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ABSTRACT
Near-field microscopy techniques operating in the terahertz (THz) frequency band offer the tantalizing possibility of visualizing with
nanometric resolution the localized THz fields supported by individual resonators, micro-structured surfaces, and metamaterials. Such
capabilities promise to underpin the future development and characterization of a wide range of devices, including THz emitters, detec-
tors, optoelectronic modulators, sensors, and novel optical components. In this work, we report scattering-type scanning near-field optical
microscopy using a THz-frequency quantum cascade laser (QCL) to probe coherently the localized field supported by individual micro-
resonator structures. Our technique demonstrates deep sub-wavelength mapping of the field distribution associated with in-plane res-
onator modes in plasmonic dipole antennas and split ring resonator structures. By exploiting electronic tuning of the QCL in conjunction
with the coherent self-mixing effect in these lasers, we are able to resolve both the magnitude and the phase of the out-of-plane field.
We, furthermore, show that the elliptically polarized state of the QCL field can be exploited for the simultaneous excitation and mea-
surement of plasmonic resonances in these structures while suppressing the otherwise dominant signal arising from the local material
permittivity.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0046186

I. INTRODUCTION

Micro- and nano-scale resonators are essential components
enabling a variety of technologies and devices operating in the
terahertz (THz) frequency range, including THz detectors,1,2 sen-
sors,3 and optoelectronic modulators.4–6 Individual resonators play
a vital role in the strong subwavelength confinement of THz fields
in such devices, thereby enhancing the interaction between light
and matter, which may otherwise be weak owing to the relatively
long wavelength of THz radiation. Sub-wavelength resonators are
also important building blocks in the design of THz metamaterials
and metasurfaces,7,8 underpinning a range of efficient and com-
pact THz optoelectronic devices9–14 and enabling the development
of novel optical elements, including magnetic mirrors,15 focusing
elements,16 and negative refractive index materials.17 Among the
wide variety of possible applications, metamaterials and structures
based on subwavelength resonators have enabled THz sensing18 and

spectroscopy, where highly localized THz fields have made possi-
ble the detection of single micro-organisms;19 spectroscopic mea-
surements of low-dimensional structures, including quantum dots;3
and the investigation of strong light–matter coupling in quantum
heterostructures.20,21

Owing to the small cross section of subwavelength resonators
and single metamaterial elements, their interaction with diffraction-
limited THz beams is typically weak. As such, the development and
characterization of devices based on these structures most com-
monly rely on the measurement of the optical response of peri-
odic or aperiodic arrays of nominally identical resonators in the
far-field.1,3–6,12–15,17,19,21 However, such approaches are sensitive only
to the ensemble-averaged optical properties of the array and can
reveal only limited insights into the underlying light–matter inter-
actions on the microscopic scale. In fact, these complex inter-
actions can be strongly affected by radiative,22 capacitive,23 or
plasmonic24 coupling between array elements, which can directly
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influence the field confinement and spectral response of individual
resonators, thus impeding the experimental investigation of their
inherent electromagnetic properties. Furthermore, in addition to
the well-known spectral broadening effects that afflict resonator
arrays, significant spectral shifts have been observed when com-
paring the optical response of THz plasmonic nanoantennas and
resonators measured in the near-field and far-field regimes25,26—a
phenomena attributed to the Fano interference of incident and scat-
tered THz fields in the far-field.27 In view of these considerations,
it is becoming increasingly clear that the far-field characterization
of sub-wavelength resonator arrays and associated metamaterials
is insufficient to understand fully the complex interaction of THz
waves with these structures.

To this end, there has been considerable interest in the applica-
tion of near-field microscopy techniques for visualizing the localized
THz fields supported by resonators and microstructured surfaces
with sub-wavelength resolution. These include the use of minia-
turized photoconductive,28 electro-optic,29,30 or micrometer-scale
aperture-based probes31,32 positioned directly in the near-field of
the sample under investigation. However, in addition to the exper-
imental complexity of these approaches and their reliance on bulky
near-infrared fs lasers, they typically suffer from small signals and
a poor dynamic range, meaning that the achievable spatial res-
olution is limited to the range of ∼1–30 μm. Furthermore, their
reliance on THz generation schemes based on fs lasers limits the
spectral range to frequencies below ∼2 THz, thereby restricting the
range of resonators and metamaterials that can be investigated. An
alternative approach offering sub-micrometer spatial resolution has
been adapted from apertureless (scattering-type) scanning near-field
optical microscopy (s-SNOM).33 This technique has been applied
with great success to the mapping of localized fields and plasmonic
effects at near-infrared and mid-infrared frequencies,34–38 with a
nanometer-scale spatial resolution that is independent of the radi-
ation wavelength. One notable recent innovation to the s-SNOM
approach has been the use of a single quantum cascade laser (QCL)
device as both the THz source and the coherent detector, through
exploiting the self-mixing (SM) effect in these lasers.39 In addition
to the inherent advantages of QCL technology in terms of compact
size, narrowband excitation with a spectral coverage over the range
of ∼1–5.5 THz, and relatively high output powers, the SM scheme
offers remarkably low noise-equivalent powers at the ∼pW/

√

Hz
level;40 it is therefore ideally suited to the detection of weak fields
scattered from nanometer probes in THz-s-SNOM. This approach
has recently been applied to the mapping of THz plasmonic reso-
nances supported by photonic crystals and planar antennas, with a
spatial resolution of 78 nm.41 However, this implementation permit-
ted only visualization of the real component of the surface fields and
could not resolve the field magnitude and phase separately. In fact,
the mixing process between reinjected and intracavity fields in the
laser SM scheme is inherently coherent, which has enabled the com-
plex THz permittivity of samples to be probed in both near-field and
far-field regimes.42,43

In this work, we apply THz-s-SNOM using a THz QCL to map
both the magnitude and the phase of the localized field spatially
supported by individual micro-resonator structures. We show that
the imperfect linear polarized state of the QCL field can, nonethe-
less, be exploited for the simultaneous excitation and measurement
of plasmonic resonances in these structures while suppressing the

otherwise dominant signal arising from the local material permit-
tivity. This new characterization technique opens the way for the
future design and optimization of novel THz optoelectronic devices
based on subwavelength resonators and associated metamaterials,
as well as the nanoscale mapping of THz plasmons in emerging 2D
materials and van der Waals heterostructures.44,45

II. RESULTS AND DISCUSSION
A. THz-s-SNOM system

Our THz-s-SNOM instrument is based on a commercial
s-SNOM/AFM platform (neaSNOM, neaspec GmbH) but incor-
porates an external THz QCL source emitting at ν ∼ 3.45 THz
(see the Appendix). Radiation emitted from the laser was col-
lected and focused to the ∼20 nm apex of the near-field micro-
scope probe, which was positioned in the near-field of the sam-
ple surface, as shown in Fig. 1(a). Under excitation from a
p-polarized beam, radiation is strongly confined at the nanoscale tip
apex. The resulting interaction between the probe tip and the sam-
ple surface causes a near-field enhancement of the scattering cross
section of the tip–sample system that depends on the local sample
permittivity. This mechanism has been described previously using
various numeric and analytic theoretical frameworks, including
point dipole,46,47 finite dipole,48 and electrodynamic lightning rod
models.49

FIG. 1. (a) Experimental diagram of the THz-s-SNOM system in which radiation
from a THz QCL is coupled to and from the tip of an AFM probe. LIA: Lock-in
amplifier and LNP: Low-noise preamplifier. (b) AFM image and (c) THz-s-SNOM
image of a gold-on-silicon resolution target. The scan area of each image is 2
× 1 μm2 with a 10 nm step size in the x direction and 100 nm step size in the
y direction. The tapping amplitude was 30 nm. (d) The ERF determined from the
voltage signals extracted along the x direction of (c), yielding a spatial resolution
of 35 nm. Blue dots: experimental data. Red line: fitted ERF.
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In our system, the radiation scattered to the far-field by the
probe is coupled back to the QCL along the same optical path as the
incident beam and reinjected to the laser cavity. The resulting mix-
ing process between the intracavity and reinjected fields generates a
perturbation to the laser voltage, via the laser SM effect, that is pro-
portional to the reinjected field. This detection approach provides a
high detection sensitivity while removing the need for both an exter-
nal detector and an external interferometer to resolve the scattered
field coherently.50 To isolate the signal component arising from the
near-field interaction between the probe and the sample, the micro-
scope probe was operating in a tapping mode and the QCL terminal
voltage was demodulated at harmonics of the tip tapping frequency
(Ω ∼ 80 kHz) using a lock-in amplifier. By raster-scanning the sam-
ple in two dimensions, images with deep sub-wavelength resolution
could, thereby, be obtained up to the n = 5 signal harmonic.

To quantify the spatial resolution of our THz-s-SNOM instru-
ment, two-dimensional images were acquired using a resolution tar-
get comprising 50-nm-thick gold stripes patterned on a silicon sub-
strate using electron-beam lithography. Figures 1(b) and 1(c) show,
respectively, the sample topography recorded by AFM and the cor-
responding THz near-field image obtained from the n = 3 harmonic
signal. By averaging the signal measured from ten adjacent rows
of pixels, the edge response function (ERF) shown in Fig. 1(d) is
obtained. Applying the 20%–80% criterion to the ERF yields a spatial
resolution of 35 nm, corresponding to a subwavelength resolution
of ∼ λ/2, 500. It should be noted that this resolution depends prin-
cipally on the tip apex size and the tapping amplitude and could, in
principle, be further reduced at the expense of signal size through
the use of a sharper tip and smaller amplitude. It should also be
noted that this measured value of resolution may be influenced by
the topography of our resolution target, which is known to intro-
duce topography-induced contrast, as well as by screening effects in
the metallic layer.51–53

B. Sample design, fabrication, and characterization
Coherent mapping of the localized field distribution supported

by individual micro-resonators was demonstrated using two exem-
plar structures. The first consisted of a simple dipole antenna struc-
ture that was engineered to support a plasmonic resonance at the
excitation frequency νres of ∼3.45 THz. The dipole antenna can
be described as a quasi-one-dimensional Fabry–Pérot resonator of
length L given by

L =
mλp

2
=

mc
2ne f f νres

, (1)

where λp is the plasmon wavelength, c is the speed of light, and neff
is the effective refractive index of the plasmonic mode. Figure S1
shows the simulated S21 parameter for a 100-nm-thick gold structure
with dimensions 15 × 2 μm2 (see the Appendix). A sharp first-order
(m = 1) resonance is observed at νres = 3.45 THz, indicating a plas-
mon wavelength of λp = 30 μm and a value of neff = 2.9 obtained
from Eq. (1). To visualize this plasmonic mode driven by the incom-
ing wave, the magnitude and phase of the out-of-plane electric field
component Ez were calculated in the x–y plane at a distance of 20 nm
above the sample surface. As shown in Figs. 2(a) and 2(b), the field
is strongly enhanced at both ends of the structure, with a π radian
phase difference between the two ends.

FIG. 2. Simulated (a) magnitude and (b) phase of the out-of-plane field mea-
sured in the x–y plane 20 nm above a dipole antenna structure with dimensions
15× 2 μm2. The structures are illuminated at normal incidence with an x–polarized
plane wave with frequency 3.45 THz. (c) Magnitude and (d) phase maps for a split
ring resonator (SRR) structure with dimensions 9 × 9 μm2 for the same excitation
conditions. The color scales in (a) and (c) are normalized to the maximum field
magnitude in each case.

The second structure investigated was a THz metamaterial con-
sisting of a periodic array of split ring resonators (SRRs). Each SRR
supports an inductive–capacitive resonance, whereby surface cur-
rent modes are strongly excited by interaction with the incident field.
Figure S1 shows the simulated S21 parameter for a 9 × 9 μm2 struc-
ture with a gap width of 2 μm and a periodicity of 12.5 μm (≈ λres/7).
The magnitude and phase of Ez at the resonant frequency νres
∼ 3.45 THz are shown in Figs. 2(c) and 2(d), respectively. In this
case, the electric field is strongly enhanced at the edges of the capac-
itive gap and the field oscillates in these regions with a 0 or π radian
phase difference with respect to the incident field.

Figures 3(a) and 3(b) show AFM images of periodic arrays
of each resonator structure fabricated in gold on a silicon sub-
strate (see the Appendix). The transmission parameters measured
by THz time-domain spectroscopy (see the Appendix) are shown in
Fig. 3(c). In each case, a clear resonance is observed at the design
frequency when the polarization of the incident beam is aligned in
the horizontal (x) direction. The weaker and broader resonances
observed experimentally, when compared to the simulations, can be
attributed to limitations in the spatial resolution of the lithographic
technique and lift-off process used during fabrication, as well as
losses in the metallic layers of experimental devices.

C. THz-s-SNOM of microscale resonators
In the case of samples as shown in Fig. 1, which do not support

resonant modes at the radiation frequency, image contrast arises
solely from the spatial variation of the local dielectric properties of
the sample in the near-field of the tip. To engage this, imaging mode
efficiently requires a p-polarized excitation beam, for which the
interaction with the vertically aligned probe is significantly stronger
than for s-polarized radiation.47 In the case of resonant samples,
however, in-plane modes may be excited directly using s-polarized
radiation of the appropriate frequency. Any out-of-plane (z direc-
tion) fields supported by the excited resonant sample will then be
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FIG. 3. AFM images of fabricated arrays of (a) dipole antenna (DA, blue line) and
(b) split ring resonator (SRR, red line) structures. (c) THz transmission properties
of the fabricated arrays obtained using THz-TDS, each showing a resonance close
to the design frequency of ∼3.45 THz.

scattered strongly to the far-field, whereas in-plane field components
will scatter only weakly from the vertically aligned probe. In the
more general case of a resonant sample illuminated by an incident
beam of arbitrary polarization, the predominantly p-polarized field
scattered to the far-field can therefore be expressed as

Escat = σεE� + σzEz . (2)

Here, E� represents the out-of-plane component of the incident
field and σε is the complex scattering efficiency that encapsulates
the near-field dipole interaction between the illuminated tip and the
sample surface.54 Ez represents the out-of-plane field component
associated with resonant modes supported by the sample, which
can be excited by appropriately oriented in-plane components of
the incident field E∥, and the complex parameter σz quantifies the
efficiency with which Ez is scattered to the far-field.

In our experiment, radiation scattered by the probe to the far-
field is typically weak, and the laser is therefore operated in the
regime of weak optical feedback.55 Under these conditions, the mea-
sured SM voltage signal VSM is proportional to the scattered field
that is reinjected to the laser cavity after accumulating a round-
trip phase ϕL = 4πLextν/c in the external cavity of length Lext formed
between the laser facet and the probe tip.56 A variation in the round-
trip phase, accomplished through either mechanical extension of the

external cavity or electronic control of the laser frequency, thereby
induces a series of interferometric fringes in the demodulated SM
voltage signal, the complex amplitude of which relates directly to
the scattered field Escat . Following Eq. (2), the SM signal can be
expressed in terms of magnitudes, sε and sz , and phases, ϕε and ϕz , of
the individual signal contributions corresponding to the respective
scattering terms according to

VSM = (sεe−iϕε
+ sze−iϕz

)eiϕL . (3)

Here, the magnitudes sε and sz encapsulate several factors, includ-
ing the respective excitation field strengths, the feedback parameter
(itself accounting for the reinjection efficiency to the laser cavity),
and the optoelectronic response of the laser active region. We can,
furthermore, note that the phase ϕε ≈ 0 for radiation frequencies far
away from any phonon or bulk plasmonic material resonances.43

This also permits the round-trip phase ϕL = 2πm to be set experi-
mentally, through a fine adjustment of the external cavity length, by
maximizing the signal measured from a region of the sample where
no out-of-plane field exists (i.e., for which sz = 0). The SM voltage
signal then simplifies to

VSM = sε + sze−iϕz . (4)

Hence, the s-SNOM signal may comprise two contributions:
the first, sε, is principally excited by p-polarized components of the
incident radiation and captures information on the local permittivity
of the sample. The second is excited by in-plane components of the
incident field and is insensitive to the bulk material properties but
captures the spatial distribution of the out-of-plane field supported
by the sample under resonant excitation. The relative contributions
of these two terms can be controlled through either control of the
polarization state of the incident field or through the variation of the
sample orientation with respect to this field.

In our system, the epitaxial growth direction of the QCL het-
erostructure stack is aligned parallel to the probe axis (z direc-
tion). Owing to the selection rules for intersubband transitions
in QCLs, which dictate the emission of predominantly transverse
magnetic (TM) polarized modes, the excitation field is therefore
predominantly p-polarized with an in-plane component along the
x direction. Figures 4(a) and 4(c) show, respectively, THz near-
field images of the dipole antenna structure and SRR structure each
with their principal axis orientated along this direction. For com-
parison, THz images of both structures when orientated along the
orthogonal (y) direction are shown in Figs. 4(b) and 4(d). The
noise in these images can be attributed to several sources, includ-
ing surface roughness of the metallic layers, mechanical vibration,
thermal drift of the QCL operating temperature, and laser voltage
noise. Figures 4(e)–4(h) show the corresponding spatial maps of
Ez obtained from finite-element method (FEM) simulations of each
structure assuming a p-polarized excitation beam. Excellent agree-
ment between experimental and simulated images is obtained, albeit
with the experimentally measured signals being offset by a constant
(spatially homogeneous) positive voltage across the structure (see
below). In particular, the THz image reveals clear signal contrast
between opposite ends of the dipole structure when the resonator
axis is aligned along the x direction [“on resonance” orientation;
Fig. 4(a)]. These features, which do not appear for the orthogonal
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FIG. 4. THz-s-SNOM images of the individual [(a) and (b)] dipole antenna and
[(c) and (d)] SRR structures measured at the resonant frequency of ∼3.45 THz.
The color scale represents the measured SM voltage signal, described by the
real part of Eq. (4). The arrows indicate the in-plane polarization of the excitation
field; in (a) and (c), the field is orientated to excite a resonance in each structure
(“on resonance” orientation), whereas in (b) and (d), no resonance is excited (“off
resonance” orientation). [(e)–(h)] Corresponding simulations of the out-of-plane
field in the x–y plane 20 nm above the sample surface.

sample orientation [“off resonance;” Fig. 4(b)], are a clear indica-
tion of a dipolar plasmonic mode being excited in the structure and
subsequently probed in the near-field using our approach.

A strong in-plane resonant mode, characterized by opposing
surface fields supported at the edges of the capacitive gap, is similarly
revealed in the THz image of the SRR structure only when orientated
appropriately with respect to the incident field [“on resonance” ori-
entation; Fig. 4(c)]. In the “off resonance” orientation [Fig. 4(d)],
this mode is not excited although a larger voltage signal is recorded
along one edge of the structure. This feature, which is also predicted
through simulation of the out-of-plane field distribution [Fig. 4(h)],
can be attributed to a mode excited in the outer ring of the SRR with
the asymmetry arising from the oblique illumination geometry. This
oblique illumination, which causes the phase of the excitation field
to vary linearly along the x direction, will also give rise to a spatial
variation in the phase of the scattered field as the spatially structured
sample is scanned within the beam. This phenomenon is expected
to manifest in all the recorded images shown in Fig. 4, although
its effect may be obscured by the field distribution of the sample’s
resonant mode or may be negligible when the sample is spatially
small along the y dimension. Further differences between measured
and simulated results in Fig. 4 may arise from shadowing effects
or through coupling of the tip and resonator, altering the resonant

properties of the resonators. This latter effect would be dependent
on both the geometry and dielectric properties of the tip.

D. Microscopy of plasmonic modes using s-polarized
excitation

Although experimentally convenient, the images shown in
Fig. 4 highlight two limitations of employing a p-polarized excita-
tion beam for mapping resonant modes in such structures. First,
the generation of field components necessary for the excitation of
in-plane modes unavoidably results in a component of beam propa-
gation along the principal axis of the resonator. The recorded images
are thereby susceptible to phase retardation effects that can obscure
the spatial distribution of the out-of-plane field supported by the
sample. Second, a p-polarized beam is extremely efficient at exciting
a near-field interaction between the illuminated tip and the sample
surface, giving rise to a strong signal component, sε, that depends
only on the local material properties of the sample. On the other
hand, an s-polarized excitation beam may be employed to excite
in-plane resonant modes selectively while mitigating against phase
retardation effects along the resonator axis. To that end, we have
employed a quartz zero-order half-wave plate (HWP), positioned in
the beam path between the QCL and the near-field probe, to control
the incident polarization state in our system. By aligning the fast axis
at θWP = 45○ to the z direction, a predominantly s-polarized excita-
tion beam can be generated. At the same time, this results in the
p-polarized field scattered by the probe also being rotated such that
the field reinjected to the QCL cavity becomes polarized perpendicu-
lar to the growth direction of the heterostructure. It is expected that
such field components would not mix efficiently with the orthogo-
nally polarized intracavity laser field and would therefore not gen-
erate a measurable SM voltage signal. Nevertheless, a full character-
ization of the polarization properties of the THz beam emitted by
our QCL has revealed a small but non-negligible component of cir-
cularly polarized light (see the Appendix). The occurrence of a non-
pure TM polarization has similarly been observed in mid-infrared
QCLs, where it has been attributed to residual birefringence present
in the QCL waveguide, resulting in a conversion of linear polariza-
tion into a circular polarization.57,58 In this way, and as is demon-
strated experimentally below, the linearly polarized reinjected field
may mix with a non-negligible component of the QCL field, gen-
erating a small but measurable voltage perturbation via the SM
effect.

To demonstrate the near-field mapping of in-plane resonant
modes under s-polarized excitation, THz near-field images were
recorded for different orientations of the HWP. Figure 5 shows a
series of images acquired for the dipole structure orientated with
its axis along the y direction for wave plate angles in the range of
θWP = 0○–45○. In each image, the measured signal is expected to
follow Eq. (3) in which the relative size of the two terms is deter-
mined by the incident field components E� and E∥, which, in turn,
are controlled through θWP. With θWP = 0○, the incident field is p-
polarized and sz = 0. As such, this image captures only the local per-
mittivity of the sample, which is spatially homogeneous within the
metallic regions [see Fig. 5(a)]. Conversely, with θWP = 45○, the term
sε is small and the image predominantly captures the out-of-plane
field component associated with the plasmonic mode supported by
the sample, Ez [see Fig. 5(f)]. Our approach is therefore seen to be
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FIG. 5. THz-s-SNOM images of an individual dipole antenna structure orientated
with its axis along the y direction, acquired with the fast axis of the half-wave
plate orientated at angles (a) θWP = 0○ (p-polarized), (b) 20○, (c) 30○, (d) 35○, (e)
40○, and (f) 45○ (s-polarized) relative to the z direction. (g) Post-processed THz-
s-SNOM image acquired with an s-polarized excitation beam, revealing only the
out-of-plane field distribution supported by the sample under resonant excitation.
The spatially homogeneous signal arising from the dipole interaction between the
tip and the sample has been subtracted from the image. To improve visibility of the
image features, the corresponding AFM image has been used as a mask to null
the substrate signal outside the borders of the dipole antenna.

effective in selectively exciting plasmonic modes in the sample while
mitigating against retardation effects and, by virtue of the elliptically
polarized QCL field, retains the capability of sensing the p-polarized
radiation scattered to the far-field.

Further quantitative analysis of these images (see
supplementary material, Fig. S2) reveals a signal component sε
that persists even for an HWP angle θWP = 45○. This can be
attributed to a combination of factors that cause the origin of
the measured signals to deviate from the simplified description
given above. First, the elliptically polarized QCL field has the effect
of exciting the sample with non-vanishing p- and s-polarized
field components irrespective of the wave plate orientation. This
effect is further compounded by the imperfect nature of the HWP
retardation, which acts to accentuate the polarization ellipticity in
both the incident and reinjected fields. Nevertheless, we note that
the field distribution associated with the in-plane plasmonic mode
exhibits equal magnitude but opposite phase in opposite halves of
the structure [i.e., sze−iϕz is spatially asymmetric; see, for example,
Figs. 2(a), 2(b), and 4(e)] and will therefore spatially average to zero.
As such, the signal component sε can be readily estimated from
the spatial average of the signal recorded across all gold regions of
the sample. Subtraction of this component from each pixel in the
image then retains only a measurement of the out-of-plane field
distribution supported by the sample under resonant excitation.
The result of this post-processing is shown in Fig. 5(g) and shows
excellent agreement with simulations.

It should be noted that the spatial resolution determined from
Fig. 1(d) for imaging dielectric contrast in samples is not replicated
when imaging out-of-plane field distributions, as shown in Fig. 5(g).

This possibility arises first from the distinct physical mechanisms,
giving rise to these two signal components, which may influence
the spatial variation of the measured signal differently, particularly
at sample edges and near material boundaries.52,53,59 Furthermore,
typically weaker THz field enhancements are supported by res-
onator structures under s-polarized excitation compared to at the
apex of the scattering tip under p-polarized excitation. This results
in a smaller signal-to-noise ratio (SNR) when imaging the out-of-
plane field distributions, which may, in turn, limit the practical spa-
tial resolution of these measurements. Nevertheless, our measure-
ments provide some insight into the relative size of this signal. From
Fig. 5(a), we obtain a signal magnitude of sε ∼ 7.8 mV arising from
the local sample permittivity with p-polarized excitation. This is
compared to a maximum signal magnitude of sz ∼ 1.5 mV obtained
with s-polarized excitation from Fig. 5(g). Although slightly smaller,
this value suggests that an adequate SNR is retained, sufficient for
deep sub-wavelength mapping of the field distributions associated
with in-plane resonator modes. This is also borne out by the quality
of the images obtained in Figs. 4 and 5. However, further measure-
ments would be required to obtain a quantitative estimate of this
spatial resolution. For this purpose, resonator structures support-
ing modes that are both well-defined spatially and are confined on
sub-micron scales would be desirable.

E. Coherent THz-s-SNOM of microscale resonators
The coherent mixing process between reinjected and laser cav-

ity fields in the SM scheme offers the possibility of electronically
capturing both the magnitude and the phase of the scattered field,
Escat . We achieve this using a measurement approach adapted from
coherent far-field THz imaging42 and recently applied to the coher-
ent microscopy of a phonon-polariton-resonant crystal60 (see the
supplementary material). In addition to offering reduced experi-
mental complexity compared to alternative approaches based on the
mechanical extension of the optical beam path,43 electronic modu-
lation schemes have been demonstrated to enable faster acquisition
in far-field THz imaging and also to improve phase stability signifi-
cantly owing to the associated reduction in the slow thermal drift of
the QCL emission frequency.61

For these coherent measurements, a series of images were
acquired with the lasing frequency being tuned electronically by
∼100 MHz between successive raster scans of the sample (see the
Appendix). For each image pixel, a series of interferometric fringes
in the n-th harmonic of the demodulated SM voltage signal was
thereby obtained. The magnitude of the complex amplitude of the
fringes can then be calculated on a pixel-by-pixel basis as sn = ∣F(τ)∣
and the phase as ϕn = arctan{I[F(τ)]/R[F(τ)]}, in which F(τ) is
the complex Fourier transform of the voltage signal evaluated at the
fundamental fringe periodicity (see the supplementary material).61

Figures 6(a) and 6(b) show the magnitude and phase determined in
this way and spatially averaged across three adjacent rows of pix-
els spanning the long axis of the dipole structure. Similarly to the
images shown in Fig. 5, a non-negligible signal component arising
from the dipole interaction between the tip and the dielectric sam-
ple is evident, which can be quantified from the spatial average of
the complex amplitude recorded across all gold regions of the sam-
ple, as described previously. Finally, the magnitude sz and phase ϕz
of the signal component associated with the plasmonic mode can be
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FIG. 6. (a) Magnitude and (b) phase of the SM voltage interferograms obtained
from coherent THz-s-SNOM measurements along the long axis (y direction) of an
individual dipole antenna. The step size is 200 nm.

FIG. 7. (a) Real part R[sze−iϕz ], (b) phase ϕz , and (c) magnitude sz of the
signal component corresponding to the out-of-plane field associated with the plas-
monic mode excited in the dipole antenna structure. Blue dots: experimental data
obtained from coherent THz-s-SNOM measurements along the long axis (y direc-
tion) of the resonator. Red line: corresponding real part, phase, and magnitude
values for the out-of-plane field obtained from simulations.

isolated for each pixel in the image (see the supplementary material).
The results of this analysis are shown in Fig. 7. For comparison, the
magnitude and phase of the out-of-plane electric field component
Ez associated with the plasmonic mode, calculated from FEM sim-
ulations, are also shown. Excellent agreement is obtained between
measurement and simulation, with the principal characteristics of
the first-order dipolar plasmonic mode being faithfully captured by
our coherent near-field measurement approach.

III. CONCLUSION
In summary, we have demonstrated coherent THz near-field

microscopy using a QCL as both the THz source and the coher-
ent detector. Our approach provides a deep sub-wavelength spatial

resolution of ∼35 nm, enabling the high-resolution imaging of indi-
vidual micro-resonator structures at frequencies beyond the typi-
cal ∼2 THz bandwidth of pulsed THz systems. Through control of
the polarization state of the excitation beam, we have demonstrated
the selective excitation and spatial mapping of in-plane resonant
modes supported by SRR and plasmonic dipole antenna structures
while suppressing phase retardation effects and reducing the oth-
erwise dominant signal arising from the local material permittivity.
Central to this scheme is the imperfectly linear polarized state of
the QCL field, which can be exploited to enable sensitive detec-
tion of the field scattered from the s-SNOM tip through the SM
effect in these lasers. Furthermore, we have developed a coher-
ent measurement approach, adapted from coherent far-field THz
imaging, to simultaneously resolve both the magnitude and the
phase of the scattered field. This approach has been applied, for the
first time, to the spatial and coherent mapping of the out-of-plane
field associated with THz plasmonic resonances, showing accurate
agreement with FEM simulations of these plasmonic modes. We
envisage that our new coherent THz near-field imaging technique
will open the way for the future design and optimization of novel
THz optoelectronic devices and sensors based on subwavelength
resonators and associated metamaterials, as well as the nanoscale
mapping of THz plasmons and phonon polaritons in emerging 2D
materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for the supporting content.
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APPENDIX: METHODS
1. Simulation

Finite-element method (FEM) simulations of the resonator
structures were performed using Ansys HFSS software. Metallic
regions were treated as a perfect electrical conductor with thickness
100 nm defined on a 50 μm silicon substrate with permittivity 11.65,
determined experimentally from THz time-domain spectroscopy
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(THz-TDS) measurements. The structure was illuminated by a lin-
early polarized plane wave under either normal illumination (in the
case of Fig. 2) or with an angle of incidence of 54○ (in the case of
Fig. 4), to reproduce the experimental conditions in the s-SNOM
system. Periodic boundary conditions were defined at the edges of
the simulation volume with a periodicity of 12.5 μm for the SRRs
and 13 μm spacing between the dipole resonators. Wave ports posi-
tioned 250 μm apart and lying in the x–y planes above and below the
structure were used to obtain S21 parameters (see Fig. S1). Based on
these simulated parameters, both the dipole antenna and SRR struc-
tures exhibit a resonance at ∼3.45 THz, with Q factors of 69 and
39, respectively. The spatial distributions of the out-of-plane elec-
tric field Ez associated with the resonant modes were calculated in
the x–y plane 20 nm above the structure.

2. Sample fabrication
Structures were fabricated using standard electron-beam

lithography on a high resistivity (>10 000 Ω cm) undoped silicon
substrate with a thickness of 525± 25 μm. The thickness of the Ti/Au
resonators was ∼2 nm/∼100 nm. Structures were patterned across a
2 × 2 mm2 region with a periodicity of 12.5 μm for the SRRs and a
spacing of 13 μm between the dipole resonators.

3. Time-domain spectroscopy
The THz-TDS system used has been described in detail else-

where.62 In brief, a 800 nm wavelength mode-locked Ti:sapphire
laser (Vitara, Coherent) providing pulses with a width of 20 fs at an
80 MHz repetition rate was used to generate THz pulses from a pho-
toconductive (PC) emitter comprising a 300-nm-thick piece of low-
temperature grown GaAs (LT-GaAs) bonded onto a 5-mm-thick
quartz substrate.62 Detection was achieved using a time-delayed
probe beam derived from the fs laser to excite an identical second
PC device. All data shown were collected in a nitrogen environment
to remove the effect of water absorption in atmosphere.

4. THz-s-SNOM system
The light source used was a single-mode THz QCL consisting

of a 14-μm-thick GaAs/AlGaAs nine-well hybrid active region lasing
at ∼3.45 THz, which was processed into a semi-insulating surface-
plasmon ridge waveguide with dimensions of 1.8 mm × 150 μm.
The QCL was cooled using a continuous-flow L–He cryostat and
maintained at a heat sink temperature of 20 ± 0.01 K. A current
source was used to drive the laser with a dc current of 420 mA,
just above the lasing threshold current of ∼400 mA. At this driv-
ing current, the QCL voltage was 6.4 V and the emitted power was
∼1 mW. Emission from the QCL was focused to the vertically aligned
tip of the s-SNOM system at an angle of ∼54○ relative to the sur-
face normal, and the length of the external cavity formed between
the tip and the QCL facet was L0 = 60 cm. A quartz zero-order half-
wave plate, positioned in the beam path between the QCL and the
s-SNOM tip, was used to control the polarization state of the beam
incident on the sample. The self-mixing signal, arising from the field
scattered from the s-SNOM tip and reinjected to the laser cavity, was
derived from the n = 3 harmonic of the demodulated QCL termi-
nal voltage after amplification using an ac-coupled low-noise voltage
amplifier.

Single-frequency THz-s-SNOM images of resonator structures
were acquired with a step size of 200 nm, a tip tapping ampli-
tude of ∼175 nm, and an integration time of 200 ms. For coherent
THz-s-SNOM measurements, successive images were acquired with
the QCL driving current being stepped incrementally in the range
of 598–704 mA. Over this operating range, the QCL emits on a sin-
gle longitudinal cavity mode that tunes over a frequency range of
∼900 MHz, corresponding to approximately three interferometric
fringes in the SM voltage signal.

5. Measurement of QCL polarization
The Stokes parameters of the QCL were measured using the

standard method described elsewhere.57 Briefly, the THz beam was
propagated through a quartz zero-order quarter-wave plate and wire
grid linear polarizer and detected using a helium-cooled germanium
bolometer. The QCL was driven with a dc current with a mechani-
cal chopper used to modulate the THz beam at a frequency of 80 Hz
for lock-in detection of the detector signal. With a laser drive cur-
rent of 420 mA, the normalized Stokes parameters were determined
to be S1 = 0.96, S2 = 0, and S3 = 0.27, with a degree of polarization,
P = 1. Measurements performed at higher currents up to 700 mA
yielded similar results (see the supplementary material), confirming
that the polarization state is not significantly affected by driving con-
ditions. From these values, the QCL emission is seen to contain a
non-negligible degree of right circularly polarized light, yielding a
polarization ellipse with orientation angle ψ = 0○ (orientated paral-
lel to the QCL growth direction) and ellipticity angle χ = 8○. The
elliptically polarized emission was further confirmed through mea-
surement of the Jones vector using a pair of identical wire grid
polarizers.63 This analysis yielded an ellipticity coefficient factor of R
= 0.18, indicating an ellipticity angle χ = 10○ in good agreement with
that obtained from the Stokes parameters.
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