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ABSTRACT

Near-field imaging techniques, at terahertz frequencies (1-10 THz), conventionally rely on bulky laser sources and detectors. Here,
we employ a semiconductor heterostructure laser as a THz source and, simultaneously, as a phase-sensitive detector, exploiting opti-
cal feedback interferometry combined with scattering near-field nanoscopy. We analyze the amplitude and phase sensitivity of the
proposed technique as a function of the laser driving current and of the feedback attenuation, discussing the operational conditions
ideal to optimize the nano-imaging contrast and the phase sensitivity. As a targeted nanomaterial, we exploit a thin (39 nm) flake of
Bi,Tes2Seo s, a topological insulator having infrared active optical phonon modes. The self-mixing interference fringes are analyzed within
the Lang-Kobayashi formalism to rationalize the observed variations as a function of Acket’s parameter C in the full range of weak

feedback (C < 1).

© 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/).

Near-field nanoscopy,' ~ relying on the measurement of scat-
tered light from nanostructures and nanomaterials, represents a
powerful method for inspecting the optical properties of nanosized
samples with sub-diffraction spatial resolution and for accessing
regimes of strong-light matter interaction by exploiting the electro-
magnetic (e.m.) field enhancement into volumes smaller than the
optical wavelength.® '’ Extending near-field nanoscopy into the ter-
ahertz (THz) frequency range, where the characteristic e.m. field
has wavelength A ranging between 30 ym and 300 ym, provides a
great potential in this respect, and it is often prescribed to resolve
spatial dis-homogeneities of the optical response at the sub-micron
scale. However, one of the major challenges for THz near-field
nanoscopy is the availability of reliable (>10 mW average power)
THz sources, sensitive detectors (noise equivalent powers NEP
< 107> W/Hz'?), and probes with high scattering efficiency”” to
sense backscattered optical powers, which are usually a fraction of
107°-107* of the laser output.
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In near-field nanoscopy, the standard experimental strategy to
measure the near-field scattering is based on the operation of the
near-field probe in tapping mode, at frequencies of the order of
hundreds of kHz, to modulate the near-field component of the scat-
tered intensity. Accordingly, the employed photodetectors need to
have high sensitivity (NEP < 107> W/Hz'"?) and simultaneously
operate on timescales (<us) fast enough to follow the signal mod-
ulation induced by the tapping. Standard THz detectors employed
in THz nanoscopy include room-temperature Schottky diodes and
Golay cells or hot-electron bolometers. The slow time response
of thermal detectors (pyrometers and Si bolometers) conversely
hinders their use for high resolution near-field experiments.

Recently, an alternative compact detection scheme,'®** relying
on the intracavity re-injection of the radiation emitted from a THz
quantum cascade laser (QCL),”° through self-mixing interferome-
try (SMI), has been demonstrated. The nonlinear interference
of the beam reflected from a nanostructure with the optical field
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inside the laser cavity depends on the relative phase difference of the
two superimposed e.m. fields and causes perturbation of all lasing
parameters, including the lasing frequency and the threshold gain,
which, in turn, results into a variation of the laser voltage under con-
stant current operation. The latter process is inherently fast since
the maximum response speed to optical feedback is determined by
the frequency of the relaxation oscillations in the laser. In the case
of THz-QCLs, the lifetime of the upper state of the lasing tran-
sition is limited by elastic and inelastic scattering mechanisms to
5-10 ps,”>** enabling, in principle, response frequencies of the order
of 100 GHz.

A wide variety of applications of self-mixing interferometry in
diode lasers’*** and QCLs'#?***"*® has been demonstrated including
metrology,””** sensing,” and imaging.'®*** The laser is typically
operated slightly above the lasing threshold®’ and for interferomet-
ric applications, the amplitude of the re-injected field is kept low in
order to work in the limit of the so-called very weak feedback regime
in which the SMI fringe line shape is simply sinusoidal.”***’

Here, we employ scattering near-field optical microscopy (s-
SNOM) in a detectorless configuration at THz frequencies to investi-
gate the near-field SMI signal as a function of the feedback amplitude
and the operation current of the employed QCL source and to iden-
tify the preferable operating conditions [giving high signal-to-noise
ratio (SNR), high speed, and large optical contrast] for near-field
nano-imaging applications. By exploiting the intrinsic stability of
THz-QCL to large feedback intensity,”’ we demonstrate that even
by driving the QCL source at currents much larger than the las-
ing threshold, we can achieve high-contrast and low noise crucial
ingredients for high resolution and fast nano-imaging.

By modeling the THz-QCL in the presence of the optical
feedback through the formalism set by the Lang-Kobayashi equa-
tions,”” we discuss the observed dependence of the self-mixing sig-
nal on the laser feedback and the laser driving current in terms
of modifications of the optical feedback Acket’s parameter C. We
then explore the dependence of the phase sensitivity of SMI on
the feedback intensity and QCL currents and show that the first-
order Taylor expansion of the solution of the Lang-Kobayashi equa-
tions,”” for laser frequencies around the free running one, provides
a good approximation of the signal amplitude and phase in the so-
called weak feedback regime where the SMI fringes are asymmetric
and cannot be described by an analytical function. Based on that
the optical sampling of SMI fringes for phase determination can
be strongly reduced. Finally, we validate the proposed method by
applying the SMI nanoscopy to a topological insulating bismuth
compound, which is endowed with resonant excitations in the THz
range.

These results are of paramount importance for the devel-
opment of coherent THz near-field nanoscopy systems based on
THz-QCL sources and, more generally, pave the way for explor-
ing novel domains for a more efficient detection based on the
self-mixing process.

The experimental setup employed for THz near-field nano-
scopy is shown in Fig. 1(a). It exploits a set of THz-QCLs fabricated
with a single plasmon waveguide,”® operating in continuous wave
(CW) at the driving current Igcr, with output frequencies of either
w =2.0 THz or w = 2.7 THz and peak powers at 15 K of P = 5 mW
and P = 4.2 mW, respectively. The QCL beam is collimated with a
90° off-axis parabolic (OAP) gold mirror with 50 mm focal length,
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and it is coupled to a commercial scattering scanning near-field
microscope (s-SNOM) from Neaspec. The THz beam is focused on
a metallic AFM tip with a 60° incident angle relative to the tip axis
by a 25 mm OAP.

In the experiments reported in this work, we have employed
the same tip. The strength of the near-field signal strongly depends
on the tip geometry. The latter determines the field enhancement
at the tip apex and how efficiently the near-field is converted into
the far-field to be detected through self-mixing interferometry, i.e.,
the net dipole moment associated with the tip. For experiments that
do not require sub-100 nm spatial resolution, higher sensitivity can
be attained by choosing tips of larger radius. Recent numerical sim-
ulations® indeed predict that by increasing the radius from 25 to
750 nm, the s-SNOM signal strength is expected to increase by one
order of magnitude at the expense of only a factor four reduction in
the spatial resolution. We use PtIr coated AFM tips (Rocky Moun-
tain Nanotechnology) with 20 nm apex radius and an 80 ym-long
tip to exploit the enhanced scattering efficiency at THz frequencies
of tens of ym s long cantilever tips.*'

A portion of the THz field, which is backscattered by the tip,
re-injected into the laser cavity and detected through the induced
variations of the laser voltage AV due to a self-mixing effect.””
The tip works in tapping mode with frequency Q = 70-110 kHz
such that the signal includes oscillating near-field components
AV = 2,AV,e™, which can be isolated from the background due to
the far-field illumination of the tip shaft and the sample by lock-in
detection at the harmonics Q, = nQ of the tapping frequency with
n =1, ..., 5 demodulation order. The tapping motion modulates
the amplitude of the backscattered field, which is re-injected into
the laser cavity without varying the optical path length. The incident
power and the feedback intensity are controlled by inserting a vari-
able attenuator (THz attenuator set from Microtech instruments)
with transmittance T = 10%, 30%, and 60% in the optical path, along
segments of the collimated propagating beam.

To detect the SMI fringes, we vary the relative phase between
the incident and backscattered fields by changing the length of
the external cavity formed by the tip and the output facet of the
THz-QCL with an optical delay line consisting of two 45° flat mir-
rors mounted on a linear translation stage (Physik Instrument model
M-413) with 0.16 ym resolution. This later corresponds to a min-
imum variation of the cavity length L = 0.32 ym, which allows for
a fine sampling of the SMI fringes that are characterized by A/2
periodicity equal to ~37-150 ym in the range of 1-4 THz.

We first investigate the imaging capability of the experimen-
tal setup with a THz-QCL emitting at 2.7 THz by raster scanning a
75 nm thick gold film evaporated on a Si undoped substrate with
a 300 nm SiO, top layer, whose topography map is reported in
Fig. 1(b). The tip is brought in close proximity to the sample, which
is scanned by moving the sample holder with a three-axes piezomo-
tor. The signal intensity is expected to increase with the tapping
amplitude,** which is kept constantly equal to 280 nm for the mea-
surements on the gold marker. The near-field maps collected at
different demodulation orders n = 2, ..., 5 are shown in Fig. 1(c);
the maps are acquired by keeping fixed the cavity length at a value
chosen to maximize the SMI signal. The scattered signal amplitude
reflects the dielectric properties of the sample and increases at the
gold marker, as expected, based on the higher reflectivity*** of gold
at 2.7 THz, compared to that of the silica/silicon substrate.
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FIG. 1. (a) Sketch of the experimental setup for THz near-field nanoscopy employing a THz-QCL lasing at frequency w, coupled to an s-SNOM from Neaspec equipped with
an AFM tip operating in tapping mode at frequency Q. The operational parameters that define the setup performance include the laser output power P, the driving THz-QCL
current locy, the optical feedback intensity controlled with a variable attenuators of transmission T, and the optical path length changed by L with an optical delay line. (b)
Topography map of an Au film (leftmost side) deposited on an undoped Si substrate with a 300 nm SiO, top layer. (c) Maps of the near-field SMI signal AV, demodulated
at the ny, harmonics of the tapping frequency Q acquired with w = 2.7 THz, T = 100%, lqc. = 690 mA, and L = 50 um. (d) and (e) Spatial resolution estimation from the
analysis of (d) topography and (e) near-field SMI signal AV, (solid dots) line scans, taken across the Au/Si interface in the maps (b) and (c), together with (solid colored lines)
the best fit to the asymmetric step function“? of widths Sx at the Au side shown in the inset as a function of the demodulation order n. (f) Near-field SMI signal AV, from
gold as a function of the cavity length variations L at different demodulation orders n. (g) Normalized near-field SMI signal AV, from (f). (h) Fourier transform spectrum of the
AV, fringes in (f) at demodulation orders n showing peaks at the laser frequency w and its harmonics.“* (i) Simulated normalized SMI fringes at the second, third, fourth,
and fifth harmonics, obtained by solving LK equations to find the combination of C and o parameters (C = 0.5 and a = 0.5) that best describes the experimental fringes

of panel (g).

The line scans extracted from the maps in Fig. 1(c), integrating
along the direction orthogonal to the gold-substrate interface, are
reported in Fig. 1(e). We estimate the spatial resolution of the setup
by analyzing the signal step-like variation at the gold/substrate inter-
face with the empirically found asymmetric fit function from Ref.
42, which takes into account that the different light confinement at
the metal and the substrate sides gives rise to non-point symmetric
line profiles. The step in the topography at the boundary complicates
a reliable determination of the spatial resolution due to tip—sample
convolution, which would require the analysis of the signal varia-
tion at topography-free sharp boundaries.*”***> The derivative of
the fitting function, which corresponds to the line spread function
of our imaging system, is a piecewise Lorentzian with width 6x
at the metal side. As expected, due to the tip-sharpening effect,'*
both the signal amplitude and 8x decrease with the demodulation
order n [see Fig. 1(e)]. Remarkably, the width 8x = 28 nm at the
n = 5 demodulation order would correspond to a spatial resolu-
tion of A/4000, significantly exceeding the limit posed by diffraction
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(~A/2 = 55.5 ym). The near-field nature of the signal is reflected by
the strong monotonic decrease of signal amplitude as the tip-sample
distance is increased (see the supplementary material, Fig. S1). The
third demodulation order is chosen in the following discussion as a
good compromise between signal intensity and far-field background
suppression.

The SMI fringes, acquired at a fixed position at the gold marker,
are reported in Fig. 1(g) as a function of L, which is used to tune the
phase difference between the laser field and the retro-injected field.
The asymmetric line shape indicates that, despite the fact that the
tip is scattering only a reduced portion of the incident radiation,
the laser does not exhibit a response typical of a very weak feed-
back regime, with its characteristic sinusoidal dependence on L. The
Fourier spectra in Fig. 1(h) describe the spatial periodicity of the SMI
fringes (A/2) that translate into the fundamental and the harmonics
of the QCL emission frequency. The presence of higher harmon-
ics is directly related with the characteristic asymmetric line shape
of SMI fringes for field feedback values of the order of 107*-107>.

6,061302-3
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Interestingly, we observe that for high demodulation orders n > 1,
the fringes have the same normalized line shape. The first demod-
ulation order instead has a distinct line shape and distinct phase
frequency spectrum that can be attributed to residual contributions
from the far-field background. To analyze the self-mixing fringes,
we apply the Lang-Kobayashi model’” with the feedback strength
parameter describing the fraction of the backscattered light that
efficiently couples to the lasing mode, which depends on sample
reflectivity. The best agreement [Fig. 1(h)] is obtained with Acket’s
characteristic parameter C = 0.5 and Henry’s linewidth enhance-
ment factor a = 0.5, which is in good agreement with reported values
for a similar QCL in the THz range.*°

With the aim of identifying the regime providing the best
compromise of the SNR, phase sensitivity, and scan speed, we
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investigated the dependence of the near-field signal on two key
experimental parameters: the QCL driving current Igcr and the
feedback intensity. We performed two sets of experiments employ-
ing two different THz-QCLs emitting at 2.0 and 2.7 THz. The scat-
tering efficiency of the AFM tip is strongly wavelength dependent*’
and a reduction of the scattered field is indeed expected for an
increasing photon energy.

Figures 2(a) and 2(b) show a selection of near-field self-mixing
maps measured at the third demodulation order AV for increasing
IqcL, acquired at the two probing frequencies.

To quantify the variation in the near-field signal amplitude, we
extract 5 ym-long line profiles [Figs. 2(c) and 2(d)], along the per-
pendicular to the marker/substrate interface, by averaging the maps
of Figs. 2(a) and 2(b), vertically, over a 100 nm range. The AV;
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FIG. 2. (a) and (b) Selection of near-field AV; maps of the Au marker at fixed L = 50 um, corresponding to a fringe maximum, for increasing loc,. from top to bottom and
QCL frequency (a) 2.7 THz and (b) 2.0 THz. (c) and (d) Line profiles extracted from panels (a) and (b) across the Au-SiO,/Si interface at (c) 2.7 THz and (d) 2.0 THz for
different lcL. (€) and (f) AV3 signal amplitude evaluated from the line scans in panels (c) and (d) averaging on 1 um range at (€) 2.7 THz and (f) 2.0 THz on (blue and black
dots) Au and the (ciano and gray dots) SiO,/Si substrate. (g) and (h) Contrast evaluated as the ratio between the signal on Au and the signal on the SiO,/Si substrate at (g)
2.7 THz and (h) 2.0 THz. (i) Root-mean-square (rms) of the maps evaluated on 20 x 50 pixels? sections of the AV3 maps in (a) and (b) as a function of lqc; at (blue dots)
2.7 THz and (black dots) 2.0 THz. (j) Signal-to-noise ratio (SNR) evaluated dividing the average signal AV; from panels (e) and (f) by the noise from panel (i) as a function
of locL- (k) and (I) SMI fringes at [blue dots, (k)] 2.7 THz and [black dots, (I)] 2.0 THz at different Ioc, together with the simulated curve (red solid lines) for a = 0.5 and C
parameter from bottom up equal to C = {0.05, 0.5, 0.5, 0.63, 0.5} at 2.7 THz and C = {0.01, 0.05, 0.2, 0.5} at 2.0 THz.
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signal increases above the laser threshold on both the Au and SiO,/Si
substrate sides, with an enhancement factor of 7.5 above 660 mA at
2.7 THz [Fig. 2(e)] and of 9.1 above 670 mA at 2.0 THz [Fig. 2(f)].
The change in the signal amplitude reflects a mode hopping®’
unveiled by Fourier transforming the self-mixing fringes acquired
for a 30 mm-long L-scan (see the supplementary material, Fig. S3).
Above Igcr, = 650 mA (at 2.7 THz) and Igcr, = 660 mA (at 2.0 THz),
both lasers operate in the regime of C > 0.5, and the self-mixing sig-
nal remains stable and constant with Iqcr, as expected, given that
the ratio between the output and the reinjected field amplitudes is
not changing.

We estimate the AV3 amplitude on gold and on the substrate
in Figs. 2(e) and 2(f) by averaging along the 1 ym-long portion
of the line scans of Figs. 2(c) and 2(d), where the topography is
flat. Despite the variation of the absolute signal with increasing
the current Iqcr, the ratio between the signal measured on gold
and that measured on the substrate remains constant with a max-
imum 5% variation at 2.0 THz. The image contrast is indeed an
intrinsic property related to the dielectric constants of the probed
materials. Within the framework of analytic***’ and numerical
models®’ > of the tip-sample interaction, the image contrast mea-
sured with THz s-SNOM allows for quantitative determination of
the complex-valued dielectric permittivity, which, in turn, con-
tains information on the material’s vibrational modes*” and on the
charge-carrier density beyond its Drude-like response.”” > We mea-
sure a constant contrast of about 4, at both pumping frequencies, as
a consequence of the flat spectral response of gold and SiO»/Si in the
probed frequency range.

Since the image contrast is preserved while varying Iocr, we can
analyze the noise in the maps. The increase in the signal is accom-
panied by an increase in the root-mean-square (rms) [Fig. 2(i)],
evaluated on bi-dimensional regions of 20 x 20 pixels® in the maps
shown in Figs. 2(a) and 2(b). However, the SNR in Fig. 2(f) is
optimized at high Iqcr values due to the relatively higher improve-
ment in terms of the signal amplitude. Based only on the SNR, the
high-current high-power working condition seems preferable.

A very-good quantitative agreement with the experiments is
obtained for calculated fringes with the a = 0.5 and C parameter in
the range of 0.05-0.63 for 2.7 THz and 0.01-0.2 for 2.0 THz (see the
supplementary material). The very weak feedback regime is reached
when the fringes have a sinusoidal dependence on L, correspond-
ing to C < 0.1. At the threshold current, the fringes are sinusoidal at
2.7 and 2.0 THz corresponding to C < 0.1. For higher currents, we
have to use higher values of the C parameter (C > 0.1) to describe the
fringes of the 2.7 THz laser due to the asymmetry of the asymmetry
of their lineshape.

We then consider the effect of the feedback intensity on the
near-field self-mixing signal by keeping constant the driving cur-
rent IocL, above the threshold, while varying the filter transmission
T, as shown in Figs. 3(a)-3(d). Higher T transmission corresponds
to higher feedback intensity, and T = 100% is achieved by remov-
ing the filter wheel from the optical path. The signal amplitude on
gold and the substrate is first evaluated by extracting the line scans
shown in Figs. 3(c) and 3(d) and then by averaging along portions
of flat topography as we have done for the analysis of the self-mixing
signal as a function of Iqcr discussed before. The average signal in
Figs. 3(e) and 3(f), at both 2.0 and 2.7 THz, drops with the reduction
in the feedback intensity, following a linear dependence. However,

APL Photon. 6, 061302 (2021); doi: 10.1063/5.0048099
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the contrast between gold and the substrate in Figs. 3(g) and 3(h)
remains constant within a 1% variation, as expected.

In close analogy to the aforementioned dependence on Igcr, the
SNR follows the correlation of the signal amplitude with feedback
intensity such that despite the increase in the rms [see Fig. 3(i)], the
SNR is larger in the high-feedback regime [see Fig. 3(j)].

The effect of attenuation on the fringes line shape is similar to
that observed when decreasing Iqcr, as reported in Figs. 3(k) and
3(1) where the experimental results are superimposed to the numer-
ical ones. The SMI fringes become gradually more symmetric by
reducing the feedback intensity and sinusoidal interference fringes
appear in the very weak regime, attained for T = 30% at both 2.0
and 2.7 THz. Accordingly, the C parameters that better describe the
experimental data decrease linearly with the filter transmission from
C = 0.4 to C = 0.03 (see the supplementary material). The linear
dependence of C on the attenuator transmission is expected since
with the attenuator, we are varying the ratio between the output
power and the re-injected field amplitude.

To explore the dependence of phase sensitivity on the feedback
intensity, we investigate the near-field response of a thin (39 nm)
flake of Bi» Te;2Seo 5. This topological insulator material has infrared
active optical phonon modes® in the range of 1.6-2.8 THz. In this
frequency range, phase variations of the near-field scattered field
are expected, as induced by the interaction of the impinging light
with these optical phonons. The phase variation can be detected as
a shift of the SMI fringes as a function of L, as previously shown
in CsBr.””

Figures 4(a)-4(c) show the topography of the Bi> Te,»Seo s flake
together with the corresponding near-field SMI maps, acquired at
2.0 THz while driving the QCL at Iocr = 700 mA, keeping L fixed
and using a tapping amplitude of 130 nm. We compare the maps
of the third-order SMI signal acquired under two different feedback
levels, obtained by using an attenuator transmission T = 100% and
T =30%. In both the cases, we observe that the near-field SMI signal
is enhanced at the flake with respect to the undoped silicon/silica
substrate, with signal peaked at the flake’s edges, signature of edge
resonances of phonon-polariton modes.””

To retrieve the phase of the SMI signal from the flake, we move
on the sample along a line orthogonal to the flake/substrate interface,
following the path indicated in Fig. 4(b), with 30 nm steps, acquiring
SMI fringes as a function of L at each position X on the sample. The
fringe maps as a function of L and X are reported in Figs. 4(d)-4(f)
for three different attenuator transmission T = 10%, 30%, 100%. The
fringes change the line shape with the feedback attenuation, as pre-
viously observed for gold, becoming increasingly asymmetric with
increasing T, as shown in Fig. 4(g), by the comparison of the fringes
at X = 150 nm for T = 30% and 100%.

In the very weak feedback limit, reached at T = 30%, the volt-
age change at the QCL terminals can be described’ by the relation
AV3 = s3 cos(wo% — ¢3), where wy is the unperturbed laser fre-
quency, L is the external cavity length, c is the light speed in vacuum,
and s3 and @, are the amplitude and phase of the SMI fringes, respec-
tively. The phase and amplitude can be thus retrieved by a fitting
algorithm, based on the least squares method, using a sinusoidal
fitting function. The outcome of the fitting procedure is shown in
Figs. 4(h) and 4(i), as obtained by fixing wo = 2.0 THz and setting
the amplitude s3 and the phase @; as fitting variables. A finite phase
shift is observed for the field scattered by the flake indicating the
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FIG. 3. (a) and (b) Near-field AV3 maps of the Au marker at fixed L = 50 um, corresponding to a fringe maximum, for increasing attenuation from top to bottom achieved
with a filter of transmission T = 100%, 60%, 30%, 10% at QCL frequency (a) 2.7 THz and (b) 2.0 THz. (c) and (d) Line profiles extracted from panels (a) and (b) across
the Au-SiO,/Si interface at (c) 2.7 THz and (d) 2.0 THz for different filter transmission T = {10%, 30%, 60%, 100%)}. (e) and (f) Average signal on the substrate and on
gold, retrieved along a 1 um-long portion of the line scans in panels (c) and (d). (g) and (h) Signal contrast as a function of the attenuator transmission at (g) 2.7 THz
and (h) 2.0 THz obtained dividing the signal from gold with that of the substrate taken from panels (e) and (f). (i) Statistical analysis of the images with rms evaluated in a
20 x 20 pixels? area of maps in panels (a) and (b) as a function of attenuator transmission. (j) Signal-to-noise ratio (SNR) evaluated from panels (e), (f) and (1) as a function
of attenuator transmission. (k) and (I) SM fringes as a function of L, measured with attenuators of different transmission increasing from the lower to upper panels [blue
dots, (k)] at 2.7 THz and [black dots, (I)] 2.0 THz together with the simulated curve (red solid lines) calculated with o = 0.5 and C parameters increasing linearly with the

attenuator transmission as shown in the supplementary material.

activation of phonon polariton modes, predicted for Bi,Ses in this
frequency range.”

For higher feedback strength, i.e., moving from the very weak
to the weak regime, a sizable deviation from the sinusoidal depen-
dence is observed as shown by the SMI fringes acquired with
attenuator transmission T = 100% in Fig. 4(g). In the latter case,
the scattering amplitude and phase retrieval becomes more com-
plex since, to account for the experimental line shape of the SMI
fringes, additional components at harmonics of wy should be consid-
ered [Fig. 1(h)]. We observe that the amplitude and phase retrieved
from a sinusoidal fit in Figs. 4(h) and 4(i) (colored open dots) show
a similar trend along the sample for all three datasets, including the
case T = 100% (open dots).

Each of the analyzed fringes consists of about 150 points in
the cavity length. We integrate the signal for 10 ms per point for
a total of ~2 s per fringe at a fixed position on the sample to be com-
pared with the 13.5 s acquisition time per spectrum achieved with

APL Photon. 6, 061302 (2021); doi: 10.1063/5.0048099
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hyperspectral near-field imaging based on THz time domain spec-
troscopy (TDS)*” and with 0.3 s with nano-FTIR holography.®’ In
order to fulfill the antialiasing theorem, the sampling rate must not
exceed the Nyquist rate, which is equal to two times the highest
frequency of the periodic signal. Accordingly, the presence of high
frequency components in the high-feedback regime imposes a finer
sampling of the SMI fringes. This later implies, in turn, a longer
acquisition time per pixel, which would be especially detrimental
for measurements that require high spectral resolution and larger
sampling of the fringes, as is the case for those based on multimode
sources®! for hyperspectral imaging.

In order to identify a faster routine for retrieving the ampli-
tude and phase of the SMI fringes, valid even in the presence of
non-sinusoidal fringes, we consider the first-order Taylor expan-
sion of the perturbed laser frequency (with feedback), around the
unperturbed frequency, and use the expansion in the expression of
the contact voltage AV(L) as a function of the cavity length L in
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FIG. 4. (a) Topography of a 39 nm thick flake of Bi, Te,2Seqs measured by AFM. (b) and (c) Near-field AV3 maps of the flake at fixed L = 50 um, corresponding to a fringe
maximum, measured (b) without the attenuator, i.e., T = 100%, and (c) with the attenuator T = 30%. (d)-(f) SMI fringes acquired on the white dashed arrow in (b) as a
function of the position X on the line crossing the substrate—flake interface and of L. The fringes are measured (d) without the attenuator, (e) with T = 30%, and [(f)] with
T = 10%. The fringe maps look tilted because of a finite backlash in the translation stage controlling the external cavity length. (g) SMI fringes on Bi, Te; 2Seq g for two
different values of attenuator transmission (blue open dots) T = 30% and (red open dots) T = 100% obtained by cutting panels (d) and (e) at X = 150 nm, together with the
best fit with the sinusoidal fitting function (colored solid lines). (h) Amplitude s; and (i) phase ¢, of the signal as a function of the position X on the dashed line in panel (b)
as extracted from the sinusoidal fit (open dots) with the attenuator of variable transmission (black open dots) T = 10%, (blue open dots) 30%, and (red open dots) 100%,
together with the corresponding results of the amplitude and phase determination using Egs. (14) and (15) of the supplementary material as colored solid lines.

the weak regime (see the supplementary material). In the approxi-
mated formulas, given by Egs. (15) and (16) of the supplementary
material, the signal amplitude s3 and its phase @3 are evaluated from
the values of the signal third harmonic AV3(L) at four different
values of L, reciprocally phase shifted by /2, corresponding to a
displacement of L = A/8. The amplitude and phase profiles extracted
with the approximated method in Figs. 4(h) and 4(i) (colored solid
lines) show quantitative agreement with those determined from the
sinusoidal fit (colored open dots). The deviation observed for 3
extracted at the highest attenuation (T = 10%) for X < 0 at the
substrate side may be attributed to the low SNR (<2) of the data,
affecting more the analysis with the approximated formula that is
based on only four points in L and has been introduced to describe
the signal at higher feedback levels. At the flake side, where the signal
increases, the agreement with the sinusoidal fits and with the esti-
mations for T > 10% is recovered. Accordingly, we conclude that
the sinusoidal fit provides a reliable determination of s3 and ¢3 also

APL Photon. 6, 061302 (2021); doi: 10.1063/5.0048099
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in the presence of a higher feedback level, i.e., in the weak feedback
regime.

Moreover, we got the evidence that a faster routine relying
on the measurement of only four values of the signal AV3(L), as
described above, can be exploited to extract the same type of infor-
mation (amplitude and phase) with a higher degree of accuracy,
being valid even in the presence of non-sinusoidal fringes.

In conclusion, we exploit self-mixing interferometry under dif-
ferent feedback regimes to study a detectorless THz near-field optical
microscope built on THz-QCLs. Its operational performances are
then investigated in terms of the image contrast and SNR as a func-
tion of the THz-QCL driving current and the feedback intensity.
The observed signals are interpreted within the Lang-Kobayashi for-
malism under operational conditions, ranging from the very weak
(C <0.1) to the weak (0.1 < C < 1) feedback regimes. The best imag-
ing conditions in terms of the SNR are obtained in the high feedback
regime. Despite the more-complex non-sinusoidal line shape of the
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self-mixing fringes, the latter leads to optimized performances in
terms of the SNR. A first-order approximated method is used to
evaluate the self-mixing signal phase and amplitude even for non-
sinusoidal fringes, allowing for an efficient, in terms of scan speed,
and reliable image reconstruction.

The supplementary material describes the approach curves, the
emission spectrum, the evolution of Acket’s parameter C as a func-
tion of the current and the feedback, and the signal increase with
tapping amplitude. It also presents the Lang-Kobayashi model for
SD s-SNOM and the first-order reconstruction of the scattering
coefficient harmonics.
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