the boundary by the finite element
simulations (Figure 6iii). Together, these processes further
decrease the overall carrier density, and the reduced carrier
density, combined with the larger field, facilitates charge
separation. At 400−500 ps after photoexcitation, the edge of
the charge cloud that is enriched with electrons (holes) passes
into the n-type (p-type) region through a combination of both
diffusion and field-induced drift (Figure 6iv). As the cloud
enters the p-type region, rapid electron−hole surface
recombination occurs, leaving behind the excess holes. The
analogous process occurs in the n-type region but on a longer
time scale. By 500−1000 ps only the excess electrons and holes
remain, giving rise to the long-lived charge-separated state that
is observed experimentally (Figure 6v).
Visualization of charge carrier motion with ultrafast

microscopy provides a window through which the physical
factors that influence carriers as they navigate through
individual nanostructures can be viewed. The combined spatial
and temporal resolution of pump−probe microscopy makes it
well-suited to capture the complexities of the charge carrier
behavior. A detailed understanding of how charges move
through individual nanostructures will only become increas-
ingly important as materials with greater complexity are
targeted for sophisticated nanoscale electronic and optoelec-
tronic applications.
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Direct Imaging of Free Carrier and Trap Carrier Motion in Silicon
Nanowires by Spatially-Separated Femtosecond Pump−Probe
Microscopy
Michelle M. Gabriel, Justin R. Kirschbrown, Joseph D. Christesen, Christopher W. Pinion, David F. Zigler,
Erik M. Grumstrup, Brian P. Mehl, Emma E. M. Cating, James F. Cahoon,* and John M. Papanikolas*

Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3290, United States

ABSTRACT: We have developed a pump−probe microscope capable of exciting
a single semiconductor nanostructure in one location and probing it in another
with both high spatial and temporal resolution. Experiments performed on Si
nanowires enable a direct visualization of the charge cloud produced by
photoexcitation at a localized spot as it spreads along the nanowire axis. The
time-resolved images show clear evidence of rapid diffusional spreading and
recombination of the free carriers, which is consistent with ambipolar diffusion and
a surface recombination velocity of ∼104 cm/s. The free carrier dynamics are
followed by trap carrier migration on slower time scales.

KEYWORDS: Ultrafast microscopy, silicon nanowire, carrier diffusion, pump−probe spectroscopy

The motion of charge carriers through nanoscale structures
is of central importance to many emerging technologies in

nanoscale electronics, optoelectronics, and solar energy
conversion.1−4 The interaction of charge carriers with the
surfaces, localized defects, and electrical contacts in nano-
structured devices can have a profound influence on the
migration of electrons and holes through a semiconductor
structure. These effects have generally been inferred through
optical and electrical measurements that average over an entire
structure, or an ensemble of structures, and do not directly
measure the local carrier motion. To acquire this information,
methods with submicrometer spatial resolution and picosecond
temporal resolution are needed. The pursuit of such methods is
not new, and time-resolved optical microscopies have been
applied to a broad range of problems.5−18 The most common
approaches are emission-based but are limited to the
picosecond time range and require fluorescent samples.
Pump−probe methods provide access to faster time scales
but are more difficult to implement. Nevertheless, several
recent reports from our group,5,6 and others,10−18 describe their
extension to microscopy, particularly in far-field configurations.
Here, direct imaging of carrier motion in Si nanowires is

accomplished using a pump−probe microscope that can excite
a structure in one location and monitor the arrival of
photoexcited carriers in another. Similar examples19−22 have
appeared in the literature. In this work, we present results with
diffraction-limited pump−probe beams that provide a high
(submicrometer) lateral resolution. This unique configuration
permits the collection of spatially separated pump−probe
(SSPP) images, allowing direct visualization of the carrier
population over time. This capability permits us to distinguish
between rapid free carrier motion and the slower migration of
trapped carriers, as discussed below.

Intrinsic Si nanowires (i-Si) were grown by a vapor−liquid−
solid (VLS) mechanism23 using a home-built, hot-wall chemical
vapor deposition (CVD) system.3 For a typical growth run, Au
nanoparticles with diameters of ∼250 nm were dispersed on Si
(100) wafers coated with 600 nm thermal oxide, and these
wafers were inserted into the center of a quartz-tube furnace.
Nanowires were grown with a total reactor pressure of 40 Torr
using a gas flow of 2.00 standard cubic centimeters per minute
(sccm) silane and 200 sccm hydrogen as carrier gas. The
reactor was held at 600 °C for 2 min to nucleate wire growth
and then cooled (10 °C/min) to 450 °C for continued wire
growth over two hours. For n-type Si nanowires (n-Si), an
additional flow of 10.00 sccm phosphine (1000 ppm in
hydrogen) was used to provide a source of phosphorus dopant
at a relative concentration of ∼200:1 Si:P. After completion of
wire growth, nanowires were thermally oxidized at 1000 °C for
60 s in 100 Torr flowing oxygen to form a 5−10 nm-thick
thermal oxide. Nanowires were then mechanically transferred
onto quartz substrates for microscopy imaging.
The transient absorption microscope is illustrated in Figure

1. The 850 nm output of a mode-locked Ti:Sapphire oscillator
is split by a 10/90 beam splitter. The higher power beam is
frequency doubled to 425 nm and used as the pump, while the
other is used as the probe. Two synchronized acousto-optic
modulator (AOM) pulse pickers reduce the repetition rates of
the pump and probe beams to 1.6 MHz, thus ensuring
complete relaxation before the next pump−probe pulse pair
arrives at the sample. A motorized linear stage controls the time
delay between excitation and probe pulses. Both the pump and
probe beams are attenuated to 20 pJ per pulse, recombined
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using a dichroic beam splitter, and then directed onto the back
aperture of a 50× (0.8 NA) objective that focuses them to
diffraction limited spots within a single structure. Diffraction
limited spatial resolution in our instrument has been confirmed
in two-photon emission images.5 Images of the UNC logo
defined in Au on a quartz substrate (Figure 1C) obtained using
the pump and probe beams (Figure 1D) are consistent with
diffraction-limited focusing of the two spots, with the pump
spot being smaller than the probe. The probe beam is collected
by a condenser lens, filtered to remove residual pump light, and
directed onto a balanced photodiode. The pump beam is
modulated at 10 kHz using the AOM, and pump-induced
changes in the intensity of the probe pulse are monitored by a
digital lock-in amplifier, producing the measured change in
intensity, ΔI, plotted in the figures discussed below. The time-
resolution of the instrument is ∼500 fs.5,6

Initial experiments were performed by measuring kinetics
from spatially overlapped pump and probe beams positioned
3−5 μm from the end of three nanowire samples (Figure 2).
We estimate that photoexcitation by the pump pulse produced
∼1019−1020 carriers/cm3 assuming an absorption efficiency of
10−100% at the excitation wavelength of 425 nm.1,2 Pump−
probe transient signals are shown for two i-Si wires, NW1 and

NW2, and an n-Si wire, NW3, with diameters of 160, 210, and
330 nm, respectively. Exact locations of excitation are indicated
on the respective SEM images in Figure 2. The two i-Si NW
transient signals exhibit an intense positive going (bleach)
feature that becomes weakly negative (absorptive) at several
hundred ps before returning to zero signal. These transient
signals are similar to pump−probe measurements performed on
ensembles of Si nanowires.24 The signals include contributions
from the free carrier (electron and hole) and trap carrier
populations and can arise from changes in absorptivity and/or
reflectivity upon photoexcitation as well as carrier lensing
effects due to the spatially localized excitation.5,6

All three transient signals can be well fit to a superposition of
a positive going signal that decays with biexponential kinetics
(τ1, τ2), and a smaller negative going signal with a much slower
decay time, τ3 (see Table 1).25 The two i-Si wires exhibit
different decay kinetics, with NW1 showing a faster initial decay
(τavg = 67 ps) than NW2 (τavg = 112 ps), but with a slower
recovery time back to zero signal, τ3 = 2300 ps (NW1) versus
551 ps (NW2). We attribute the initial decay to free carrier
recombination and diffusion and the slower, negative amplitude
component to trapped carrier recombination. For semi-
conductor nanowires, surface recombination is often the
predominant recombination mechanism, and the surface
recombination velocity, S, can be calculated from the carrier
lifetime, τ, as S = d/4τ, where d is the nanowire diameter.3,4,26,27

The values derived from this analysis using the measured τavg
are 6.0 × 104 cm/s and 4.7 × 104 cm/s for NW1 and NW2,
respectively. These values are upper limits to the actual surface
recombination velocities because Auger recombination and
carrier diffusion (discussed below) also contribute to the decay.
Nevertheless, the similarity between the S values for these two
wires suggests that the initial decay is dominated by a surface
recombination mechanism.
The n-Si wire (NW3) shows a much faster initial decay (τavg

= 11 ps) and recovers with τ3 = 1146 ps. The origin of the
much faster decay in the n-Si wire is possibly a result of

Figure 1. Overview of the experimental system. (A) Illustration of the
spatially separated pump−probe (SSPP) microscope. An x−y scanning
stage positions the structure under the 425 nm pump spot; the 850 nm
probe spot is positioned relative to the pump with a scanning mirror
assembly. (B) Schematic illustration of spatially separated scanning.
(C) SEM image of the UNC logo defined in Au by electron-beam
lithography; scale bar, 2 μm. (D) Left, optical transmission images
obtained with the pump (I) and probe (II) beams scanned over a
lower-center portion of the Au structure, as denoted by the inset box
in panel C, that contains an ∼400 nm gap; scale bars, 1 μm. Red
indicates maximum transmission and blue minimum transmission.
Right, comparison of transmission images acquired by raster-scanning
the probe beam over the entire Au structure shown in panel C using
either the x−y stage (III) or the mirror assembly (IV); scale bars, 4
μm.

Figure 2. Normalized pump−probe microscopy decay kinetics
following photoexcitation of a localized region in three different Si
nanowires; NW1 (red) and NW2 (green) are intrinsic, and NW3
(blue) is n-type. All three were fit to a triexponential decay (solid lines,
see Table 1 for fitting parameters). Inset: SEM images of the three
wires showing the location of pump excitation as a red circle; scale
bars, 2 μm.
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increased Auger recombination due to the high electron
majority-carrier concentration. A second possibility is the
presence of an amorphous Si shell surrounding the crystalline
core, as suggested by the rougher surface and larger diameter
observed in the SEM image. Regardless of the exact origin, the
electron−hole recombination rate in this n-Si wire is
substantially greater than the i-Si wires.
To characterize the diffusion process in the Si nanowires, we

have directly imaged charge carrier motion using SSPP
microscopy, in which the structure is excited in one location
and probed in another. This experiment is accomplished by
incorporating two separate positioning mechanisms for the
pump and probe beams. The pump spot is positioned over a
particular point in the structure through adjustment of the x−y
sample stage. Independent placement of the probe beam is
accomplished by directing it through a pair of mirrors with
computer-controlled actuators, which vary the angle of the
probe beam relative to the fixed pump beam (Figure 1A). The
use of two (master/slave) mirrors allows adjustment of this
angle while keeping the beam centered on the objective
aperture. By scanning this angle, the position of the focused
probe spot can be displaced from the pump by a distance (Δpp)
of 10−20 μm while still remaining within the objective’s field of
view. Figure 1D compares transmission images taken using the
scanning mirror assembly and the scanning stage. Both
transmission images reproduce not only the general shape,
but also the finer details of the structure, and the similarity of

these two images to the SEM image demonstrates the
distortion-free imaging capability of this scanning mechanism.
The SSPP microscope can be operated in two different

modes. In one operational mode, the delay time between the
pump and probe beams is held fixed, and the spatial
displacement of the pump and probe is scanned, resulting in
an image of the spatial variation in the transient absorption
signal at a particular time after photoexcitation. SSPP images
are shown for three different nanowires (NW1, NW2, and
NW3) in Figure 3. At early pump−probe delays (near Δt = 0
ps), the images show an intense positive (red) transient
absorption feature, with a spatial extent commensurate with the
size of the pump spot. For the i-Si wires (NW1 and NW2), this
spot spreads rapidly along the long axis of the nanowire,
growing 4−5 μm in length during the first 300−500 ps. At the
pump−probe delay time in which the transient signal crosses
zero (refer to Figure 2), a trough appears at the location of the
excitation spot that eventually becomes a net negative signal.
The final images show the positive features disappearing
altogether, leaving behind a negative (blue) region that
broadens on a slow time scale. We attribute the rapid evolution
of the intense positive signal to the diffusion of free carriers
(electrons and holes) out of the excitation volume and the
negative signal at long times to trap carrier motion. Rapid
electron−hole recombination in the n-Si wire (NW3), on the
other hand, limits the extent of spatial diffusion, and the initial
feature shows no substantial broadening.

Table 1. Parameters Used To Fit Kinetics Derived from Pump−Probe Microscopy to a Sum of Three Exponentials,
ΔI(t) = A1e

−t/τ1 + A2e
−t/τ2 + A3e

−t/τ3

τ1 (A1) τ2 (A2) τ3 (A3) τavg
a

NW1 29.8 ps (0.34) 144 ps (0.78) 2300 ps (−0.12) 67 ps
NW2 46.8 ps (0.34) 248 ps (0.87) 551 ps (−0.23) 112 ps
NW3 1.75 ps (0.06) 15 ps (1.01) 1146 ps (−0.07) 11 ps

aAverage decay time for the two fast components, i.e., (1/τAvg) = [(A1/τ1) + (A2/τ2)]/(A1 + A2).

Figure 3. Time-resolved SSPP microscopy images. (A) NW1, (B) NW2, and (C) NW3. Left, SEM images of 5 μm sections of each wire centered
around the pump laser excitation spot; (image sizes, 2 μm × 5 μm; scale bars, 1 μm). The location of the excitation spot is depicted by the red circle.
For each sample, the tip of the wire lies beyond the top of the image. Right, series of SSPP images acquired at the pump−probe delay times denoted
above each image. Location of the nanowire is depicted by the faint lines. Each image is 2 μm × 5 μm and is depicted using a normalized color scale
with the relative amplitudes indicated by the scaling factors in the bottom-right corner of each image.
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The second operational mode of the SSPP microscope fixes
the displacement between the pump and probe laser spots and
scans the delay time between them. Figure 4 shows decay traces
for five different separations, Δpp, along the NW2 nanowire
axis. When the pump and probe are spatially coincident (Δpp =
0), the maximum signal intensity is observed at Δt = 0 ps. A
delayed rise in the signal is observed when the probe pulse is
positioned away from the excitation spot (Δpp > 0), reflecting
the time needed for carriers to migrate from the pump region
to the probe region. There is also an overall decrease in the
intensity of the signal as the pump−probe separation is
increased. At Δpp = 2.32 μm, the overall intensity of the signal
makes it difficult to discern the arrival of carriers when depicted
on an absolute scale (Figure 4); however, when the transients
are displayed normalized to their respective maxima (Figure
5A), it is clear that free carriers are migrating as far as 2.7 μm
from the excitation region. These time-resolved data indicate
that the spatially coincident pump−probe transient signals
shown in Figure 2 are influenced by the diffusional motion of
charge carriers away from the excitation region. In principal, the
summation of transient signals obtained at different pump−
probe separations (shown as the curve ∑ in Figure 4) should
reflect the total free carrier population and remove effects from
diffusional motion. This curve is well fit to a superposition of
decays with positive and negative amplitudes; however, unlike
the Δpp = 0 μm signal, the decay of the positive signal in the
superposition is reproduced by a single exponential with time
constant of τ = 380 ps, providing a more accurate measure of
the free carrier lifetime. This value for τ gives a revised surface

recombination velocity for NW2 of 1.4 × 104 cm/s, which is
comparable to the value, S = 7 × 103 cm/s, determined for
wires grown under similar growth conditions.3

To quantitatively interpret the charge carrier motion
observed with SSPP microscopy, we have developed a simple
model that includes ambipolar diffusion of the free carrier
population, a recombination process with a single first-order
rate constant (1/τ), and Gaussian profiles that represent the
pump and probe laser beams centered at x = 0 and x = Δpp,
respectively. In this model, the number of carriers interacting
with the displaced probe beam can be written as:

∫ ηΔ = − Δ
−∞

∞
N t I x x t x( , ) ( ) ( , )dpp pp (1)

where I(x − Δpp) is a normalized Gaussian centered at x = Δpp
that describes the intensity profile of the probe beam, and
η(x,t) is the carrier distribution created by the pump pulse. At t
= 0 this distribution will mirror the intensity profile of the
pump beam and spread with increasing time. It can be written
as:

∫η = ′ − ′ ′
−∞

∞
x t I x p x x t x( , ) ( ) ( , )d

(2)

where I(x) is the optical intensity profile of the focused pump
laser beam used in the experiment (represented by a
normalized Gaussian) and p(ξ,t) describes the diffusional
spreading of N carriers from an initial point located at ξ = 0,
i.e.:
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Figure 4. Spatially separated pump−probe (SSPP) transient signals.
(A) SSPP image obtained at Δt = 0 overlaid with the spatial locations,
a−e, of the displaced probe beam, which correspond to separations of
Δpp = 0, 1.02, 1.45, 1.83, and 2.32 μm, respectively; scale bar, 1 μm.
(B) Transient signals obtained from NW2 by fixing the spatial
separation, Δpp, between the pump and probe spots and scanning the
pump−probe delay. The curves labeled a−e correspond to the
positions indicated in panel A. Also shown is the transient signal,
labeled ∑, obtained by summation of the individual SSPP signals.
Individual data points are denoted by open yellow circles, and the solid
line is a fit to ΔI(t) = A1e

−t/τ1 + A2e
−t/τ2 with τ1 = 380 ps (A1 = 3.21)

and τ2 = 900 ps (A2 = −1.02).

Figure 5. Experimental and simulated transient signals. (A)
Normalized SSPP transient signals obtained from NW2. The curves
labeled a−f correspond to separations Δpp = 0, 1.02, 1.45, 1.83, 2.32,
and 2.76 μm, respectively. (B) Analogous set of SSPP curves predicted
by eq 1 using D = 18 cm2/s and τ = 380 ps. The pump and probe laser
profiles have full width at half maximum values of 350 and 700 nm,
respectively, and are included in the simulation curves.
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In this expression τ is the free carrier lifetime and D is the
ambipolar diffusion constant.28

Figure 5 compares this diffusional model (eq 1) with the
experimentally observed SSPP transient signals from NW2. The
experimental data shows a steady increase in the spreading of
the carrier cloud, reaching several micrometers in a few
hundred picoseconds. The calculated curves (Figure 5B) were
obtained using the ambipolar diffusion constant for bulk Si (D
∼ 18 cm2/s) and a carrier lifetime τ = 380 ps. The calculated
curves qualitatively resemble those observed in the SSPP
experiment, indicating that diffusional processes in Si nanowires
grown by a VLS mechanism are remarkably similar to those in
single-crystalline bulk Si materials. There are differences,
however, particularly at smaller pump−probe displacements
and shorter time delays. In this regime, the model predicts a
greater extent of diffusion than observed experimentally, a
difference which could be the result of changes in the diffusion
constant because of carrier scattering within the nanowires. The
exact reasons are currently under investigation.
We have developed a pump−probe microscope capable of

photoexciting a single nanostructure in one location and
probing it in another. Experiments performed on Si nanowires
enable a direct visualization of the charge cloud produced by
photoexcitation of a localized spot and spreading of this cloud
along the nanowire axis. The time-resolved images show clear
evidence of rapid diffusion and recombination of the free
carriers followed by trap carrier migration on slower time scales.
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ABSTRACT: Ultrafast charge carrier dynamics in silicon nanowires (NWs) grown
by a vapor−liquid−solid mechanism were interrogated with optical pump−probe
microscopy. The high time and spatial resolutions achieved by the experiments
provide insight into the charge carrier dynamics of single nanostructures. Individual
NWs were excited by a femtosecond pump pulse focused to a diffraction-limited
spot, producing photogenerated carriers (electrons and holes) in a localized region
of the structure. Photoexcited carriers undergo both electron−hole recombination
and diffusional migration away from the excitation spot on similar time scales. The
evolution of the carrier population is monitored by a delayed probe pulse that is
also focused to a diffraction-limited spot. When the pump and probe are spatially
overlapped, the transient signal reflects both recombination and carrier migration.
Diffusional motion is directly observed by spatially separating the pump and probe
beams, enabling carriers to be generated in one location and detected in another.
Quantitative analysis of the signals yields a statistical distribution of carrier lifetimes from a large number of individual NWs. On
average, the lifetime was found to be linearly proportional to the diameter, consistent with a surface-mediated recombination
mechanism. These results highlight the capability of pump−probe microscopy to quantitatively evaluate key recombination
characteristics in semiconductor nanostructures, which are important for their implementation in nanotechnologies.

The optical and electronic properties of semiconductor
nanomaterials are strongly influenced by their shape and

composition, making them a promising platform on which to
develop a variety of nanotechnologies.1,2 While the strong
structure−function relationship allows great flexibility in tuning
these materials for specific device applications,3−8 it also poses a
great challenge for quantitatively characterizing and under-
standing dynamical phenomena. For example, surface recombi-
nation of photogenerated carriers is central to the performance
of many active devices, and it becomes the dominant
mechanism of carrier recombination as the sizes of these
devices approach the nanoscale.7,9,10 Direct measurement of the
recombination rate can be obtained using common spectro-
scopic tools such as femtosecond transient absorption spec-
troscopy.11,12 The difficulty with these spectroscopic methods
is that they average over a large ensemble of nanostructures
where there is frequently considerable variation in size and
shape from one structure to the next. Furthermore, high-aspect-
ratio materials (e.g., nanowires) often contain a distribution of
secondary structures (i.e., local curvature in bent wires). The
extensive averaging over the distribution of sizes, shapes, and
secondary structures, as well as extraneous materials (residual
reactants, catalysts, etc.) that may be present within the sample,
makes it difficult to interpret transient signals obtained from
ensembles in terms of fundamental dynamical processes. An
alternative strategy involves performing measurements on
single objects using time-resolved optical microscopy,13−17

allowing the carrier dynamics to be correlated with shape,
orientation, and morphology. Moreover, these methods can
reveal spatially dependent phenomena, such as carrier diffusion
and dynamical heterogeneity, at the single-structure level, which
are inaccessible by conventional spectroscopic techniques.
In a previous paper, our group demonstrated the use of

ultrafast microscopy to examine charge carrier recombination
dynamics of silicon nanowires (NWs) on a wire-to-wire basis.15

The high spatial resolution achieved by the optical microscope
provides insight into the electron−hole recombination and
carrier migration dynamics of a single nanostructure. In these
experiments, an individual NW is excited by a femtosecond
pump pulse that has been focused to a diffraction-limited spot
by a microscope objective, producing photogenerated carriers
(electrons and holes) in a localized region of the structure.
After a well-defined delay, the excitation is probed by a second
femtosecond laser pulse that is spatially overlapped with the
pump pulse, and pump-induced changes to the transmission of
the probe beam are detected. In this spatially overlapped
pump−probe (SOPP) configuration, the decay of the signal
reflects both electron−hole recombination and migration of
carriers away from the excitation spot and out of the probe
beam. Motion of the carriers is observed directly using a
spatially separated pump−probe (SSPP) configuration, in
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which carriers are created in one location and detected in
another, thereby enabling the direct imaging of carrier diffusion.
In this paper, we expand on this previous work and

characterize numerous wires to reveal a broad distribution of
carrier lifetimes that is largely determined by wire-to-wire
variations in diameter. Quantitative analysis of the data allows
carrier diffusion along the length of the wire to be decoupled
from the measured kinetics and shows that carrier recombina-
tion is consistent with a surface-mediated mechanism in which
the lifetime (τ) is proportional to the NW diameter (d), i.e., τ =
d/4S. The surface recombination velocity (S) provides a
measure of surface quality and has both fundamental and
technological significance. It offers a quantitative means of
studying the interaction of carriers with the surface and for
comparing different surface passivation strategies. It can also be
related to the density of surface states, which governs the
behavior of many active electronic components, making it of
interest to many nanotechnologies. Pump−probe microscopy
enables the measurement of carrier lifetimes at specific points
within an individual structure, which can then be used, with the
nanowire diameter, to extract a value for S. We compare the
microscopy results to those obtained on the same set of
samples using femtosecond transient absorption (TA) spec-
troscopy, which measures the ensemble-averaged lifetimes.18

The TA-measured lifetimes are 2−3 times shorter than those
observed by microscopy, a discrepancy that may arise from
differences in the distribution of secondary structures accessed
in the two experiments. The combined set of results
demonstrates that the two methods, ensemble TA and
pump−probe microscopy, provide complementary views of
the carrier dynamics in semiconductor nanostructures.

■ EXPERIMENTAL SECTION

Intrinsic Si NWs were grown by a vapor−liquid−solid
mechanism1 using a home-built, hot-wall chemical vapor
deposition (CVD) system.6 For a typical growth run, Au
nanoparticles with diameters of ∼30, 50, 60, and 100 nm were
dispersed on quartz substrates. NWs were grown with a total
reactor pressure of 40 Torr using a gas flow of 2.00 standard
cubic centimeters per minute (sccm) of silane and 200 sccm of
hydrogen as carrier gas. The reactor was held at 450 °C for 2

min to nucleate wire growth and then cooled (12 °C/min) to
410 °C for continued wire growth over 2 h. After completion of
wire growth, NWs were thermally oxidized at 1000 °C for 60 s
in 100 Torr of flowing oxygen to form a 5−10 nm thick thermal
oxide. The samples were then immersed in 2-propanol, which
upon evaporation collapses the NWs onto the plane of the
quartz substrate, forming the dense mat of randomly oriented,
overlapping NWs shown in Figure 1A. Scanning electron
microscopy (SEM) images reveal a large number of high-
quality NWs that remain largely unbroken upon collapse
(Figure 1A).
The pump−probe microscope has been described in detail

elsewhere.15 Briefly, a portion of the output beam comprised of
100 fs fwhm (full width at half-maximum) pulses centered at
850 nm is split, and each arm is passed through a pair of
synchronized acousto-optic modulators (AOMs; Gooch and
Housego), which reduce the pulse repetition rate to 1.6 MHz.
The pump beam is frequency doubled by a β-barium borate
(BBO) crystal, attenuated to 2.5 pJ/pulse, and modulated at a
50% duty cycle by the AOM. It was verified that further
reduction of the pump power did not change the transient
kinetics. The probe beam (630 fJ/pulse) is passed onto a
mechanical delay stage and a pair of computer-controlled
mirrors before being collinearly coupled onto the pump beam
path with a dichroic mirror. Despite the comparable fluence of
pump and probe beams, the probe beam only weakly interacts
with the Si NW sample due to a 100-fold lower extinction
coefficient at 850 nm compared to 425 nm.19 Pump and probe
beams are focused onto the sample with a 0.8 NA 100×
ultralong working distance objective. The transmitted probe
beam is collected with a condenser, passed through a filter to
attenuate transmitted pump light, and detected on one channel
of a balanced photodetector. The other channel is balanced
with a portion of the probe beam picked off before the
microscope. The change in transmittance is detected by lock-in
detection (SR810, Stanford Research) and processed with
home-written Matlab software. All measurements were
performed at room temperature in an ambient atmosphere.

Figure 1. SEM characterization of NW samples. (A) SEM image of sample d50 in a region where NW density is high. TA measurements in ref 18
were performed in these higher density regions to maximize optical absorption. The scale bar is 10 μm. (B) SEM image of sample d50 in a region
where NW density is lower. Microscopy measurements were performed in these lower density regions to isolate the spectroscopic signals from
individual wires. The small yellow circle above the scale bar is 500 nm in diameter to illustrate the approximate size of the focused laser beams. The
scale bar is 10 μm. (C) Diameter distributions for samples d100, d60, d50, and d40 measured by SEM (adapted from ref 18).
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■ RESULTS AND DISCUSSION
Nanowire Samples. Microscopy measurements were

performed at the edges of the densest regions so that individual
NWs could be resolved without multiple overlapping wires
contributing to the measured signal (Figure 1B). These
experiments focus on four samples denoted d40, d50, d60,
and d100 with average diameters of 38, 52, 59, and 101 nm,
respectively (Figure 1C).18

Pump−Probe Microscopy. Carrier recombination dynam-
ics were monitored with a pump−probe microscope that
possesses femtosecond temporal resolution and near-diffrac-
tion-limited spatial resolution. The microscope, which uses an
objective to focus the 425 nm pump and 850 nm probe beams
to near-diffraction-limited spots within a single structure, can be
operated in two modes, SOPP and SSPP, as discussed above. A
comparison of conventional bright-field and SOPP images for
the d50 sample is displayed in Figure 2. The bright-field image

(Figure 2A) shows a number of individual NWs in the field of
view. The pump−probe images (Figure 2B,C), which map the
spatial variation in the transient absorption signal,20,21 were
obtained by holding the delay fixed at Δt = 0 ps and raster
scanning the sample underneath the spatially overlapped pulses.
At early times, photoexcitation by the pump pulse causes an
increase in the detected intensity of the probe beam, i.e., ΔI =
Ipump on − Ipump off > 0, which is represented by warmer colors in
the color map. This photoinduced transparency is partially
attributed to changes in NW absorption resulting from band
filling by photoexcited free carriers that occupy low-energy
states in the conduction and valence bands of Si. The intensity
of the probe beam is also affected by changes in NW scattering
arising from shifts in the index of refraction brought on by
photoexcitation. While it is difficult to disentangle the relative
contributions of absorption and scattering, in either case the
associated increase in probe transmittance (the bleach signal) is
proportional to the free carrier density, and thus provides a
means to monitor changes in the electron and hole populations.
In addition to this positive-going bleach, photoinduced
absorption of free carriers and trapped carriers may also
contribute to the overall transient spectra as a negative-going
signal. However, consistent with previous studies of silicon, the
overall signal is positive at early times, suggesting that carrier
absorption (free or trapped) is a minor component relative to
band filling.11,16,22,23

The variation in signal magnitude observed between and
within individual NWs across the SOPP image is not the result

of spatial heterogeneity in the intrinsic properties of the NW
(e.g., crystallinity, defect density, surface passivation), but rather
stems from a combination of extrinsic factors. For example,
overlapping wires result in greater signal size compared with
other NW sections. NWs located at the focal plane experience
the highest pump intensity, generating a greater carrier density
and larger transient signals. There is also a polarization effect.
The images in Figure 2B,C were collected with the pump and
probe polarization vectors directed along the horizontal axis of
the image. While the decay kinetics are polarization
independent, the magnitude of the pump−probe signal is
larger when the probe polarization is directed parallel to the
NW axis. Thus, NWs with significant curvature exhibit
substantial variation along the growth axis, with segments
aligned along the probe polarization appearing brighter. Indeed,
SOPP images obtained from straight isolated NWs show very
little variation in signal intensity along the wire axis, indicative
of the production of highly uniform structures by the VLS
growth process. Thus, the spatial variation observed in the
collapsed NW films is most likely a reflection of extrinsic
experimental factors and does not indicate a lack of material
uniformity.

Distribution of Decay Kinetics. The decay kinetics of
25−50 individual NWs were collected with spatially overlapped
pump and probe beams (SOPP configuration) in each of the
four samples. The kinetic traces measured from each point are
shown in blue in Figure 3 and reveal that a single sample
possesses a wide distribution of decay rates. While there is
significant variation from one trace to the next, they share a
common decay profile in which the transient bleach (positive
ΔI) decays over several hundred picoseconds as result of
electron−hole recombination, eventually changing sign to yield
a low-amplitude absorptive component that persists beyond 1
ns. The negative-going component has characteristics that are
consistent with a combination of thermal effects resulting from
localized heating by the pump pulse24 and trap carrier
absorption.
To facilitate a direct comparison with TA results, the 25−50

kinetic traces from each sample were averaged, producing the
single kinetic trace shown in black in each panel of Figure 3. A
comparable decay curve collected by TA at λprobe = 650 nm is
depicted by the gray squares.18 While qualitatively similar, the
average decay collected with SOPP microscopy (black curve) is
generally slower than the corresponding TA measurement
(gray squares). This discrepancy is not caused by probing
different regions of the spectrum as the photoinduced bleach is
a spectrally broad feature that shows identical decay kinetics at
λprobe = 650 nm and λprobe = 850 nm.18 Rather, as we will
discuss in more detail below, the shorter TA-measured lifetimes
likely stem from greater contributions from both bent NWs and
non-NW structures.

Contribution of Charge Carrier Diffusion. The decay of
the transient absorption signal obtained in the SOPP
measurement reflects the loss of free carrier population in the
probe region resulting from electron−hole recombination and
diffusional migration of charge carriers out of the excitation
volume. Motion of the charge carriers is directly observed in
SSPP images (Figure 4B). In this configuration, the pump−
probe delay time is fixed and the probe beam is raster scanned
with respect to the stationary pump beam by means of a
scanning mirror assembly. The photoinduced transmission
change is measured on a pixel-by-pixel basis, resulting in an
image of the spatial distribution of carriers.

Figure 2. Comparison of conventional bright-field and transient SOPP
imaging of NW samples. (A) Conventional bright-field optical image
of a ∼40 μm × 40 μm region of the d50 sample containing 50 nm
diameter NWs. (B) SOPP image of the sample region shown in panel
A and collected at a pump−probe delay of Δt = 0 ps. (C) Higher
resolution image of the boxed region in panel B. The spatial resolution
of SOPP images is ∼500 nm fwhm and is comparable to the resolution
of the bright-field image.
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The SSPP image at Δt = 0 ps shows a circular, positive-going
signal that reflects the photoinduced transparency resulting
from the localized distribution of free carriers produced by the
pump pulse. This image is well described as a two-dimensional
Gaussian with an fwhm of ∼700 nm, providing a measure of the
lateral resolution of the SSPP method.25 At longer time delays,
the carrier cloud elongates along the NW axis, providing a
direct observation of the free-carrier diffusional motion away
from the excitation spot. As the free carriers recombine and
diffuse away from the excitation spot, a low-amplitude
absorptive component (blue, negative signal in Figure 4B)
emerges that, unlike the free carrier signal, remains largely
localized at the point of excitation. This static size is consistent
with the assignment of the negative-going signal to a
combination of trap carrier absorption and localized heating,18

both of which should exhibit little spatial expansion compared
to the free carriers. Trapped carriers move slower than free
carriers because they are confined to localized states within the

lattice, and thermal diffusion in silicon (α = 0.8 cm2/s) is more
than an order of magnitude slower than the ambipolar carrier
diffusion constant (DB = 18 cm2/s).26

While the SSPP images in Figure 4B provide a valuable
visualization of the carrier motion, acquisition of images at a
sufficient number of time delays to permit a quantitative kinetic
analysis is not experimentally feasible. Instead, we have
monitored the decay of the transient absorption signal as a
function of time with the spatial separation (Δx) between the
pump and probe spots along the NW held fixed, as shown in
Figure 5. Panel A shows an SOPP image of an NW from sample
d50 at Δt = 0 ps. The four different kinetic traces in Figure 5B
are produced by positioning the pump beam at the location
marked by the arrow in Figure 5A with the probe beam located
at the black, red, green, and blue circles. The decay obtained
with Δx = 0, which is identical to that of the SOPP
configuration described above, exhibits its maximum signal at
Δt = 0. When the probe is separated from the pump (i.e., Δx >

Figure 3. Comparison of diameter-dependent recombination kinetics from SOPP microscopy and TA spectroscopy for samples (A) d100, (B) d60,
(C) d50, and (D) d40. SOPP measurements acquired at multiple spatial positions within each sample are shown in light blue. The average and
standard deviation of these SOPP measurements are shown as a solid black curve and shaded blue region, respectively. Transient kinetics measured
with TA at λprobe = 650 nm are shown as gray squares.

Figure 4. Imaging of charge carrier diffusion. (A) SOPP image of an NW within the d50 sample. The scale bar is 1 μm. The orange circle indicates
the position of the pump beam for measurements in panel B. (B) SSPP images collected at the delay time denoted in the upper left corner of each
image. The scale bar is 1 μm. The dashed black lines are visual guides indicating the location of the NW. The line thickness reflects the average
diameter of the sample (52 nm). Each image is depicted using a normalized color table with the normalization factor denoted in the lower right
corner of each image.
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0), the maximum free carrier signal occurs at Δt > 0 ps,
reflecting the time necessary for the photoexcited carriers to
diffuse from the excitation region and arrive at the probe
location.
The carrier diffusion and electron−hole recombination

contributions to the transient absorption signal in the SSPP
experiment, IΔx(t), are described by

τ= − +Δ Δ ∞I t A t t a( ) ( ) exp( / )x x r (1)

where τr is the carrier lifetime, Δx is the displacement between
the pump and probe, and a∞ is an offset to account for the
long-lived absorptive component. The impact of carrier motion
on the transient absorption signal is contained in the time-
dependent pre-exponential factor, AΔx(t), which is given by the
double convolution over the spatial coordinates of pump and
probe beams with the linear diffusion equation. Assuming
Gaussian beam profiles, this function can be expressed as
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where γ1 and γ2 are the pump and probe spatial fwhms,
respectively, DB is the ambipolar bulk diffusion constant for
silicon (18 cm2/s), and a0 is a time-independent intensity

scaling factor. The integrals in eq 2 can be solved analytically
and substituted into eq 1 to give
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where β(t) = (γ1
2 + γ2

2 + 16DBt ln(2))1/2. Implicit in this
expression is the assumption that both pump and probe
absorption events are linear; that is, the photogenerated carrier
population is proportional to the intensity of the pump beam,
and the change in probe intensity is proportional to the pump-
induced carrier population. In ref 15, we demonstrated
qualitative agreement between the model and observed carrier
dynamics in Si NWs. The analytical form expressed by eq 3
allows a quantitative evaluation of both diffusion and
recombination dynamics of the photogenerated carriers.
The solid lines in Figure 5B show results from a global fit of

the four transients to eq 3. The pump and probe spot sizes (γ1
= 310 nm and γ2 = 620) were determined by deconvolution of
the Δt = 0 ps SSPP image (first panel in Figure 4B) assuming
the pump is half the diameter of the probe. The offset used to
account for the long-lived absorptive contribution was fixed at
a∞ = −0.68 in the Δx = 0 data but set to zero for the others. All
four kinetic traces are well fit by the model using only the
shared parameters, a0 and τr, suggesting the relevant diffusion
and carrier recombination processes are adequately described
by eq 3. The carrier lifetime determined by this global fit is τr =
218 ± 3 ps. Note that a fit of the Δx = 0 transient in Figure 5B
to a single-exponential function yields a carrier lifetime of 107
ps, which is nearly 2-fold shorter than the value determined
from the fit to eq 3. This result highlights the substantial
underestimation of the carrier lifetime that can result from an
analysis that does not properly account for carrier diffusion.

Electron−Hole Recombination Kinetics. Ideally, SSPP
kinetics like those in Figure 5 would be collected for each NW,
allowing a global fit of carrier diffusion and recombination
dynamics, but current experimental limitations make this
impractical. However, with knowledge of pump and probe
spot sizes, a single fit to the spatially overlapped decay (Δx = 0)
using eq 3 should recover the correct carrier lifetime. To test
this hypothesis, we fit the Δx = 0 kinetic trace in Figure 5B
using eq 3 and recovered a lifetime of τS = 217 ± 6 ps. This
value compares favorably with the lifetime determined by the
global fit to the set of spatially separated kinetic traces. Similar
agreement between the lifetimes obtained by the two methods
was found across multiple data sets, indicating that eq 3 can
disentangle the recombination and diffusion contributions and
enable extraction of the carrier recombination lifetime from
spatially overlapped kinetic traces.
The distribution of lifetimes in the NW samples was

determined by fitting eq 3 to each of the 25−50 SOPP
transient kinetic traces collected for the four samples (light blue
curves in Figure 3). The distribution is plotted with green bars
(which indicate the centers of 35 ps wide bins) in Figure 6, and
a fit to the histogram with a Weibull model is shown as a solid
black curve.
Because of their high surface to volume ratio, electron−hole

recombination in NWs is expected to be dominated by surface
traps.7,9,18 The increase in average lifetime that is observed with
increasing NW diameter is consistent with surface recombina-
tion as the primary decay mechanism. In this limit, bulk

Figure 5. Kinetics of charge carrier diffusion. (A) SOPP image of a
single NW in the d50 sample collected at a pump−probe delay of Δt =
0 ps. The wire is excited at the location indicated by the arrow, and
colored circles denote the position of the probe beam for the kinetics
displayed in panel B. The scale bar is 1 μm. (B) SSPP transient kinetics
collected at pump−probe separations Δx = 0.0 (black squares), 0.56
(red circles), 0.87 (green triangles), and 1.18 (blue inverted triangles)
μm indicated by the corresponding colored circles in panel A. Solid
lines show a global fit of the experimental data to eq 3.
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recombination processes are negligible, and the carrier lifetime
scales linearly with the NW diameter (d):

τ = d
S4r (4)

where S is the surface recombination velocity, which reflects
surface quality.27−29 The values of S calculated from the average
diameters and lifetimes measured for each sample (Table 1) are

comparable to recombination velocities observed in bulk
materials30 and single NWs.6,18 Interestingly, the smaller
diameter wires exhibit large recombination velocities, which
could be a manifestation of the higher radius of curvature at
their surface, which would presumably give rise to a greater
defect density. While such a result is intriguing, variations from
sample to sample make it difficult to draw definitive
conclusions without additional experiments dedicated to
resolving this effect.
Lifetimes obtained from pump−probe microscopy of

individual NWs are ∼2−5 times longer than those obtained
with TA (Figure 6).18 The exact origin of this difference is
unclear; however, because both experiments were performed
on the same samples, it must arise from differences in the

structures probed in the two studies. Unlike the microscopy
experiment, which samples select regions of individual NWs,
the TA experiment samples the full distribution of nanostruc-
tures as well as extraneous material, including side products,
residual reactants, catalysts, etc., that still remain in the sample.
Contributions from these undesired materials to the TA signal
will skew the decay to shorter times, causing the recombination
to appear faster than it actually is in NWs themselves. While
SEM images of the samples suggest the volume of non-NW
materials is too small to substantially influence the measured
TA signal (Figure 1A), the larger absorption cross section of
these materials (amorphous silicon has an extinction coefficient
that is over an order of magnitude greater than that of
crystalline silicon, for example) could cause them to contribute
disproportionately to the total signal. While this makes it
difficult to rule these structures out, it is unlikely that they are
the primary source of the difference between the microscopy
and TA results.
A second possibility stems from the fact that, although the

TA and microscopy experiments were performed on the same
sample, the two experiments probed different regions of the
film. Femtosecond TA spectra were collected in areas of high
NW density, where the optical absorption was greater. In these
regions, the individual NWs are constrained in their orientation
and adopt conformations with significant local curvature
(Figure 1A). Microscopy measurements, on the other hand,
were performed at the edge of the samples where there were
fewer overlapping wires. While the lower density makes it
possible to isolate individual NWs, it also results in wires with
less curvature (Figure 1B). The difference between the
microscopy and TA results may reflect this difference in NW
secondary structure. In ZnO and CdS NWs, for example,
curvature is known to strongly influence the electronic
structure of the bulk lattice,31,32 and the strain induced by
bending could increase the defect density.29 We anticipate that
both would shorten the carrier lifetime, and could largely
account for the differences observed between the two
techniques. A quantitative analysis of the influence of secondary
structure on the charge carrier lifetime is currently under way.
In summary, we have studied carrier recombination and

diffusion in individual silicon NWs. SSPP microscopy was used
to directly image carrier spatial evolution on ultrafast time
scales. We have developed a model that allows carrier diffusion
to be decoupled from the recombination dynamics in SOPP
measurements, which should allow rapid characterization of
many individual nanostructures within an ensemble. A survey of
individual NWs grown with catalysts of various diameters
shows a distribution of carrier recombination rates, which can
be attributed to the distribution of NW diameters within each
sample. On average, measurements of individual NWs exhibit
longer lifetimes than ensemble measurements of the same
NWs, highlighting the important role sample heterogeneity
plays in determining the spectroscopic observables and
functionality of nanostructures.
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Figure 6. Comparison of lifetime distributions determined by pump−
probe microscopy (green bars) and TA (blue shaded curve) for
samples (A) d40, (B) d50, (C) d60, and (D) d100. The microscopy
distribution is generated by fitting eq 3 to each of the spatially
overlapped transients shown in Figure 3 to extract a carrier lifetime.
The bin width is 35 ps for the lifetime histogram. The black solid line
shows the fit of the microscopy data to a Weibull distribution. The TA
lifetime distribution is determined by the SEM-measured diameters
together with the spectroscopically measured surface recombination
velocity. For each sample, the lifetime with maximum probability from
TA and microscopy is noted next to each distribution.

Table 1. Summary of Surface Recombination Velocities
Determined by Microscopy and TA

S (104 cm/s)

sample ID d (nm) lifetime, τr (ps) microscopyb TAa

d40 38 87 1.09 (0.08) 2.05 (0.09)
d50 52 161 0.81 (0.05) 1.87 (0.07)
d60 59 168 0.88 (0.02) 1.71 (0.06)
d100 101 420 0.60 (0.03) 2.96 (0.22)

aErrors shown in parentheses are 1 standard deviation in the fitted
parameter, S. bErrors shown in parentheses are determined from 1
standard deviation uncertainty in the center of the fit (black solid lines,
Figure 6) to the lifetimes.
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ABSTRACT: Ultrafast carrier dynamics in silicon nanowires with average
diameters of 40, 50, 60, and 100 nm were studied with transient absorption
spectroscopy. After 388 nm photoexcitation near the direct band gap of
silicon, broadband spectra from 400 to 800 nm were collected between 200
fs and 1.3 ns. The transient spectra exhibited both absorptive and bleach
features that evolved on multiple time scales, reflecting contributions from
carrier thermalization and recombination as well as transient shifts of the
ground-state absorption spectrum. The initially formed “hot” carriers
relaxed to the band edge within the first ∼300 fs, followed by recombination
over several hundreds of picoseconds. The charge carrier lifetime
progressively decreased with decreasing diameter, a result consistent with
a surface-mediated recombination process. Recombination dynamics were quantitatively modeled using the diameter distribution
measured from each sample, and this analysis yielded a consistent surface recombination velocity of ∼2 × 104 cm/s across all
samples. The results indicate that transient absorption spectroscopy, which interrogates thousands of individual nanostructures
simultaneously, can be an accurate probe of material parameters in inhomogeneous semiconductor samples when geometrical
differences within the ensemble are properly analyzed.

■ INTRODUCTION

Methods for the bottom-up synthesis of complex semi-
conductor nanomaterials have advanced rapidly over the past
two decades. Despite efforts to develop uniform and
reproducible growth processes, heterogeneity in semiconductor
nanostructures is a recurring problem.1,2 The variation from
structure-to-structure and synthesis-to-synthesis poses a major
challenge for characterization efforts and ultimately to
technologies that rely on the identical operation of individual
nanoscale objects. For example, small changes in size or
morphology of subwavelength or quantum-confined objects can
cause pronounced changes in absorption or emission proper-
ties.3−8 Similarly, high surface-to-volume ratios cause minor
changes in size to strongly influence charge carrier transport
and recombination processes.9−11 As a consequence, spectro-
scopic measurements performed on nanomaterials are
fundamentally influenced by structure-to-structure differences
and other sources of sample heterogeneity.
Techniques that probe ensembles of nanostructures, such as

femtosecond transient absorption (TA) spectroscopy, are
complicated by experimental observables that reflect the full
distribution of nanostructure sizes and shapes as well as
extraneous material, including side products, residual reactants,
catalysts, etc., that may still remain in the sample. In
nanostructures with high aspect ratios, the electronic structure
can also be affected by differences in secondary structure (i.e.,
local curvature in bent wires).12,13 All of these structures, not
just the ideal nanostructures, contribute to the signal, producing

nonexponential kinetics that reflect a multitude of dynamical
processes. As a result, interpretation of the transient response in
terms of simple physical models is often not possible or
straightforward. While sample heterogeneity can be partially
overcome using ultrafast microscopy methods that interrogate
single nanostructures,14−19 they require that data be collected
on many individual objects to draw statistically meaningful
conclusions. Compared to pump−probe microscopy, TA is
easily implemented with a broadband probe, providing a full
transient spectrum. The ability to monitor spectral evolution
facilitates a detailed analysis, making TA an important tool for
characterizing dynamical processes such as carrier relaxation
and recombination.12,13

In this paper, we describe the application of TA spectroscopy
to the study of carrier dynamics in ensembles of silicon
nanowires (NWs). Transient spectra obtained throughout the
visible and near-IR (400−800 nm) are composed of a broad
photobleach on which narrower features arising from NW
absorption and scattering modes appear. The evolution of the
spectra with time indicates that the photoexcited carrier
population undergoes intraband relaxation to the band edge
in several hundred femtoseconds followed by electron−hole
recombination in several hundred picoseconds. Examination of
NWs of different diameters shows that the recombination
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process is dominated by a surface-mediated mechanism, in
which the average carrier lifetime (τ) is related to the NW
diameter (d) and surface recombination velocity (S), i.e., τ = d/
4S.9,11

The surface recombination velocity provides a measure of
surface quality, which is of interest for both fundamental and
technological reasons. From a fundamental standpoint, S
provides a quantitative means of studying the interaction of
carriers with the surface and for comparing different surface
passivation strategies. From a technological perspective, S can
be related to the density of surface states, which in turn governs
the behavior of many active electronic components. Recombi-
nation velocities in NWs are often determined using photo-
current methods,5,9,11,20 which require the fabrication of
functioning single-NW devices, effectively limiting character-
ization to a few isolated structures. As an alternative, here we
use pump−probe methods to directly time-resolve the carrier
lifetime. Using a kinetic model that accounts for the diameter
distribution, we extract a value of S for each sample. The
recombination velocities are within a factor of 2 of each other
across an array of samples with diameters ranging from 30 to
100 nm that were prepared in a similar manner but are
generally 2- or 3-fold greater than those obtained at specific
points within individual NWs using femtosecond pump−probe
microscopy.21 This difference may arise from a number of
factors related to the material and structural heterogeneity of
the ensemble, underscoring the complexity of interpreting
ensemble measurements that probe all materials, desired and
undesired, within a sample.

■ EXPERIMENTAL SECTION

Intrinsic Si NW samples were synthesized by a vapor−liquid−
solid (VLS) mechanism using Au nanoparticle catalysts.5,17 The
reactor was held at 450 °C for 2 min to nucleate wire growth
and then cooled (12 °C/min) to 410 °C for continued wire
growth over 2 h using 2 sccm SiH4 and 200 sccm H2 at 40
Torr.5 Immersion of the substrate in isopropanol and slow
evaporation of the solvent from the surface collapsed the NWs
into the dense, randomly oriented mat shown in Figure 1A.
The NWs were collapsed to reduce optical scattering and to
enhance pump−probe spatial overlap by placing all NWs within
the same focal plane. After collapsing the nanowires onto the
substrate, they were thermally oxidized at 1000 °C for 1 min
under 100 Torr of O2.
Transient absorption measurements were performed using

pulses centered at 775 nm (150 fs fwhm) derived from a
Ti:sapphire regenerative amplifier (Clark-MXR 2210) operat-
ing at 1 kHz. The pump beam was generated by frequency
doubling 35 μJ of the fundamental in a BBO crystal, and the

white light continuum used for the probe beam was generated
by focusing ∼3 μJ into a translating CaF2 crystal. The pump
was coupled onto a mechanical delay stage, attenuated, and
focused onto the sample using a 300 mm lens to achieve a spot
size of 100 μm fwhm. The probe was focused onto the sample
with a 250 mm aluminum spherical mirror (90 μm fwhm spot
size), coupled into a 0.15 m spectrometer dispersed on a 1200
grooves/mm grating, and detected on a high-speed diode array.
The pump beam was mechanically chopped at half the
repetition rate of the laser (500 Hz), and interleaved pump
on and pump off spectra were collected.

■ RESULTS AND DISCUSSION

Nanowire Samples. These experiments focus on four
samples of NWs, denoted d40, d50, d60, and d100, which were
grown using Au catalysts with average diameters of 30, 50, 60,
and 100 nm, respectively. Scanning electron microscopy (SEM)
images reveal that the NWs remained largely unbroken upon
collapse (Figure 1A,B). Imaging of individual structures shows
that while the majority of the NWs are smooth (Figure 1C),
there are regions of nonuniform growth, as highlighted by the
arrows in Figure 1C. These regions result from a number of
processes, including the incubation period needed to super-
saturate Au catalysts prior to VLS growth22 and from
nucleation of multiple NWs from single Au nanoparticles.23

The polydispersity in the NW diameters present in each sample
was characterized by measuring the diameters of 150−200
individual NWs in a SEM, resulting in the histogram depicted
in Figure 2. The experimental histogram was fit to a Weibull
distribution:
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Here B is a scaling parameter and k and Γ are parameters that
reflect the symmetry and width of the distribution, respectively.
A Weibull distribution was used as it is both asymmetric which
produces a more accurate representation of the measured
diameter distribution and because it has no amplitude at zero
diameter. The distributions for the four samples have maxima at
38 nm (d40), 52 nm (d50), 59 nm (d60), and 101 nm (d100)
and widths that range from 20 to 40 nm, which presumably
arise from a combination of polydispersity in the catalyst
diameter and nonuniform NW growth as noted above. While a
perfectly uniform diameter along the length of the NW is not
expected, no effort was made to measure the diameter of each
NW at the same relative position. Thus, the histograms should
accurately reflect the distribution of diameters sampled by the
TA measurement.

Figure 1. SEM images of NW substrates. (A) Sample grown with 50 nm Au nanoparticles (d50). The dotted circle with a 100 μm diameter
illustrates the spatial extent of the pump beam (100 μm fwhm). (B) Magnified image showing a high density of individual NWs. (C) Image showing
individual NWs and regions of suboptimal NW growth denoted by arrows.
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Ground-State Spectroscopy. Figure 3A shows the UV−
vis extinction spectra of the four samples, which are measured
in transmission mode and therefore reflect a combination of
both absorption and scattering by the NWs. The spectra consist
of a broad absorption band that increases toward shorter
wavelengths, similar to bulk silicon, superimposed with several

narrower features that result from optical resonator modes
supported within the cross section of the NW.6,7,15,24 While all
the samples possess these resonances, the most prominent is
observed in the d100 spectrum near 520 nm. Finite-element
simulations of the NW absorption spectrum (Figure 3B),
obtained by a weighted average of spectra from NWs with
diameters ranging from 50 to 150 nm, qualitatively reproduce
the absorption profile of the d100 sample. Details of the
procedure to generate the simulated spectra are in the
Supporting Information.

Transient Spectroscopy. Transient absorption (TA)
spectra for the four samples are shown in Figure 4 (black
solid curves). The spectra were collected at a pump−probe
delay of 250 fs using a white light continuum probe that
extends from 400 to 800 nm and a pump wavelength of 388 nm
(255 μJ/cm2). Pump and probe spot sizes were 100 and 90 μm
fwhm, respectively, so the field sampled in these experiments
encompassed thousands of wires and was approximately
equivalent in size to the circle shown in Figure 1A. Excitation
at 388 nm produces carriers with energy near the direct band
gap, and given the extinction coefficient of bulk Si (0.02
nm−1),25 we estimate the initial photoexcited carrier density at
this fluence to be ∼5 × 1019 cm−3. Because the diameters of the
NWs studied are much larger than the Bohr radius (2.2 nm),2

photoexcitation produces free carriers (i.e., bulk-like behavior).
The transient spectra for the three smallest diameters are
qualitatively similar; each exhibits a broad positive band that
spans much of the visible spectrum. For the 100 nm NWs, the
broad positive band is accompanied by a narrower derivative-
like feature that coincides with the optical resonator mode at
∼520 nm in the ground-state spectrum (Figure 3A).
The positive-going signals correspond to a pump-induced

increase in the probe intensity (i.e., a photoinduced bleach)
that has several potential contributions. The first stems from
changes in the absorptive properties of the NW due to band
filling by photoexcited free carriers that occupy low-energy
states in the conduction and valence bands of Si. Photoinduced
absorption by free carriers and trapped carriers may also
contribute to the overall transient spectra as a negative-going
signal; however, consistent with previous studies of silicon, the
overall signal is positive at early times, suggesting that carrier
absorption (free or trapped) is a minor component.26−29 In
addition, photogenerated carriers decrease the index of
refraction, which in turn can reduce the NW scattering and
lead to an increase in the probe intensity.20,24

While both optically induced changes in absorption and
refractive index have analogous processes in bulk semi-
conductors, the subwavelength dimensions of the NW give
rise to optical resonator modes that can also influence both
NW absorption and scattering. For example, photoinduced
changes to the refractive index resulting from the presence of
free carriers will also shift the position of the NW’s optical
resonator modes, which could be the origin of the derivative-
like feature seen in the transient spectrum of d100 (Figure 4D).
In this scenario, the transient spectrum can be modeled simply
by calculating difference spectra, JΔ(λ), according to

λ λ λ λ
λ

= + Δ −
ΔJ

T T
T

( )
( ) ( )

( )

GS GS

GS
(2)

where TGS(λ) is the ground-state transmission spectrum and
Δλ is a spectral shift. In microcavities, the wavelength
supported by an optical resonator mode is proportional to

Figure 2. Distribution of NW diameters measured by SEM.
Histograms were generated by binning the measured diameters in 3
nm increments. Uncertainty in an individual diameter measurement is
estimated to be ±5 nm based on making repeated measurements of
the same NW. The experimental histogram is fit to a Weibull
distribution (eq 1) as shown by the black solid line in each panel.

Figure 3. (A) Measured ground-state extinction spectra (1 − I/I0) of
the four diameter NW samples: d40 (black), d50 (red), d60 (blue),
and d100 (green). (B) Spectra showing simulated absorption
efficiency for an ensemble of NWs weighted by the fits to the
distributions shown in Figure 2.
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the index of refraction,7 suggesting that Δλ = c0Δn, where c0 is a
constant scaling factor that is related to the size of the resonator
and the mode number. The change in the index of refraction
(Δn) depends upon the density of photogenerated carriers (N)
and is given by20,22

λ λ
π λ

Δ = −
*

n
e N

n c m
( )

2 ( )

2 2

0
2

(3)

where e is the fundamental charge, n0(λ) is the refractive index
in the absence of photoexcited carriers, c is the speed of light,
and m* is the reduced mass of the electron and hole (0.2me).
The difference spectrum, JΔ(λ), calculated using eqs 2 and 3

is depicted for d100 in Figure 4D (blue dashed curve) and
corresponds to a 0.8 nm blue-shift of the ground-state
transmission spectrum at 400 nm and a 4.9 nm blue-shift at
800 nm. This spectrum is in qualitative agreement with the
transient absorption spectrum observed at 275 fs, largely
reproducing the derivative feature, suggesting that the
derivative line shape and its subsequent evolution can be
understood as a transient spectral shift of the NW ground-state
absorption spectrum in response to the photoexcited carrier
population.
The optical resonator mode in the 100 nm NWs leads to an

especially dramatic modulation of the transient spectrum. On
the other hand, the smaller diameter NWs do not show distinct
optical modes nor the clear derivative-like spectral features in
their transient spectra. While the difference spectra, JΔn,
calculated for the other three samples (with the same scaling
factor, c0) (Figure 4A−C) share some of the features observed
in the transient spectra, the overall agreement is not as good as
for d100. These results suggests that the early time transient
spectra are composed of features from both band filling/
scattering as well as from a transient shifts of the optical
resonator modes. It further suggests that the contribution from
spectral shifting is largely restricted to the shorter wavelengths
(<600 nm) where optical resonator modes are supported, while

at longer wavelengths the transient spectra are likely dominated
by band filling and scattering.
Although it is difficult to disentangle the relative magnitudes

of the contributions due to band-filling, scattering, and changes
in the resonator modes, they all scale with the density of
photoexcited carriers. Thus, the transient absorption signal
reflects the free carrier population and can be used to monitor
its decay.

Spectral Evolution and Carrier Recombination. The
spectral evolution of the 50 nm sample obtained with low
pump pulse energies (255 μJ/cm2) is shown in Figure 5. The
set of transient spectra show a broad positive-going bleach at
early times. The majority of the bleach (∼70%) appears within
the instrument response, while the remaining 30% grows in
during the first 1 ps with a rise time of 300 ± 40 fs (Figure 5B).
We attribute this increase in bleach amplitude to intraband
relaxation of the carriers. Photoexcitation at 388 nm (3.2 eV)
produces free carriers with ∼2 eV of excess energy relative to
the Si band gap (1.12 eV). As the carriers undergo intraband
relaxation through phonon scattering, they fill states near the
band edges, reducing absorption at visible and near-IR
wavelengths. The 300 fs time constant is consistent with
previously reported time scales for carrier thermalization in
bulk26 and nanocrystalline silicon.30 After the initial growth in
the first 1 ps, the amplitude of the broad signal from ∼500−800
nm decays and changes sign around 200 ps, switching from a
positive-going bleach signal to a negative-going absorptive
signal that persists for more than a nanosecond (see Figure
5A,C). We attribute the decay of the bleach to a reduction in
the free carrier population as a result of electron−hole
recombination.
Multiple recombination mechanisms are potentially present

in these NWs, resulting in an apparent recombination rate (k)
that is a sum of the rates of all processes, i.e.

= + + +k k k k kr SRH a s (4)

Figure 4. Early time (Δt = 275 fs) transient absorption spectra for samples (A) d40, (B) d50, (C) d60, and (D) d100 nm. Black solid lines represent
experimental data, and blue dashed lines represent the difference spectra, JΔ, obtained by shifting the ground-state transmission spectrum according
to eqs 2 and 3. The agreement between the difference spectrum and the transient spectrum is good in the case of d100 (panel D), especially between
450 and 600 nm. The agreement is not as good at wavelengths longer than 600 nm in any of the samples, consistent with the assignment of this
broad feature to band filling and scattering.
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where kr, kSRH, ka, and ks represent the rates of direct,
Shockley−Read−Hall (SRH), Auger, and surface recombina-
tion, respectively. Direct recombination is negligible in Si
because it is an indirect band gap semiconductor. For bulk Si at
low excitation intensities, recombination occurs primarily
through midband gap trap states associated with impurities or
defect states and is modeled as SRH recombination. Auger
recombination becomes increasingly important at the high free-
carrier concentrations present in degenerately doped materials
or under high-injection conditions. In addition, trap states at
the surface also serve as recombination sites, giving rise to
surface recombination that is parametrized by the surface
recombination velocity, S.
In silicon NWs with large surface-to-volume ratios, surface

recombination is often the dominant recombination proc-
ess.9,10,17,20 Neglecting the bulk recombination mechanisms (kr,
ksrh, and ka), the observed recombination rate is given by k = ks
= (τs

−1), where the surface recombination time can be written
in terms of the surface recombination velocity (S), which
accounts for both electron and hole trapping probabilities,31

and the NW diameter (d) as τs = d/4S. The diameter
dependence in this expression is a geometrical factor and is
valid in the limit that diffusion to the surface is rapid compared
to recombination,32 a condition satisfied for the diameters of
NWs studied here.
Because the TA experiment samples thousands of NWs with

a range of diameters, the electron−hole recombination is not

described by a single lifetime but rather a distribution of
lifetimes, g(τs). The observed time-dependent signal, I(t), can
be expressed as a superposition of single-exponential
components weighted by this distribution function:

∫ τ τ= +τ
∞

−
∞I t I g I( ) ( )e dt

0
0

s
/

s
s

(5)

where the first term reflects the contribution of each surface
recombination lifetime and second term, I∞, accounts for the
long-lived absorption that persists for longer than 1 ns.
The surface recombination velocity for each sample was

determined by fitting the decay of the photoinduced bleach to
eq 5. The functional form of g(τs) is constructed from the
diameter distribution for each sample (eq 1) and the
relationship τs = d/4S, i.e., g(τs) = g′(4Sτs). The use of this
expression assumes that the section of the NW sampled by the
photogenerated carriers has a uniform diameter. Analysis of the
SEM images showed that points along the NW separated by 20
μm (or more) showed no measurable difference in diameter.
Since carriers diffuse only a few micrometers in their lifetime,17

this assumption holds. Incorporation of g(τs) into eq 5 results
in an expression with three adjustable parameters: I0, I∞ and S.
Fits to the single wavelength decays for each of the four
samples are shown as solid lines in Figure 6 (left panels), along
with the corresponding lifetime distributions (right panels).
The data are well-described by a surface-dominated mechanism,
yielding surface recombination velocities of Sd100 = (2.96 ±
0.22) × 104 cm/s, Sd60 = (1.71 ± 0.06) × 104 cm/s, Sd50 = (1.87
± 0.07) × 104 cm/s, and Sd40 = (2.05 ± 0.09) × 104 cm/s.

Figure 5. Transient photophysics of the 50 nm NW sample (d50). (A)
Transient spectra at pump−probe delay times from 275 fs to 1.3 ns.
The free carrier signal grows in magnitude between 275 fs and 1 ps
and then decays to a low-amplitude negative band. (B) Early time
dynamics at λprobe = 650 nm (gray squares). The blue curve represents
the instrument response function. A fit of the data to a single-
exponential rise convolved with the instrument response is shown as
the solid black curve. The time constant (τ = 300 fs) determined from
the fit is consistent with carrier cooling to the band edge. (C) Kinetics
at λprobe = 650 nm showing carrier recombination in the first 200 ps
followed by a long-lived absorptive component.

Figure 6. Single-wavelength decay kinetics at λprobe = 650 nm and
distribution functions, g(τs), for the (A) 40, (B) 50, (C) 60, and (D)
100 nm diameter samples. Left panels: experimental kinetic data (gray
squares) and the best fits to the data using eq 5 (black curves). Right
panels: lifetime distributions, g(τs), determined from the fit to eq 5.
The maximum of each distribution is labeled and denoted by the
dashed gray line.
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While these values are comparable to recombination velocities
observed in bulk materials26 and single NWs,5,17,27 describing
each sample with a single (average) surface recombination
velocity is most likely an oversimplification; variation in S is
likely from wire to wire or even at different points along the
same NW due to variation in trap density.
Fits of the transient kinetics to eq 5 using other functional

forms of the diameter distribution (Gaussian, sum of two
Gaussians) produced surface recombination velocities for the
larger NWs that were within 10% of those found using a
Weibull distribution. For the smaller diameter NWs, the fits
using these distributions were unstable because the wings of the
Gaussian functions resulted in nonzero probability at d = 0. The
Weibull distribution was ultimately chosen as it can have
asymmetric character and because it is well-behaved near d = 0.
Because all four samples were prepared in the same manner,

we expect them to share similar surface properties and hence
have similar surface recombination velocities. For the three
smallest diameters, this is qualitatively the case. On the other
hand, the recombination velocity for the 100 nm wires is about
1.5 times larger. It is difficult to draw conclusions from this
observation, however, because pump−probe microscopy
measurements performed on individual wires within the same
set of samples21 yield carrier lifetimes that are ∼2−5 times
longer than those obtained from TA, suggesting that the carrier
lifetimes obtained from TA are skewed toward smaller values
for all of the samples.
The appearance of shorter recombination times in the TA

measurement compared with ultrafast microscopy21 could arise
from several factors. One possibility is that the TA signal is
influenced by the many smaller structures resulting from
uncontrolled growth and by the catalyst particles and other
debris that exhibit faster decays than the NWs themselves.
While SEM images (Figure 1) of the samples suggest the
volume of non-NW materials is too small to substantially
influence the TA signal, differences in absorption cross sections
(amorphous silicon has an extinction coefficient that is ten
times greater than crystalline silicon,25 for example) may cause
these materials to contribute disproportionately to the total
signal, making it difficult to rule them out completely. The
difference in the results of the two experiments could also arise
from NW curvature, which is anticipated to alter electronic
structure of the bulk lattice12,13,33 and increase defect density.31

We anticipate that both would shorten the carrier lifetime,
suggesting that NW secondary structure may substantially
influence the TA measurement. In either case, the differences
observed from sample-to-sample in the TA experiment
underscore the need to be cautious when extracting quantitative
information from methods that measure the ensemble.
Surface recombination is not the only mechanism contribu-

ting to the decay of the free carrier population, especially at
higher excitation intensities where there is a greater density of
photogenerated carriers. Figure 7 shows the bleach decay
kinetics for the 50 nm sample at five pulse energies ranging
from 76 to 1020 μJ/cm2. The three lowest pulse energies in this
series exhibit identical kinetics within the error of the
experiment, indicating that the recombination process is
independent of the pulse energy and well attributed to a
surface-mediated process as discussed above. A shorter charge
carrier lifetime is observed at the two highest pulse energies,
consistent with Auger recombination, which arises from a three-
carrier interaction. The total rate associated with the loss of the

free carrier population can be expressed as the sum of Auger
and surface recombination processes
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where ρ is the charge carrier density, Ar is the ambipolar Auger
recombination constant, which for Si is ∼3.79 × 10−31 cm6/s,34

and ⟨τs⟩ is the average recombination time determined from
the analysis of the single-wavelength kinetics. For a given ⟨τs⟩, ρ
is determined as a function of time through direct integration of
eq 6 subject to an initial photogenerated carrier population, ρ0.
The solid lines in Figure 7 are the result of a global fit to the
five kinetics traces at different pulse energies, using ρ0 at the
lowest power as the only adjustable parameter with ρ0 at higher
powers scaled by the relative pulse energy. The best global fit
was obtained with a photoexcited carrier density of 1.3 × 1020

cm−3 when the excitation intensity is 255 μJ/cm2, which is in
good agreement with the 5 × 1019 cm−3 carrier density that was
estimated based on the bulk absorption coefficient. Overall, the
power-dependent kinetics are in good agreement with this
model, confirming that Auger recombination is the most likely
origin of the intensity-dependent lifetime.

Contributions to the Transient Signal at Long Times.
The transient spectra of all samples at Δt = 1.3 ns, a sufficiently
long time for all free carriers to have recombined, are shown in
Figure 8. The spectra show positive- and negative-going
features that are approximately 10-fold lower in amplitude
than the features at Δt = 275 fs shown in Figure 4. One
possible contribution to the spectra is absorption by a
population of trapped carriers. Trapped carriers may not be
the only contributor, however. The Δt = 1.3 ns transient
spectrum of d100 (Figure 8D), like the Δt = 275 fs transient
spectrum (Figure 4D), shows a derivative-like feature that is
again suggestive of a shift in the ground-state spectrum. This
feature is inverted, however, relative to the early time spectrum
(Figure 4D), suggesting a red-shift rather than blue-shift in the
ground-state spectrum. The red dashed curves in each panel of
Figure 8 show difference spectra calculated using eq 2 with a
constant red-shift of Δλ = 1 nm. While there are a number of

Figure 7. Power-dependent recombination kinetics at λprobe = 650 nm
for the 50 nm diameter sample (d50). The hollow squares show
transient kinetics collected for powers ranging from 76 μJ/cm2 to 1.02
mJ/cm2. Solid lines show a global fit to the five kinetic traces using eq
6. The fit-determined photoexcited carrier density is 4 × 1019 cm−3 at
the lowest power and 5 × 1020 cm−3 at the highest power.
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possible mechanisms that could lead to such a shift, one likely
contributor is heating of the lattice from the thermalization and
recombination of charge carriers. As the carriers cool the
average temperature of the lattice rises, leading to an increase in
the index of refraction26 and a corresponding red-shift in the
optical resonator modes. On the basis of the density of carriers
generated by the excitation pulse and the heat capacity of bulk
silicon, we estimate that the lattice temperature rises by almost
10 °C with each pump pulse. A difference spectrum calculated
(Figure S2) from ground-state transmission spectra collected at
16 and 30 °C (J′(T) = (TT=30°C

GS − TT=16°C
GS )/TT=16°C

GS ) exhibits
the same inverted derivative feature seen in the TA spectra.
Overall, these spectra suggest that the long-lived signal is due,
at least in part, to lattice heating.

■ CONCLUSIONS

In summary, we have monitored the carrier recombination
kinetics of intrinsic silicon NWs using ultrafast transient
absorption spectroscopy. At early pump−probe delay times,
NW transient spectra are strongly influenced by optical
resonator modes at short wavelengths, 400−600 nm, which
can be well-interpreted by carrier-induced shifts of the
refractive index. Reduced scattering and band filling by
photoexcited free carriers dominate the spectra at longer
wavelengths. This region of the spectrum grows in magnitude
over the first 300 fs as hot carriers cool to the band edge. The
decay of the bleach, which is attributed to electron−hole
recombination, occurs over several hundred picoseconds and is
found to be dependent on the NW diameter, consistent with
surface recombination. Analysis of the transient data using a
model that incorporates the diameter distribution measured via
SEM yields surface recombination velocities ranging from 1.7 ×
104 to 3.0 × 104 cm/s for the different samples. Comparison
with femtosecond microscopy measurements performed on the
same samples21 indicate that decay of the bleach signal in the
transient absorption measurement is influenced by NW
secondary structure as well as non-NW structures (e.g., catalyst
particles, uncontrolled growth structures) that are interspersed

with the wires, resulting in an overestimate of the
recombination velocity. The TA experiments underscore that
ensemble spectroscopies are powerful methods for character-
izing the excited state dynamics of NW samples if
heterogeneities present in the sample can be properly
accounted for during analysis of the data.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed description of absorption efficiency calculation;
transient spectra for NW samples d40, 450, d60, and d100;
difference spectrum calculated from temperature-dependent
ground-state spectra of sample d100. This material is available
free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: jfcahoon@unc.edu (J.F.C.).
*E-mail: john_papanikolas@unc.edu (J.M.P.).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Science Foundation
under Grants CHE-1213379 and DMR-1308695 (C.W.P.,
J.D.C., and J.F.C.).

■ REFERENCES
(1) Schmidt, V.; Wittemann, J. V.; Senz, S.; Gösele, U. Silicon
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