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ABSTRACT: Scattering-type near-ﬁeld optical microscopy (s-SNOM) has enabled subwavelength spectroscopy measurements on a
wide variety of materials and over a large spectral range. These tip-based measurements are of particular interest in the long
wavelength regimes, where the study of individual nanoscale samples is very challenging. The combination of s-SNOM techniques
with short pulse durations has opened a new realm of possibilities in which nanosystems can be characterized with both high spatial
and temporal resolution, for example via optical-pump, terahertz-probe measurements. Here, we demonstrate the ﬁrst “nonlocal”
pump−probe measurement using a scattering-type scanning near-ﬁeld microscopy technique, in which the pump spot is laterally
displaced from the probe location. We observe nonlocal eﬀects corresponding to this pump−probe oﬀset, associated with carrier
drift into the s-SNOM near-ﬁeld probe region.
KEYWORDS: THz, s-SNOM, near-ﬁeld microscopy, atomic force microscopy
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of magnitude;13 a sharp, conical, conductive probe tip is held
nanometers above the sample surface, spatially conﬁning light
of any wavelength near its apex and permitting imaging with a
spatial resolution on the order of the tip radius, which can be
far smaller than the incident wavelength. This has shown to be
powerful for nanoscale characterization of bulk semiconductors,14 nanostructures,15,16 topological insulators,17,18 and 2D
materials6,14,19,20 using THz radiation. Quantitative analyses of
the charge carrier behavior in s-SNOM experiments are
facilitated by numerous electrostatic models describing the
complex interaction between the radiation, probe tip, and
sample.21−24
In addition to these linear optical measurements, a s-SNOM
approach can be employed to drastically improve the spatial

erahertz (THz) spectroscopy is a powerful tool for
characterizing charge carrier behavior in a wide variety of
materials, with important applications in biosciences,1,2
materials physics,3−6 and chemistry.7,8 Notably, plasma
oscillations in most semiconductors occur in the terahertz
regime, providing distinct spectral signatures in systems that
are common in modern electronic devices.9−11 Moreover, THz
photon energies are far below these materials’ bandgap,
allowing for a noninvasive measurement of only the carriers
that contribute to conductivity. THz time-domain spectroscopy (THz-TDS) and imaging are well-established techniques in
which the electric ﬁeld of the THz pulses are detected in the
time domain, so all spectral information can be retrieved via
Fourier transform.12 However, conventional far-ﬁeld THz-TDS
is limited by diﬀraction and therefore cannot resolve objects
much smaller than the imaging radiation wavelength. This is
particularly detrimental in the long-wavelength regime, where
diﬀraction otherwise severely limits spatial resolution and
characterizing even micron-sized objects is challenging.
Scattering-type scanning near-ﬁeld optical microscopy (sSNOM) has been shown to bypass this limit by several orders
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Figure 1. (a) Schematic of laser path and s-SNOM experiment. (b) Schematic of local and nonlocal pump−probe experiment, where the pump is
laterally shifted relative to the probe and AFM tip to capture eﬀects from carrier transport in materials.

Figure 2. NIR-pump THz-probe scans showing the THz reﬂection as a function of time delay between pump and probe arrival. Circle markers/
dashed lines show experimental data at 2nd harmonic demodulation, whereas solid lines show error function ﬁt. (a) On bulk undoped GaAs
substrate. (b) On undoped GaAs nanowire. Inset: Optically chopped p-InAs LTEM signal, showing no path length changes associated with lateral
shifts in the pump spot.

transport between the pump and probe spot. In a semiconductor nanowire, the direction-dependent carrier drift and
diﬀusion leads to diﬀerent behaviors depending on the
direction of the lateral shift of the pump beam relative to the
nanowire axis. These results, which would be impossible to
observe in the far ﬁeld34 (where the diﬀraction-limited THz
probe spot would be hundreds of microns wide, completely
dwarﬁng the NIR pump spot), suggest many new opportunities for studying anisotropy on the nanoscale.

resolution of nonlinear measurements such as time-resolved
pump−probe experiments.25 Numerous groups have adapted
s-SNOM techniques to incorporate such capabilities,26,27 in
order to study dynamics with both high spatial and temporal
resolution. Examples include studies of carrier relaxation in
nanowires,28 plasmonic behavior in exfoliated graphene,29 and
surface phonons in nanotubes.30 In all cases, the pump and
probe spot have both been localized to the tip of the scattering
probe. These approaches have been eﬀective for measuring
local properties of the material directly underneath the metal
tip. However, the use of two optical beams (i.e., pump and
probe) oﬀers an opportunity to generalize the technique to
provide direct information about nonlocal eﬀects. Numerous
researchers have recognized the value of measuring nonlocal
phenomena in the near ﬁeld,31−33 but the implementation of
time-resolved spectroscopy remains an open challenge.
In this letter, we demonstrate the ﬁrst nonlocal near-ﬁeld
pump−probe experiment. In our measurements, an ultrafast
near-infrared (NIR) pulse photoexcites a sample at a location
that is laterally shifted from the metallic probe tip, and the
transient change in conductivity is subsequently probed with a
broadband THz pulse that scatters from the metal tip. For a
featureless semiconductor surface, we show that the lateral shift
of the pump spot leads to a time-delayed change in the
reﬂection of the probe radiation, consistent with carrier

■

RESULTS AND DISCUSSION
Our s-SNOM measurements use an atomic force microscope
(AFM) and PtIr-coated probe tips with ∼40 nm tip radius and
80 μm shank length to measure the reﬂected probe pulse via
near-ﬁeld THz time-domain spectroscopy (THz-TDS).35−39
Near infrared (NIR) pulses (∼100 fs) with 820 nm center
wavelength are generated by a Ti:sapphire oscillator, with 80
MHz repetition rate; these are used both as our near-ﬁeld
pump pulse and also for generation and detection of THz
pulses. Generation is via excitation of a GaAs photoconductive
antenna, which produces broadband (0.2−2 THz) terahertz
pulses for use as the near-ﬁeld probe. Both pump and probe
spots are focused with an oﬀ-axis parabolic mirror inside the
AFM, and elastically scattered oﬀ the tip−sample system. The
THz radiation is detected coherently outside of the AFM using
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Figure 3. (a) Top-down AFM camera images of the tip and diﬀerently oriented nanowires. Top right: zoomed-in tip, pump spot, and nanowires A
and B, outlined in a white dotted line. Bottom right: schematic of the nonlocal pump−probe experiment on a single nanowire, in which the pump is
displaced in the nonlocal case such that we may pump one end of the nanowire and observe carrier transport via the probe on the other end. (b)
Pump−probe reﬂectivity scans on nanowire B in the local (black) and second nonlocal position (red). We observe a strong nonlocal response, as
expected, and no nonlocal response, suggesting the technique is accurately revealing the anisotropy of the nanowire structure and associated carrier
transport characteristics.

time delay in the reﬂectivity response (see Figure 2a). As the
pump spot moves further from the tip and the near-ﬁeld
conﬁned probe area, a longer time is required for carriers to
travel from the photoexcitation region to the tip region. We
also observe a decrease in the long-time (few picosecond) limit
of the reﬂectivity, which is consistent with a lower average
photocarrier density at the probe location. We ﬁt these THz
reﬂection data (dotted line, circle markers) to error functions

free-space electro-optic (EO) sampling with a lock-in ampliﬁer
referenced to a harmonic of the tip-tapping frequency (∼26
kHz). Forward-scattered NIR radiation is blocked from the EO
sampling system with a Teﬂon mask to ensure proper THz
pulse detection. With this experimental conﬁguration, we can
either measure time-domain THz waveforms at a ﬁxed sample
position or detect the peak scattered signal (at a ﬁxed time
delay) and raster-scan the sample to generate THz near-ﬁeld
reﬂection images. For our pump−probe experiments, we
measure full THz time-domain waveforms at incremental time
delays between the pump and probe arrival and use the
waveform peak amplitude to map the changing photoconductivity of the sample at the AFM probe tip location.40
We measure waveforms demodulated at the second harmonic
of the tip tapping frequency, and images demodulated at the
third harmonic, in order to guarantee suﬃcient background
suppression and an adequate signal-to-noise ratio.41
The lateral positions of the pump and probe spot are
controlled independently; the NIR pump is reﬂected oﬀ an
additional motor-controlled mirror outside of the AFM
(shown in Figure 1a), which can be repositioned with 1.1
arcsecond angular resolution. We estimate, from a simple ray
optics analysis, that this corresponds to a minimum lateral
displacement of the illuminated spot on the sample surface of
approximately 55 nm. When the NIR pump beam is centered
on the location of the AFM tip, we refer to this as a “local”
pump, indicating that the pump and probe beams are
colocated. In contrast, a “nonlocal” measurement is one in
which the pump beam is laterally shifted so that the pumped
spot is diﬀerent from the probed spot (see Figure 1b).
As a ﬁrst step, we compare our local and nonlocal pump−
probe experiments on a bare undoped GaAs wafer. Using the
external positioning mirror, we ﬁrst position the pump and
probe together directly under the tip, as in all previous nearﬁeld pump probe measurements. We observe a rapid increase
in THz reﬂection at zero delay with a rise time limited by the
pulse durations, consistent with the expected photoconductivity response induced by our NIR pump pulse. We then laterally
displace the pump spot away from this “local” positioning.
With increasing lateral shift of the pump, we see an increasing

(solid lines) of the form a ·erf

( t −c b ) + 1, where a is a scaling

parameter, b is the inﬂection point, and c is a measurement of
rise time. Using these ﬁts, we extract a time delay of
approximately 170 and 240 fs for the two nonlocal pump
oﬀsets shown in Figure 2a. We estimate, using our ray optics
analysis, that these two nonlocal positions correspond to lateral
oﬀsets of 2.5 and 5 μm, respectively.
One possible concern is that the movement of the pump
spot positioning mirror could induce a change in the arrival
time of the pump pulse at the sample due to a change in the
path length from the mirror to the sample. This could also lead
to a shift in the pump−probe rise time, which could then be
misinterpreted as due to carrier transport rather than trivial
optical path length changes. To examine this possibility, we
perform a time calibration by examining the arrival time of a
laser terahertz emission microscopy (LTEM) signal generated
by the pump pulse from a lightly p-doped InAs wafer (an
excellent Photo-Dember emitter38), with the steering mirror in
the local and two diﬀerent nonlocal positions. This measurement is performed in the far-ﬁeld with the same EO sampling
detection system and lock-in ampliﬁer, now referenced to an
optical chopper which chops the pump beam at approximately
3 kHz. Any time delay change due to path length changes
would be reﬂected in a change in the delay of the LTEM signal.
As shown in the inset of Figure 2a, we observe that all three
LTEM signals arrive at exactly the same time, regardless of
mirror positioning; therefore, we conclude that any path length
change due to the movement of the steering mirror is
insigniﬁcant. Any time delay observed in the pump−probe rise
time must therefore be due to the transport of photoexcited
carriers between the pump and probe locations. It is worth
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Figure 4. Normalized 2D THz probe images, 3rd harmonic demodulation. (a) Nanowire A, local position. (b) Nanowire B, local position. (c)
Nanowire A, nonlocal position 2. (d) Nanowire B, nonlocal position 2. (e) Line proﬁles from images of Nanowire A. (f) Line proﬁles from images
of Nanowire B. Local position shown in black, nonlocal shown in red, THz reﬂection with no pump shown in yellow.

oriented along the axis of the lateral shift direction so that the
pump and probe spots are both centered on the axis of the
nanowire, and photocarriers can be transported along the
nanowire from the pump spot to the probe spot. In contrast,
nanowire B is oriented such that the nanowire is not
photoexcited when the pump spot is laterally shifted, so no
photocarriers should be observed at the probe spot location.
The results (Figure 3b) conﬁrm this picture; we indeed
observe a strong local response in nanowire B (black curve),
when the pump and probe are both focused on the AFM tip,
but the nonlocal response (red curve), corresponding to the
situation where the pump pulse is laterally shifted oﬀ of the
edge of the nanowire, shows no pump−probe signal at all.
To further elucidate these results on diﬀerently oriented
nanowires, we create THz near-ﬁeld images of both wires A
and B, in both the cases of local and nonlocal pumping; Figure
4 shows 2D maps of the peak probe signal for the two
nanowires approximately 3 ps after NIR photoexcitation, when
the signal has reached its plateau. We observe clear bright lines
in the centers and along the axes of nanowire B in the local
case (Figure 4c), and nanowire A in both cases (Figure 4a,b).
This is similar to what has been seen in earlier reports of
optical-pump, THz-probe studies of nanowires, corresponding
to higher THz reﬂection and therefore higher carrier density
near the central axis of the nanowire.27 However, in the case of
nonlocal pump spot positioning, nanowire B is relatively dark
(Figure 4d), with no obvious carrier density increase. For a
clearer comparison of the responses, Figure 4e,f show 1D cuts
of these images, at positions indicated by the white dotted lines
in Figure 4a−d. In both nanowires (just as in Figure 3b), a
strong local response is observed, shown in Figure 4e,f as black
solid lines. As anticipated, the nonlocal response remains for
nanowire A (Figure 4e, red line) but disappears entirely for
nanowire B (Figure 4f, red line). The very small increase in the

noting, however, that larger mirror movement or poor
alignment likely would induce path delay, and so this time
calibration procedure must always be performed.
Next, to highlight the unique capabilities of this nonlocal
pump−probe technique, we perform an identical set of
measurements on a sample of undoped zincblende GaAs
nanowires, lying on a GaAs substrate, grown epitaxially by
metalorganic chemical vapor deposition (MOCVD) using the
Au-assisted vapor−liquid−solid (VLS) method.42−44 Because
the diameters of our nanowires are quite large (∼660 nm), the
carrier drift/diﬀusion properties along the nanowire axis
should be nearly identical with that of bulk GaAs;45 however,
perpendicular to this axis, carriers obviously cannot diﬀuse oﬀ
the edge of the nanowire. We ﬁrst orient the substrate such
that, for a particular nanowire in a nonlocal pump positioning,
one end of the nanowire is being pumped while the other is
being probed (i.e., so that the lateral shift of the pump pulse is
along the nanowire axis; see Figure 3a, right) As shown in
Figure 2b, we observe the same behavior as in the case of the
bulk GaAs substrate: for increasing lateral pump shifts, the rise
time of the pump−probe signal is increasingly delayed. On the
basis of the same error function ﬁtting of the inﬂection point,
we ﬁnd good agreement among the time shifts for a given
lateral shift between the nanowire and the substrate, as
anticipated. Notice that the amplitude of the reﬂection change
of the nanowire does not drop as much as it does in the bulk;
this is a consequence of the conﬁnement of the electrons,
which cannot move away from the surface as they do in the
bulk sample.
To conﬁrm the directional sensitivity of the nanowire
measurement, we also perform the same local and nonlocal
pump−probe measurement on a nanowire which is oriented
approximately 90° rotated to the one described above. This is
shown in the top right panel of Figure 3a. Nanowire A is
2907
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Figure 5. Numerical simulations of carrier transport in undoped GaAs. (a) Time-evolving refractive index at 0, 1.4, 1.65, and 1.8 μm away from the
center of the pump spot. (b) Associated time-evolving 2nd-harmonic near-ﬁeld THz probe amplitudes, calculated at 0.8 THz. 240 fs time delay
observed at 1.65 μm lateral shift (yellow curves).

parameters determined from approach curve best-ﬁts in our
experiments, as described previously.38
Combining the FDM with the Drude model permits us to
calculate the expected reﬂected THz signal (demodulated at
second harmonic) from the tip−sample system at a frequency
of 0.8 THz (the peak frequency emitted by our antenna) which
we assume to be reasonably representative of the peak pulse
signal. Figure 5 shows this ab initio prediction of the reﬂected
THz probe signal (S2). Figure 5a shows the predicted timeevolving refractive indices at a few selected radial distances
between 0 and 2 μm from the pump pulse center. We note that
the strong oscillatory behavior in the blue curve is not
representative of a true physical phenomenon, but is an artifact
of the simulation arising from the discrete spatial mesh. Figure
5b shows the resulting THz probe responses at these same
distances. These curves qualitatively match the experimental
measurements (Figure 2), showing that, the further from the
center of the probe spot we pump, the weaker and more
delayed is the observed change in THz reﬂectivity. Our
simulation also reveals a strong relationship between lateral
pump oﬀset and THz signal rise time. In the local case, the
GaAs is photoexcited directly underneath the tip, and the
probe location detects a reﬂectivity increase from freed
electrons and holes simultaneously. However, in the nonlocal
case, the reﬂectivity increase corresponds to the time at which
carriers diﬀuse underneath the tip. Because electrons are more
mobile than holes in GaAs, the tip will detect mobile electrons
ﬁrst, then holes, and the result is a slower, more gradual rise of
the pump−probe signal. This eﬀect is visible although
somewhat subtle in our experimental data, but more evident
in the simulations. These simulations indicate that a nonlocal
positioning that produces a 200−250 fs time delay relative to
the local positioning should occur at a radial distance of
approximately 1.65 μm, shown by the yellow curves. This is
consistent with our estimation of the lateral shift of the probe
spot in our measurements with a similar shift in delay time.
Although alternative methods for calibrating the lateral pump
shift at the sample location within the AFM are extremely
challenging, we have separately estimated our pump shift to be
on the order of a few μm using optical imaging of the sample
spot combined with signal processing of these optical images.
It is also worth noting that, for this prediction, the optical

center of the line proﬁle for nanowire B in this case is very
similar to that observed when the pump beam is blocked
(Figure 4e,f, yellow lines). We attribute this to the well-known
“edge darkening” eﬀect,46,47 a common artifact in AFM
imaging which occurs when the probe tip scans over rapidly
changing topography.
In order to further corroborate the interpretation of our
results, we perform a full three-dimensional semiclassical
Monte Carlo simulation48 of the carrier transport in bulk GaAs
after photoexcitation by a NIR pulse. The motion of ﬁve
million quasi-particles representing electrons and holes was
simulated. Each particle was moved classically in 1 fs time
steps, subsequently scattering probabilities were calculated for
each particle, and quasi-random numbers were used to decide
if each particle scatters, the scattering angle and energy loss or
gain, and they recombine or become trapped. The Poisson
equation is solved with the particle distribution at each time
step, which is used to calculate the electric ﬁeld that inﬂuences
the motion of the particles in the following time-step. A very
low (1014 cm−3) intrinsic carrier population is assumed at the
start of the simulation with a thermal energy distribution (300
K). Photocarriers are injected using quasi-random numbers
following a temporal Gaussian distribution (FWHM = 50 fs), a
Gaussian distribution across the directions parallel to the
surface (FWHM = 1 μm), and an exponential distribution in
the direction normal to the surface (a = 1.2 μm). The initial
kinetic energy of the photocarriers follows a Gaussian
distribution centered at an energy of about 0.1 eV, which is
the diﬀerence between the bandgap of GaAs and the energy of
the photons. Further details about the simulation can be found
in prior works.48,49 We extracted the time-dependent carrier
distribution from the simulation at the surface. We then
translate this into a local complex dielectric constant,
accounting for both the background dielectric of the solid
and that of the photocarrier plasma, using the Drude model
with an expression for net total static conductivity, σ0total =
q(neμe + nhμh), where n and μ are the local electron/hole
concentrations and mobilities, respectively.50,51
We then employ the ﬁnite dipole model22 (FDM), which
analytically describes the tip−sample system by approximating
the tip as a conductive prolate spheroid, with geometrical
2908
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properties of the GaAs are not inﬂuenced by the existence of a
probe tip; rather, the changing dielectric properties are a purely
far-ﬁeld calculation, and this behavior is then inserted into the
FDM for near-ﬁeld signal prediction. This likely accounts for
the small discrepancy between the predicted (Figure 5b) and
observed (Figures 2a, 2b, 3b) pump−probe response strength.
Indeed, the precise interplay between the tip and optoelectronic properties can be included in the future, for more a
more rigorous numerical approach. Regardless, we conclude
that there is good quantitative agreement between the time
delays characteristic of the simulation and those observed in
our measurements, thereby conﬁrming the utility of the
nonlocal pump−probe approach for observing carrier drift and
diﬀusion in nanomaterials.
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