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Abstract

Scattering-type scanning near-field optical microscopy (s-SNOM) has become a
powerful tool for subwavelength-resolved imaging and optical spectroscopy. The
technique is particularly useful in the terahertz or other long-wavelength regimes,
where the diffraction limit prohibits resolving even micron-sized objects. This
approach can also drastically improve the spatial resolution of nonlinear measure-
ments such as laser terahertz emission microscopy (LTEM), in which a broadband
THz pulse is generated after photoexcitation by a near-infrared (NIR) pulse. How-
ever, in all prior near-field LTEM experiments, the pump spot has been localized
to the scattering probe, to couple to the generated THz radiation at the center of the
illuminated region. Here, we demonstrate the first nonlocal near-field LTEM experi-
ments, in which an ultrafast NIR pulse photoexcites a sample at a location that is
laterally shifted from the location of the near-field probe which couples the THz
signal to the far field. Increasing lateral shifts of the pump spot produce larger time
delays in the arrival of the emitted broadband THz pulse, consistent with drift of the
subsurface dipole between the pump location and probe tip. Monte Carlo simula-
tions corroborate the time shift for the dipole formation, which in turn produces the
THz emission with a relative delay. The simulation results show excellent agreement
with experiments. This nonlocal s-SNOM approach to LTEM offers a new opportu-
nity for studying lateral transport on the nanoscale and may be particularly useful in
anisotropic materials.
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1 Introduction

For decades, terahertz time-domain spectroscopy (THz-TDS) and imaging have
been widely used for characterizing charge carrier behavior in a variety of materi-
als relevant to the fields of biology [1-3], materials physics [4, 5], and chemistry [6,
7]. Unlike pulse characterization methods in other wavelength regimes, the electric
field of the THz pulses is detected in the time domain, so all spectral information
can be retrieved via Fourier transform [8, 9]. THz-TDS is especially useful for char-
acterizing the optoelectronic properties of semiconductors; their plasma frequencies
often occur in the terahertz regime, providing distinct spectral signatures in devices
which are important in modern electronics [10]. Moreover, with a photon energy
far below the band gap of conventional semiconductors, THz radiation allows for
a noninvasive measurement of only the carriers which already contribute to con-
ductivity. However, the spatial resolution of conventional THz-TDS is low; because
of the diffraction-limit, THz images cannot resolve objects with dimensions smaller
than hundreds of micrometers. Scattering-type scanning near-field optical micros-
copy (s-SNOM) is capable of bypassing this limit [11, 12]. A sharp, metallic probe
tip sits nanometers above the surface of the sample, spatially confining incident light
near its apex to a spot whose size is on the order of the tip radius. This can be tens
of nanometers wide, orders of magnitude smaller than the incident wavelength. This
idea has been groundbreaking for nanoscale characterization of bulk semiconduc-
tors [13, 14], nanostructures [13, 15-19], topological insulators [20, 21], and 2D
materials [4, 5, 22, 23] using THz radiation. Furthermore, in addition to linear opti-
cal measurements, a s-SNOM approach can also greatly improve the spatial resolu-
tion of nonlinear optical imaging techniques such as laser terahertz emission micros-
copy (LTEM) [24-26]. LTEM is well known to be a powerful tool for examining
photo-induced charge carrier dynamics in solids, with applications in the evaluation
of integrated circuits and solar cells, but it has only recently been adapted to the
s-SNOM technique [27-29] to enable nanoscale spatial resolution. Moreover, while
prior studies of near-field LTEM have successfully extracted local properties of the
material directly underneath the metal tip, there is significant and so far unexplored
value in measuring nonlocal phenomena in the near field [30, 31].

In this paper, we demonstrate the first nonlocal near-field LTEM experiment.
In our measurements, an ultrafast near-infrared (NIR) pulse photoexcites a semi-
conductor at a location that is laterally shifted from the metallic tip, creating a
subsurface dipole that evolves after the arrival of the optical pulse. This optically
induced dipole generates broadband terahertz emission, which is outcoupled from
the surface at the location of the near-field probe. We observe that increasing the
lateral distance between the tip and the pump spot leads to increasing delays in
the arrival time of the THz pulse at the detector. This delay is consistent with
vertical and lateral diffusion of the NIR-induced subsurface dipole from the pump
spot to the location of the tip. These results, which require a near-field approach
(as micron-sized diffusion lengths would be impossible to resolve in the far field
using THz radiation), suggest many new opportunities for studying electronic and
structural anisotropy on the nanoscale.

@ Springer



Journal of Infrared, Millimeter, and Terahertz Waves

2 Results and Discussion

Our s-SNOM measurements use an atomic force microscope (AFM) and Ptlr-coated
probe tips with ~40 nm tip radius and 80 pm shank length to measure THz emission
from the sample substrate via near-field THz time-domain spectroscopy (THz-TDS)
[9, 32, 33]. Near-infrared (NIR) pulses (~ 100 fs) with 820 nm center wavelength are
generated by a Ti:sapphire oscillator, with 80 MHz repetition rate. The laser beam
is focused to a diffraction-limited spot on the tip-sample area with an off-axis par-
abolic mirror inside the AFM. THz radiation emitted from the sample is detected
coherently outside of the AFM using free-space electro-optic (EO) sampling with a
lock-in amplifier referenced to a harmonic of the tip-tapping frequency (~23 kHz).
Any excess NIR radiation scattered forward from the sample is blocked from the
detection crystal (2 mm thick ZnTe) with a thin layer of Teflon to ensure proper
THz pulse detection. For this experiment, we measure full THz time-domain wave-
forms at incremental lateral shifts of the pump spot to map the changing THz emis-
sion strength of the sample directly at the AFM probe tip location [34]. We measure
waveforms demodulated at the 2" harmonic of the tip tapping frequency for an ade-
quate signal-to-noise ratio and appropriate suppression of the far-field background
radiation [35-37].

The lateral position of the pump spot is controlled independently of the tip and
sample positions; immediately before entering the AFM, the NIR pump is reflected
off an external motorized mirror (shown in Fig. 1a), whose pitch can be repositioned
with 1.1 arcsecond angular resolution. We estimate, from a ray matrix analysis of
the AFM internal optics, that this corresponds to a minimum lateral shift for the
pump spot on the sample surface of approximately 55 nm; this is about the same as
the size of the AFM tip and is small compared to the ~ 1.3 pm diameter of the pump
beam spot at the sample surface. When the NIR beam spot is spatially coincident
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Fig. 1 Schematic of NIR path and near-field LTEM experiment. A Ti:sapphire laser generates ultrafast
near-infrared pulses which generate THz emission from a semiconductor sample inside an atomic force
microscope. Emitted single-cycle terahertz pulses are detected in the time domain via electro-optic sam-

pling
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with the AFM tip, we refer to this as a “local” positioning (Fig. 2a, left). A “nonlo-
cal” positioning is one in which the pump has been laterally offset, such that carriers
are required to travel between the pump and probe tip location to reach the probed
volume (as shown on the right side of Fig. 2a, b).

We compare our local and nonlocal LTEM experiments on two featureless InAs
wafers, which have specified p-doping levels of approximately 10'¢ cm™ and
10'8 cm™2. Using the external positioning mirror, we first position the pump directly
under the tip and measure the near-field THz emission, as in all previous near-field
LTEM measurements. We then laterally displace the pump spot away from this
“local” positioning, in increments of 200-250 nm, up to a maximum displacement
of approximately 2 pm.

For both the lightly doped (Fig. 3a) and more heavily doped (Fig. 3b) InAs
wafers, we observe a clear delay in the arrival time of the emission pulses, corre-
lating monotonically with increasing lateral offsets of the NIR spot. In both sam-
ples, a 2 pm pump spot shift creates an approximately 500 fs delay in the arrival
of the LTEM pulse. This corresponds to an average lateral dipole diffusion speed
of 4x10° m/s. If we assume all excess pump energy—above the InAs bandgap—
is transferred into kinetic energy, a simple velocity calculation using the effec-
tive mass of electrons in InAs (0.023m,) yields an approximate carrier velocity of
4.2%10° m/s. While approximate, this calculation strongly suggests that we are

Local Nonlocal

Fig.2 a Left: schematic of standard LTEM experiment, where the pump is focused directly underneath
the AFM probe tip. Right: schematic of “nonlocal” near-field LTEM experiment, where the pump spot
on the sample is laterally shifted relative to the AFM tip, to capture carrier transport effects. b Schematic
of the AFM tip in a “nonlocal” position at r = 0 (the instant of NIR pulse arrival) and 7 >> 0—when
the photo-Dember dipole has diffused so there is a vertical component of the dipole directly underneath
the tip. At this point, at some ¢ >> 0, we measure a nonlocal LTEM signal with an arrival time which is
delayed relative to a “local” tip positioning
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Fig.3 Local and increasingly nonlocal near-field LTEM measurements. a On lightly p-doped InAs, n =
10'® cm™. b On more heavily doped p-InAs, n ~ 10'® cm™. Increasingly warmer colors correspond to
larger lateral pump offsets, up to a maximum displacement of approximately 2 pm

directly measuring carrier drift and diffusion using this nonlocal LTEM technique.
We also observe weaker emission as the pump offset increases, consistent with our
expectation that a smaller portion of the photo-Dember dipole is outcoupled by the
tip as the offset increases. We note that the overall emission is weaker in the more
highly doped InAs; this is to be expected, as the higher concentration of carriers
lowers the absorption of the pump beam while also inhibiting the outcoupling of the
THz pulse from below the sample surface into the air.

Because carrier mobility is generally inversely related with concentration, we
might expect naively that the same lateral pump shifts would cause much larger
delays in the arrival time for the highly doped sample relative to the lightly doped
sample; that is, the photo-Dember dipole would diffuse much more slowly in the
highly doped sample, causing much later THz emission in the near field. However,
we observe that this is not the case; the relationship between arrival times and lat-
eral pump offsets is nearly the same between highly and lightly doped samples, sug-
gesting that this simple explanation is insufficient. In fact, we are exciting photo-
carriers very high above the 0.35 eV band gap of InAs; it is these hot carriers that
are responsible for the emission of THz radiation. Their initial kinetic energy, and
therefore their velocity during the current transient, depends on their location high
above the bottom of the conduction band and is not so sensitive to the population of
background cold carriers. It is therefore not surprising that the times associated to
the transport of these hot carriers are comparable, regardless of the intrinsic carrier
concentration, as reflected by the comparable time delays observed in Fig. 3. The
most obvious difference between Fig. 3a and 3b is in the amplitudes of the emitted
THz pulses; in the highly doped sample, the emitted THz pulses weaken much more
rapidly with increasing pump shift. This is where the higher doping concentration
has its clearest effect. Cold carriers may screen local fields and reduce the strength
of the photo-induced dipole. Moreover, hot photocarriers are much more likely to
collide with cold carriers when the doping is higher, causing a “decoherence” in
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the current; these collisions increase the likelihood that photoexcited carriers change
their direction of motion, making them less likely to arrive at the tip within a given
timeframe and causing a weakening of the near-field THz emission. These effects
are unrelated to the relationship between background carrier concentration and
excitation density [38], which we estimate to be approximately 2x 10" cm™ in our
experiment. Indeed, the nonlocal LTEM technique described here provides a unique
window on these complex carrier dynamics.

Before attempting to extract more rigorous quantitative results, we first consider
the possibility that, by tilting our motorized mirror, we are gradually increasing
the optical path length that the NIR pump pulse must travel before it arrives at the
sample surface; this would induce a similar shift in arrival time which would be
unrelated to carrier motion and may confound our measurements. To ensure that
this is not the case, we perform identical measurements in the far field. We retract
the tip from the sample—far enough so that there is no near-field interaction—and
measure the arrival time of the emitted THz pulses by referencing our lock-in to an
optical chopper which modulates the incoming pump beam at 3.17 kHz. This meas-
urement would reveal only the time delay resulting from such trivial optical path
length changes, if one were present. As shown in Fig. 4, we observe that, for the
identical set of lateral pump shifts in Fig. 3, the far-field LTEM pulses all arrive at
nearly the same time. This demonstrates that varying the mirror tilt induces no sig-
nificant change in path length, and the delay we observe in the near field is truly due
to carrier dynamics after photoexcitation. Additionally, in the case of a path length
increase, we would not expect the near-field peak-to-peak amplitudes to decrease as
significantly as they do in our data. The decrease in THz field strength with increas-
ing pump shift shown in Fig. 4 is certainly a result of changing alignment; when
the pump spot is shifted and therefore not focused directly underneath the tip apex,
portions of the NIR beam or the outgoing THz beam may be blocked by the tip and
cantilever. In both cases, this would cause a reduced THz amplitude. Conversely,
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because of the antenna properties of the tip, this type of alignment issue is not pre-
sent in the near field, because the measured signal always originates from the same
location (the tip), and background radiation is filtered by higher-harmonic demodu-
lation. We also note that, in the prior works studying near-field LTEM, it has been
suggested that the tip acts as a nanoprobe, outcoupling THz radiation from a small
region, rather than as a nanopump, inducing a subsurface dipole on the nanoscale.
The results shown here confirm this earlier conclusion that the tip’s primary role
must be that of a nanoprobe; to observe the shifts in arrival time shown in Fig. 3, it
is required that the tip outcouples only the edges of an extended subsurface carrier
distribution. If instead its role was as a nanopump, the emission would always be
centered at the probe tip, and we would observe no time delay with increasing lateral
pump shift. So, in addition to providing an enhanced picture of carrier properties in
the InAs, this nonlocal LTEM experiment has provided added clarification for the
near-field LTEM mechanism.

In order to quantitatively corroborate the experimental results shown in Fig. 3,
we perform a semiclassical Monte Carlo simulation [38] of the diffusing subsurface
dipole in lightly doped InAs after the carriers have been photoexcited by an ultrafast
NIR pulse. We simulate the motion of five million quasiparticles representing elec-
trons and holes. Each particle is advanced classically in one femtosecond timestep,
at each step scattering probabilities are calculated for a variety of mechanisms and
a quasirandom number determines its scattering probability, its scattering angle,
energy gain/loss, and if it recombines or becomes trapped. The particle density is
calculated and used to solve the Poisson equation at each step; this determines the
local electric field which influences particle motion for the subsequent timestep. The
InAs is assumed to be at room temperature (300 K) and to have a very low intrinsic
carrier concentration (10'* cm™). Although this is not equal to the carrier concen-
tration of our real samples (1016 cm~3, 108 cm_3), we note that adding more carriers
is computationally very expensive. Moreover, InAs wafers with low concentrations
of 10" ¢cm™ and 10'® cm™ can be expected to exhibit very similar behavior. In
order to simulate the arrival of the NIR pulse, photocarriers are injected using qua-
sirandom numbers following a temporal and spatial Gaussian distribution (FWHM
100 fs and 1 pm) and an exponential distribution in the direction normal to the sur-
face (a=1.2 pm). Further details about the simulation can be found in prior works
[38, 39].

The strength of the emitted THz field is proportional to the gradient of the verti-
cal photocurrent generated by the NIR pump [40]; we track this quantity as a func-
tion of distance from the pump spot and recreate the expected arrival times and
peak-to-peak amplitudes of the LTEM signal. To illustrate this, we plot the verti-
cal photocurrent (J,) and subsequent THz emission pulse as a function of time for
some selected pump offsets in Fig. 5. Figure 5b shows the predicted THz emission
field, calculated from the gradient of the data in Fig. 5a. The dotted lines are val-
ues extracted directly from the simulation, and solid lines are error function fits to
smooth the unphysical numerical noise of the simulation. We observe that the simu-
lation shows the same qualitative trends as our experimental data; as the pump shift
increases, the strength of the vertical photocurrent and subsequent THz emission
decreases, and the arrival time delay increases. However, we note that the simulation
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Fig.5 a Monte Carlo simulation of vertical subsurface current J, induced by photoexcitation by an
ultrafast NIR pulse and the photo-Dember effect in InAs. Different curves correspond to different lat-
eral pump shifts away from the nanotip in increments of approximately 70 nm. Dotted curves show raw
simulation results, while Gaussian fits for clarity are shown as the solid lines. b Simulated THz emission
pulse, obtained by taking the negative gradient of (a)

predicts a more rapid decay than observed in either InAs wafers; this causes the pho-
tocurrent and subsequent emission pulses to become too small to visualize in Fig. 5,
once the pump offset exceeds approximately 1 pm. This discrepancy is likely a result
of the conditions and interpretation of the simulation; it is important to note that
our simulation represents the photoexcitation characteristics of lightly doped InAs
in the far field; the tip’s effect on the outcoupled signal, as well as its direct modula-
tion of the local dielectric function of the sample, is not accounted for. In Fig. 6, we
extract the arrival time delay and peak-to-peak THz amplitudes from the full simula-
tion and directly compare them to our data. We find excellent agreement between
our experimental arrival time shifts for 10'® cm™ InAs (Fig. 6a, blue line) and our
Monte Carlo simulation (Fig. 6a, black line), suggesting that the nonlocal LTEM
technique is effective in measuring charge carrier transport properties which are not
observable with traditional “local” near-field techniques. Additionally, our simula-
tion does not account for the finite detection bandwidth of the ZnTe crystal which
suppresses frequencies above 2.2 THz; our amplitude prediction incorporates these
higher frequencies—which decay very rapidly with pump offset—while our exper-
iment does not. Indeed, we observe that our simulated THz pulses change shape
appreciably as the pump offset increases. For this reason, we choose to measure the
arrival times of our simulated pulses by the time at which the vertical photocurrent
is maximized, i.e., the zero-crossing point of the emission pulses between their posi-
tive and negative peaks. This allows us to reliably track changes in the pulse tim-
ing without requiring a consistent pulse shape. Moreover, the qualitative behavior
of the peak-to-peak amplitudes of the signals from the lightly doped InAs (Fig. 3b,
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Fig.6 a Lateral pump shift vs. LTEM pulse peak arrival time in lightly doped InAs (blue), more heavily
doped InAs (red), and in simulation (black). b Lateral pump shift vs. emitted THz pulse peak-to-peak E
field strength for lightly doped InAs (blue), heavily doped InAs (red), and in simulation (black)

blue), heavily doped InAs (Fig. 6b, red), and simulation (Fig. 6b, black) agrees well.
Although not perfect, the good agreement in Fig. 6 indicates that the tip does not
strongly perturb the observed dynamics.

3 Conclusion

In summary, we present the first nonlocal near-field laser terahertz emission micros-
copy measurements on lightly and heavily doped bulk InAs wafers. We find that a
lateral shift in the pump spot relative to the nanotip yields a time-shifted emission
response consistent with hot carrier ballistic transport after photoexcitation, as well
as surface field-induced drift. Numerical Monte Carlo simulations of photoexcited
carriers in lightly doped InAs confirm the relation between pump shift and LTEM
pulse arrival time delay and peak amplitude. This technique is a valuable addition to
the range of near-field THz spectroscopy and imaging techniques and may be of par-
ticular interest for measuring carrier dynamics in materials with anisotropic trans-
port properties.
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