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All-electronic terahertz nanoscopy
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Probing conductivity in a contactless way with nanoscale resolution is a pressing demand in such active fields as

quantum materials, superconductivity, and molecular electronics. Here, we demonstrate a laser- and cryogen-free

microwave-technology-based scattering-type scanning near-field optical microscope powered by an easily aligned
free-space beam with a tunable frequency up to 0.75 THz. It uses Schottky diode components to record back-
ground-free amplitude and phase nano-images, for the first time in the terahertz range, which is uniquely sensitive

for assessing conduction phenomena. Images of Si with doped nanostructures prove a conductance sensitivity cor-

responding to 10'® cm™ mobile carriers, at 50 nm spatial resolution.
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1. INTRODUCTION

Scattering-type scanning near-field optical microscopy (s-SNOM)
provides ~20 nm resolution at any frequency from ultraviolet to
microwave [1], where the far-infrared region is in high demand
in solid-state physics. Signatures of Drude-type semiconductors
allow quantification of carrier concentration to low values, while
signatures of non-Drude materials such as transition metal oxides
and organic conductors reveal underlying rich physics of corre-
lated electrons entangled by charge, orbital, spin, and lattice de-
grees of freedom [2]. Such behavior leads to exotic materials like
correlated quantum matter, highly susceptible to external pertur-
bation and hence showing intrinsic phase complexities, examples
of which are unconventional superconductors, multiferroics, or
Mott insulators [3]. Characteristic length scales of intrinsic phase
separation reach far below an infrared wavelength and thus call for
applying advanced near-field nanoscopy methods that have
emerged over the past two decades. In s-SNOM, a metal AFM
tip is illuminated by a focused light that concentrates at the tip
apex and interacts with a sample. Scattered light is coherently
detected, simultaneously with topography, such that scanning
generates two optical images, one of the scattering efficiency am-
plitude s, the other of the phase ¢ of scattering [1]. A former
attempt at far-infrared s-SNOM imaging suffered from demand-
ing instrumentation, especially a liquid He-cooled detector with
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inadequate dynamic range that was inadequate for determining
phase contrast [4]. Pioneering microwave s-SNOMs [5,6] based
on waveguide-connected tips demonstrated [5] the principle of
tip-confined optical nanoscopy, the use of interferometry to record
amplitude and phase images, and the value of electrostatic theory
for understanding the near-field interaction mechanism. Here, we
introduce a terahertz (THz) s-SNOM where a high-frequency mi-
crowave circuit connects via free space with a standard s-SNOM
(Fig. 1) and achieves high S/N and thus fast imaging, with no need

to use a beamsplitter for cooling, or an external detector.

2. EXPERIMENT

The THz transceiver, custom-built by Virginia Diodes Inc., fea-
tures high-harmonic (54th) generation of a synthesized micro-
wave at frequency w, which is precisely and quickly tunable
from 9 to 14 GHz, to launch a vertically polarized, diverging
THz beam of ~10 pW from a 1.3 mm x 2.5 mm aperture, tun-
able from 0.5 to 0.75 THz. The solid-state multiplication chain
consists of transistor-based amplifiers and Schottky diodes
mounted in a hollow metal waveguide (depicted as red in the cir-
cuit scheme of Fig. 1). By band filtering and the use of balanced
multiplier designs, a clean 54th-harmonic output is achieved.
In addition, the transceiver redirects any THz radiation that
propagates backward from the launching aperture via an internal
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Fig. 1. Sketch of s-SNOM illuminated by a free-space THz beam, tun-

able between 0.5 and 0.75 THz, from a microwave—harmonic transceiver
circuit that also provides heterodyne detection of back-propagating THz
waves and generates output signals I and Q. These signals become
demodulated in the s-SNOM controller at low-order harmonics 7 of
the tip tapping frequency &, to generate simultaneous, background-free
near-field amplitude and phase images together with topography.

waveguide directional coupler, and downconverts it to a 50 MHz
signal using a Schottky diode mixer (see operation principle in
Supplement 1) depicted as the upper circle in Fig. 1. For this
heterodyne detection process, in our realization of backscattered
THz light from the probing tip, the reference wave is generated by
x54 multiplication of a synthesized microwave at frequency
® + A with A = 0.926 MHz chosen such that the mixer gen-
erates the IF (intermediate frequency) signal at a fixed frequency
of 54 x 0.926 = 50 MHz, independently of the tuning of w (i.c.,
of both THz frequencies).

A single 90° off-axis paraboloidal mirror of 50 mm effective fo-
cal length couples the THz beam to and from a standard s-SNOM
(NeaSNOM of Neaspec GmbH; see photograph in Supplement 1
[Fig. S1]); its alignment is facilitated by a pilot beam (not shown)
from the second, opposite input port of the NeaSNOM. A com-
mercial full-metal tip of 80 pm shaft length (Rocky Mountain
25PT200B-H), five times longer than in common infrared
s-SNOMs, provides sizable (even if not optimal) antenna efficiency
at the long wavelength of 500 pm corresponding to 0.6 THz. An
initial alignment of the s-SNOM’s internal paraboloidal mirror is
uncritical as expected from the large focal volume.

Note that the IF signal faithfully replicates amplitude s and phase
@ of the tip-backscattered THz radiation, and furthermore, that the
present scheme is a low-frequency analog of the first heterodyne,
complex-contrast and background-free s-SNOM that worked in
the visible [7]. The IF signal is fed to an I-Q Schottky mixer, de-
picted as the middle circle in Fig. 1, together with a reference signal
at 54 x A. This unit forms two output signals, I and Q, because it
contains two mixers of which one has its reference wave delayed
by 90°. Both are fed into the standard electronics controller of
the s-SNOM, which determines their modulation components
simultaneously for several harmonics of the tip tapping frequency
Q. Recall the tip oscillates normally to the sample surface; in this
work with 200 nm amplitude, it oscillates at the cantilever’s reso-
nance frequency of 70 KHz. Selecting a component with a har-
monic number high enough guarantees suppression of unwanted
background-scattered radiation, and thus pure near-field imaging
[1]. A unique practical advantage of synthesized microwaves is their

tight control of frequency to <1 Hz, because this allows a tempo-
rarily offsetting of A by a few Hz, such that both I-QQ mixer outputs
visibly oscillate between their extreme levels and thus facilitate the
final alignment of the s-SNOM’s internal paraboloidal mirror in all
translational degrees of freedom.

3. RESULTS

The THz s-SNOM’s performance is demonstrated with an all-Si
sample (SRAM, available from Bruker Nano Inc.) that exhibits
multiply repeated nanostructures of various doping levels and also
high topographic steps that allow their recognition in any micro-
scope. Figure 2 displays the 0.6 THz image (cut from the larger
one in Supplement 1, Fig. S2, left) of the SRAM sample. Both
amplitude s3 and phase @3 images exhibit topography-induced
stripes next to high topography steps due to an “edge-darkening”
effect [1]. Otherwise, the THz images distinguish several regions
with differing amplitude and phase contrasts, indicating varied
conditions of the free carrier population; namely, carrier type,
density, and mobility. In passing, note dark dots in the amplitude
image that correlate with topography humps; we assign them to
low-refractive-index dust particles of about 50 nm height,
preventing the tip from reaching the surface whereby they reduce
the strength of the near-field interaction but not its phase. Four
regions (A—D) are depicted in Fig. 2 by dashed boxes, which show
homogeneous THz contrasts and are assigned by the supplier of
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Fig. 2. Single-frequency 0.6 THz s-SNOM of Si exhibiting topo-
graphical as well as doping nanostructures, namely, the simultaneously
recorded topography (top), THz amplitude s3 (mid), and THz phase
@3 nano-images (bottom); acquisition time, 10 min.
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Fig. 3. Single-frequency 0.6 THz s-SNOM image (1 pm x 2 pm)
of Si as in Fig. 2 extending over the edge of the ion-implanted region
C'. (a) Simultaneously recorded topography (top), THz amplitude s3
(mid), and THz phase ¢; (bottom); acquisition time, 2.5 min;
(b) Line profiles (dots) along the full 2 pm width of the image (a), height
(grey), amplitude (black), and phase (red) obtained by averaging the
lower 400 nm each of the respective images; curves are obtained by
smoothing.

the Si test structure with the following characteristics. D is the
homogeneously p-doped substrate with nominal hole density
of 2.10'® cm™. The others are ion implanted: A, p-type with
hole density 4 - 10! cm™; and B and C, n-type with electron
densities of 2-10*° cm™ and 2 - 1017 cm™, respectively.

At the tapping amplitude of 200 nm used in Figs. 2 and 3, and
Supplement 1, Fig. S2, left, the scattering signals are nearly back-
ground-free already in the second tapping harmonic, and certainly
background-free in the third harmonic images presented in this
work. This is proven by approach curves in the Supplement 1,
Fig. S3, where the THz amplitude s3 decays to 20% at a tip-
sample distance z of about 50 nm. This behavior is compatible
with the specified tip radius of the order of 50 nm, and thus, with
a 50 nm lateral resolution as well as a 50 nm effective probing
depth into the Si sample [1].

The arrows in the phase image of Fig. 2 point to two ~500 nm
wide regions of distinct contrast, which are not mentioned in the
sample’s description; also, they are not visible in its mid-infrared
s-SNOM nano-image (Supplement 1, Fig. S2b). While following
their origin would be beyond the scope of the present paper, they
directly illustrate our method’s sensitivity to low carrier density.

Next, we demonstrate the capability of 0.6 THz s-SNOM to
map low carrier-density gradients, by recording a higher-resolved
image of the transition region between areas C and D. The images
in Fig. 3 reveal an interesting substructure across the doping edge,
as each of the three observables in s-SNOM, topography, THz
amplitude, and THz phase seemingly have the edge at different
positions, offset up to hundreds of nm. As seen in Fig. 3(b) in
detail, the amplitude decreases evenly over a ~300 nm distance
covering sections b and ¢; the topography features a 1 nm deep
depression within section b only; the phase increases monoton-
ically over ~500 nm distance covering sections a to e, but stays
constant within section c. Obviously, the transition between
n-type and p-type regions studied here extends over a ~500 nm
distance.

4. THEORY

To understand these contrasts, we recall that the dielectric re-
sponse due to charge carriers of density 7, moving freely in a neu-
tral medium (plasma) is governed by the dynamical conductivity
o(w), which in Drude approximation is constant from DC up to
the plasma frequency w,. The plasma frequency scales with the
carrier density 7, and mass 7, as @, & /n./m., and lies in the
visible for metals. Near-field interaction with a Drude-type semi-
conductor leads to a resonant response characterized by a phase
peak and an amplitude step near @,, as was first predicted using
the point dipole model of near-field interaction and verified ex-
perimentally at high 7, ~ 10'> cm™ in the mid-infrared [8]. The
first far-infrared nano-imaging of carrier distributions at 2.5 THz
[4] demonstrated sensitivity from the 10'® to below 10! cm™
range, which is centrally important for semiconductor science
and technology (that demonstration was a rour de force because
of the required, low-dynamic-range superconducting detector
[4]). To focus on our observed contrasts in Fig. 3, we calculate
the complex near-field response at 0.6 THz using the finite dipole
model of tip-sample near-field interaction (effective tip length
600 nm, tip radius 50 nm, illumination angle 60°) [1,9]. The
extended Drude dielectric data of Si were calculated from liter-
ature values for the mass and mobility of electrons and holes,
respectively [10,11,12]. The theory result in Fig. 4 demonstrates
a clear difference between electrons and holes, especially that a
Drude resonance at 0.6 THz can arise from either an electron
density of 3-10'® cm™ or a hole density of 8-10'® cm™.
Such densities are of the same order of magnitude as those speci-
fied by the sample supplier for areas C and D depicted in Fig. 2.
In passing, we point out that our s-SNOM imaging of the same
sample in the mid- infrared (see Supplement 1, Fig. S2) shows no
contrast in areas C and D; indeed, at that 45-fold higher fre-
quency (27 THz), a Drude resonance would necessitate a
2000-fold higher carrier density.

5. DISCUSSION

The curves in Fig. 4 predict that for Si, even a single-frequency
measurement of s-SNOM amplitude and phase at 0.6 THz can
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Fig. 4. Predicted 0.6 THz s-SNOM scattering amplitude 53 (black)
and scattering phase @5 (red) of Si, relative to Au, versus carrier density
for electrons (thin curves) and holes (thick curves). Letters tentatively
placed next to these curves correspond to the sections a—e of the n-p
transition region investigated in Fig. 3.

both identify the carrier type and quantify the carrier density in
the 10'¢ to >10'7 cm™ range. To do so, the mass and mobility of
electrons and holes must be known and the measurement must be
calibrated with a known reference material such as Au. This
calibration was not attempted in the present study, however,
considering that the unknown depth profile of ion implantation
in area C should cause problems of interpretation. Clearly, a sim-
ilarly qualitative and quantitative material characterization is
possible with our method, not only for doped semiconductors
but for any conducting or even dielectric system whose dielectric
function exhibits contrast in the THz region.

The predictions of Fig. 4 can qualitatively explain several fea-
tures of the experimental near-field profiles of Fig. 3(b). Consider
first the region D', which represents p-type Si substrate of nominal
density 7, = 2 - 10'° cm™3, certainly a standard substrate homo-
geneous throughout the depth of the probing near-field into the
sample. Approaching the edge of the doped area C’, starting from
around D’ along sections e and d, reveals that the phase decreases
but the amplitude stays constant, just as predicted by the thick
curves in Fig. 4, for the case that 7, decreases from about
2-10'° cm™ to a lower value because of recombination with elec-
trons. A second example is the approach to the edge from around
C' along sections a, b, and ¢, where we observe a decreasing
amplitude and an increasing phase, also just as Fig. 4 (thin curves)
would predict for an electron density decrease from 7, &
2107 ecm™ to ~3-10'° cm. Other observed features, such
as a mismatch of predicted phases in sections ¢ and d close to
the edge, need further consideration that goes beyond the scope
of this paper. In fact, the significant depression of the surface in
section b is an indication that the doping/annealing process may
have produced a more complex nanostructure in the n-p transition
than simple in-plane density gradients (one process step for area C’
was implanting 900 kV Pt ions that, according to literature, deposit
acceptors primarily in 1 £ 0.5 pm depth below the surface).

6. OUTLOOK

There are two promising extensions of the presented nano-
imaging, which would allow further insight. One is the estab-
lished tomography method of s-SNOM, which can detect

sub-surface layers and quantify depth profiles by systematically
varying the tapping conditions or analyzing different demodula-
tion orders [12—15]. The other is to repeat nano-imaging at
precisely varied (>8 digits of precision) transceiver frequencies
anywhere between 0.5 and 0.75 THz with the present device
(0.75 to 1.1 THz with a new model being developed). Tuning
can currently be achieved within 3 ms and should enable fast
spectroscopic s-SNOM  acquiring half-octave-wide THz point
spectra in a matter of seconds. For comparison, time-domain
THz nano-spectroscopy covering a decade of frequencies centered
around 0.7 THz has matured from early demonstrations [16,17]
into a commercial product (neaspec.com) that has recently en-
abled taking amplitude-and-phase point spectra of the present
sample in a few min/pixel acquisition time [18,19].

7. CONCLUSION

We conclude that our all-electronic THz nano-imaging is capable
of quantifying conductivity of lowly doped semiconductors not
only on the 50 nm scale in a matter of few min acquisition time
for a 10,000 pixel image, but also at sub-order-of-magnitude
precision in cartier density, including identification of carrier type,
without a calibration procedure, as required with microwave-
impedance-measuring  AFMs [6,20]. Moreover, all-electronic
THz s-SNOM is ready for correlative microscopy using infrared
or Raman channels to be operated from the second port of the
NeaSNOM nanoscope. A practical advantage of our all-electronic
THz nanoscope is that THz generation and coherent detection are
both contained and permanently aligned inside a compact device.
No cryogenic detectors are needed, as is the case with lasers or syn-
chrotrons, and, indeed, no external detector must be operated, as
with time-domain THz systems.

All-electronic THz nanoscopy opens up fast and simple nano-
scale probing to a wealth of actively studied physics phenomena
and materials exhibiting low, exotic, and/or non-Drude conduc-
tion mechanisms, such as in high-Tc superconductivity, ballistic
transport, charge density wave, or electronic phase separation, in
conventional as well as in quantum materials like topological
insulators and polaritonic two-dimensional materials, or in
molecular electronics.
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