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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 (~S5%) regions of the NW, increases 6-fold. The
changes in recombination rate are independent of NW
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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."~® In Si nanowires (NWs), for example, strain may
offer a route toward Si lasers and light-emitting diodes
(LEDs),® enhanced carrier transport in nanoscale elec-
tronics,”® and junctionless charge separation in Si NW-based
photovoltaics.'"” The potential for accessing such unique
functionalities has prompted both experimental''™'® and
theoretical**~'%'7"® 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 ZnO"'~™'* and
CdSe'"® 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.'® 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-
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bandgap materials such as Si and Ge that cannot be studied
using luminescent techniques.

Here we present time-resolved pump—probe microsco-
py'® > 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 uJ/cm?) that is focused to a
near diffraction-limited spot by a microscope objective (100X,
NA = 0.8). The spatial and temporal evolution of the
photogenerated carriers are followed by a second laser pulse
(probe: 850 nm, 150 pJ/cm?) 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, At. 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.*' 3

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.”* 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.””** 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
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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 ym. (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
NWT1 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 At = 0 ps; scale bar, 2 um.

affected.”* 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 At = 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 recombination®*
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:

4 —41n(2)Ax* _
I(At, Ax) = 5(AD) exp( S ]exp( k., At)
(1)
with
B(At)* = y* + 1] + 16In(2)DAt @)

In eq 1, Ax defines the spatial separation between pump and
probe spots along the wire (Ax = 0 for these spatially
overlapped kinetics traces), 4, is a normalization constant, and
kqps is the electron—hole recombination rate. In eq 2, y; = 430
nm and y, = 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.
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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, S um. (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 NWj scale bar, 1 ym. (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, S(At)* — $(0)? 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

cm?/s < D < 10.0 cm?/s) found for four additional NWs characterized.

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 At = 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:

) R T —41n(2)Ax*
FAL 8 = 50 XP[ Ay ) )

to extract the fwhm of the distribution, (At). A plot of S(At)*
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, $(0), that reflects the pump and probe spot
sizes (see eq 2 for At = 0 ps). Figure 2D shows the time-
dependent component of the fwhm, (B(At)* — (0)?), for the
bent and straight regions of NW2. Analysis of this data yielded
diffusion constants of 7.5 + 0.2 cm?/s and 7.8 + 0.1 cm?/s,
respectively, for the two regions. Characterization of carrier
transport in four additional NWs yielded diffusion constants
that ranged from 6 cm’/s and 10 cm’/s with no apparent
correlation between the local curvature and the diffusion
constant. The average diffusion constant found for these NWs
(~8 cm?/s) is significantly lower than the bulk ambipolar
diffusion constant of 18 cmz/s,26 which is most likely a
consequence of the high photoexcited carrier density (~4 X

10" cm™) dominating transport through carrier—carrier
scattering.27

Although lattice strain is anticipated to affect charge carrier
mobility,”~>'7 the lack of a strain dependence in our
measurements may be a consequence of several factors. First,
in Si, the electron mobility (4.) is typically increased in regions
under tensile strain and decreased under compression, with the
opposite behavior expected for the hole mobility (y,). Since the
ambipolar diffusion constant depends upon both (ie, D =
(2ksT/q) (peptn/ pe + py,), where kg 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
cm?/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 cm?/s for fitting the kinetic traces, fits conducted
with values of D from 6 to 10 cm?/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."®"” The creation of defect sites
would likely be irreversible, causing rapid recombination to
persist even after release of the deformation. To test this idea,
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Figure 3. Reversibility of the strain-dependent carrier recombination rate. (A) Pump—probe images at At = 0 for NW3 (d ~ 100 nm) deposited on a
flexible PDMS substrate in initial stretched (1), relaxed (2), and restretched (3) configurations; scale bars, S ym. (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.

we investigated carrier recombination dynamics in NWs
transferred to a stretched poly(dimethylsiloxane) (PDMS)
substrate. The pump—probe image taken at At = 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 NWI. 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, lel, that can be expressed in terms of R and the NW
diameter, d, as lel = 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, kg, is between 6 and 8 ns™'. The
regions of higher curvature (green and red circles in Figure 1A)
on the NW have lel = 1.9% (k,,, = 13.8 ns™') and lel = 2.7%
(kobs = 30.3 ns™"), respectively. This corresponds to enhance-
ment factors of ~2 at 2% strain and 4—35 at 3% strain. Given the
lateral resolution of the microscope, k,y, 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:

kobs = ks + kr + kSRH + kA (4)
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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 ym. (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 SO
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 S0 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.

where k, k, kepyy, and k, 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 k, = 4S/d, where the surface
recombination velocity (S) parametrizes the surface qual-
ity.”"**** The inverse diameter dependence in this expression
reflects the geometrical localization of recombination events to
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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.”>*** 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 (ie, ky = 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 (k) and strain-dependent (k(¢)) contribu-
tions:

kobs = kO + k(&‘) (5)

The strain-dependent component, k(&) = kg, — ky, is plotted in
Figure 4C for 144 measurements across 14 different wires. Due
to differences in surface quality and diameter, we determined k
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 (k,) is increased
by lattice strain, then the strain dependence should scale
inversely with NW diameter (since k, = 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(e), 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 (e <
0.7%), recombination via typical bulk mechanisms (i.e., SRH,
Auger, radiative) is slow, and the overall recombination is
dominated by the surface (ie., ko, & ko = k). Lattice strain
introduced by bending deformation enhances the bulk
recombination rate, and at £ ~ 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.*”'**° However, it is also
predicted'® 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.”’ 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.””'**® 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,®’ 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.

B ASSOCIATED CONTENT

© Supporting Information

Power-dependent kinetics for both bent and straight regions of
a Si NW. This material is available free of charge via the
Internet at http://pubs.acs.org.
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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—
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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

detailed understanding of the factors that govern the

motion of mobile charge carriers through nanostructures
is critical to the rational design of nanoscale devices.'®
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,°71% InP,"” GaAs,'®" and
CdS.***! 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.”*** Charge carrier dynamics in nanostructures are
further complicated by unintentional electric fields created
through surface chargingzs’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 structures’” >° or steady-
state observations made on single structures or devices using
functional imaging techniques.’’ > 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 microscopy**™** enables a
characterization of carrier dynamics in relation to specific
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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 technique®®™ to visualize charge carrier motion
across axial p-type/intrinsic/n-type (p-i-n) silicon nanowire
(SiINW) junctions. The microscopy results are combined with
finite element simulations'>*° 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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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, p, and electric field, E, along the axis of a p-i-n junction. The model
consists a 100 nm cylindrical wire with a 2 gim p-type region, a 2 ym intrinsic region, and a 2 ym 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.

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 pm) p-type region followed by a 2 um intrinsic
segment and 3 um n-type region. The p-type and n-type
regions are doped with boron and phosphorus, respectively, at a
nominal doping level of 3 X 10" cm™. 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-in junction (J1, J2, and J3) in the three scanning
electron microscopy (SEM) images in Figure la. 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;*
however, as its length increases, the electric field produced by
the junction becomes more complicated.*® This increased
complexity is illustrated by finite element simulations of a p-i-n
junction with a 2 ym 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,
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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 junctions*® (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 (10" V/m)
with a smaller (10° 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 ~10° electron—hole pairs
(5 X 10" carriers/cm®) 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 (100X, 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
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Figure 2. Time-resolved measurements with spatially overlapped pump—probe microscopy. (2) 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, AI(t) = A;e™™ + A,e™/™ — y,, in which the average lifetime was determined by (1/7) avg = L(A/T)) + (Ay/7,)]/
(A; + A,). (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 ym. 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.

balanced photodiode detector. Pump-induced changes in the
probe intensity (AI) 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.**

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.”” 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.*’

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.*” On the picosecond
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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.® 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.*® 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
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are shown for two p-i-n junctions, ]2 and J1, in Figure 2b and
2, 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 behavior*® 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,’”" 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
estab]ifhg;i methods such as scanning photocurrent micros-
copy.

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 ym.

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 O 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.®® 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
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1 um

Figure 3. Time-resolved measurements with spatially separated
pump—probe microscopy. (ab) 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 ym 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.

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
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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,”® 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 ym 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.*> 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, 7 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 (~10" cm™), the
electrons and holes are easily separated by the applied field (10°
V/m) and move rapidly in opposite directions, traversing the
first 2 ym 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 10" cm™,
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
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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
pum long NW with 100 nm diameter. A bias is applied across the wire
to induce an electric field with a magnitude of 10° V/m. A Gaussian
distribution of carriers is generated at the center of the NW
(corresponding to an axial position of 0 ym). (b—d) Charge carrier
evolution along the wire axis under (b) low injection (~10" cm™
electrons and holes), (c) intermediate injection (~10' cm™3), and (d)
high injection (~10"7 cm™*). 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.

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 (10"
cm™), 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
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