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Rui Liu,® Hu Tao,® Zhanglong Fu," Hua Li," and Juncheng Cao-8*

SUMMARY

We demonstrate the successful implementation of a terahertz (THz) quantum-well
photodetector (QWP) for effective signal collection in a scattering-type scanning
near-field optical microscope (s-SNOM) system. The light source is an electrically
pumped THz quantum cascade laser (QCL) at 4.2 THz, which spectrally matches
with the peak photoresponse of THz QWP. The sensitive THz QWP has a low noise
equivalent power (NEP) of about 1.1 pW/Hz°® and a spectral response range from
2 to 7 THz. The fast-responding capability of the THz QWP is vital for detecting the
rapidly tip-modulated THz light which can effectively suppress the background
noise. The THz images of the nanostructure demonstrate a spatial resolution of
about 95 nm, corresponding to ~A/752 at 4.2 THz. We experimentally investigate
and theoretically interpret the formation of the fringes which appear at the edge
position of a gold stripe in the THz near-field image.

INTRODUCTION

Terahertz (THz) imaging (Jelic et al., 2017; Nagatsuma, 2011) has attracted remarkable interest because of
the distinct superiority in non-destructive examination (Haaser et al., 2013; Novikova et al., 2018; Ahi et al.,
2017), biomedical sensing (Kim et al., 2006), and security checking (Ok et al., 2014). However, due to the
diffraction limit, the spatial resolution of conventional THz imaging systems is restricted to the sub-
millimeter scale, which is not capable of nano-optical imaging of the fine structures. In recent years, the
scattering-type scanning near-field optical microscopy (s-SNOM) (Jiang et al., 2018b; Seebacher et al.,
2001; Chen et al., 2019) has become an effective tool in the nanoscale research of the semiconductor
(Schmidt et al., 2018; Madapu et al., 2018; Fei et al., 2012), plasmonic (Wagner et al., 2014; Lang et al.,
2018), biology (Jiang et al., 2018a), and dielectric systems (Atkin et al., 2012). Usually, a sharp scanning
probe of atomic force microscopy (AFM) (Klarskov et al., 2017) is placed in the vicinity of the sample surface
to acquire high spatial frequency (momentum) properties. Nanoscale resolution can be obtained by using
an s-SNOM operating at frequencies from visible to microwave (Liewald et al., 2018).

Current THz technology can be readily combined with s-SNOM to improve the resolution of the THz
imaging system (Moon et al.,, 2015). In terms of imaging applications, the THz quantum-cascade laser
(QCL) (Degl’Innocenti et al., 2017; Dean et al., 2016; Giordano et al., 2018) is of more interest due to its ad-
vantages in high output power, beam quality, and electrical pumping scheme, especially in the spectral
range from 2 to 5 THz, well beyond the capability of common THz sources such as photoconductive an-
tenna (Zhang et al., 2018) and Schottky diodes (Chen et al., 2020). However, highly sensitive THz detectors
with large spectral response range and rapid detection capability are still in short supply.

The THz quantum-well photodetector (QWP) (Guo et al., 2013) can solve these problems due to its special
advantages including the fast temporal response, high sensitivity, and mature fabrication technology. For
n-type QWPs, the THz radiation can induce the intersubband transition (ISBT) of confined electrons in the
multi quantum wells (MQWs). Owing to the intrinsic short lifetime of the photocarriers, the THz QWPs typi-
cally has a response time at the picosecond level. The polarization of THz QWP and THz QCL can be de-
signed to be consistent with each other to improve the collection efficiency of the THz wave. Therefore, THz
QClLs can be applied in the THz imaging (Qiu et al., 2019) in conjunction with the frequency-matched THz
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Figure 1. The schematic of the THz s-SNOM setup and the numerical simulation of the THz electric-field intensity
(A) The THz near-field imaging system based on a high-power THz QCL and a fast THz QWP.

(B) The conceptual representation of THz tip-scattered near-field imaging.

(C) The simulated amplitude of the S2 signal with different tip lengths.

GmbH), the high-power QCL-based system is beneficial for the nanoscale observation of graphene plas-
monics, polariton mapping in 2D materials, and subsurface chemical nano-identification. The combination
of wide-spectrum THz QWPs with beam-combined monolithic THz QCL arrays (Chen et al., 2021) or QCL
frequency comb technology (Li et al., 2020) potentially improves the spectral range and spectral resolution
of the QCL-based s-SNOM. In this paper, we report a THz s-SNOM using a THz QCL emitting at 4.2 THz
with an output power of over 3mW and a fast and sensitive THz QWP employed as the detector. The spec-
tral peak position in the photoresponse of the THz QWP can be accurately designed with the many-body
effects. A spatial resolution of about 95 nm is experimentally demonstrated to be feasible.

RESULTS
Experimental setup of THz s-SNOM

The schematic of the THz s-SNOM setup is shown in Figure TA. This THz near-field imaging system oper-
ates in the self-homodyne scheme (Wehmeier et al., 2020; de Oliveira et al., 2020) with a bilateral symmetric
light path and no asymmetric Michelson interferometer is used in order to minimize the loss of the THz en-
ergy as the beam splitter will cause at least three-quarters of the energy loss. The electrically pumped THz
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QCLis placed in a cryostat at the temperature of 10 K and emits a 4.2 THz (red) beam. The humidity during
the experiment is about 60%. With a visible laser (the green line shown in Figure 1A) employed as a guide of
the THz beam, the divergent THz beam is collimated by an off-axis parabolic mirror (OAP1), then reflected
by an indium tin oxide (ITO) glass and two planar reflecting mirrors (M1 and M2), and finally focused by an
off-axis parabolic mirror (OAP2) onto the apex of a metallic tip. The scattered THz beam is collected by
OAP2 and then reflected by M2, M1, and ITO2, before it is focused onto the THz QWP by another off-
axis parabolic mirror (OAP3). The off-axis parabolic mirrors in the experiment own a same focal length
of about 50 mm. The expected waist radius of the focused spot is 200 um. The reflectance of ITO mirrors
at 4.2 THz is estimated to be about 85% by measured the power ratio before and after reflection.

When the THz beam illuminates the object from the far-field, a propagating field and a non-radiating field can
be induced from the object. Although the propagating field can be detected by a far-field detector, the non-
radiating field with high spatial frequency information of the object is confined within the near-field space and
will decrease exponentially as the distance increases. The apex of the probe in the vicinity of the surface can
generate an enhancement of the optical near-field intensity. To qualitatively understand the signal contrast
mechanism, we resort to the simplest model where the tip is approximated as a polarizable sphere (Knoll
and Keilmann, 1999). The electric field of the scattered near-field signal E, can be expressed as

Es = a5ﬁ(1 +7)2E,- (Equation 1)

where 7 is the far-field reflection coefficient of the sample surface, and can be well-approximated by the
Fresnel reflection under the circumstances of p-polarized light (Dai et al., 2018). The effective polarizability
a° of the tip-sample junction can be given by
o = % (Equation 2)
1 — aiﬁ
16m(a+d)?

where ais the radius of the tip and d is the distance between the tip and the sample. The bare polarizability
of the tip a and the dielectric response function of the sample B are given by

-1
o = 47:a38; — (Equation 3)
t
B = 885 :11 (Equation 4)

where &; and & represent the dielectric constants of the tip and the sample, respectively.

It is important for the terahertz near-field imaging system to acquire the high spatial frequency information
from the objects. The THz light, emitted by the THz QCL with a waist radius of about 300 um, is focused
onto the sample and the tip of an AFM probe which operates in tapping mode. The scattered THz beam is
modulated by dithering the probe near its mechanical resonant frequency Q. The modulated probe can
enhance the near-field signal and transform the near-field signal to the far-field E, + E5(Q), as sketched in Fig-
ure 1B. A high-order demodulation method is applied in the experiment to demodulate the scattered signal
at higher harmonics of Q in order to effectively suppress the background noise. The THz QWP is employed to
detect the tip-scattered near-field THz signal in the far-field region. The detected signal of the THz QWP is
amplified by a preamplifier and subsequently demodulated by a lock-in amplifier at the nth harmonics of
the tip-tapping frequency Q, which results in different orders of the tip-scattered near-field signal S,.

In order to demonstrate the tip enhancement effect at the frequency of 4.2 THz, a method of moment solver
(MoM) (Altair Feko) is employed to simulate the change of S; signal with different tip length (see the Method
details section). As shown in Figure 1C, multiple resonances analogous to dipole antenna resonances corre-
sponding to integer multiples of the half-wavelength can be observed, consistent with previous study (Mastel
et al,, 2017). In our experiment, a platinum tip (Rocky Mountain Nanotechnology, LLC) of shank length about
80 um and mechanical resonance frequency Q about 13 kHz is used in the system to enhance the THz scat-
tering and improve the signal-to-noise ratio. The tapping amplitude of the tip is about 300 nm.

Device performance of THz-QWP

The schematic of the electrically pumped THz QCL and the typical 45° facet light-coupling THz QWP are
shown in Figure 2A. The THz light emitted by the THz QCL can be well coupled into the MQW region with
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Figure 2. The schematic diagram and device performance of the THz QCL and the THz-QWP

(A) The schematics and typical band structures for both the continuous electrically pumped THz QCL and the 45° facet
light-coupled THz QWP.

(B) The output power and the current density of the THz QCL at different temperatures. Inset: one photograph of the THz
QCL chip.

(C) The emission spectra of the 4.2 THz QCL and the photocurrent spectra of the frequency-matched THz QWP. Inset: one
photograph of the THz QWP chip.

a 45° edge facet geometry. The sensitive area of the QWP detector is 400 x 400 pm. The THz detection is
achieved by measuring the photocurrent of THz QWP that excited by the THz radiation. It is worth noting
that the vertical polarization (p-polarization) of the incident light can improve the tip enhancement effect (Jelic
etal., 2017). So, the vertically polarized THz QCL and THz QWP are employed in the THz s-SNOM system to
maximize the THz near-field signal. The common band structure of the THz QCL and THz QWP is exhibited at
the bottom of the Figure 2A. The sample growth and device fabrication methods of the THz QCL and THz
QWP are described in the method details section. The THz QCL can generate 3 mW power when operating
in continuous wave mode at a drive current (density) of 770 mA (150 A/cm?), as shown in Figure 2B. The results
demonstrate that the THz output power decreases as the temperature increases. 10 K is employed in the
experiment to ensure the maximum power for optimal signal-to-noise ratio. The inset of the Figure 2B exhibits
the photograph of the THz QCL device which is mounted on the cold head of the cryostat.

In order to match the photoresponse with the QCL emission, the many-body effects including the interac-
tions among electrons and those between electrons and other quasiparticles are fully considered when
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Figure 3. Nano-imaging of the gold film interface on a Si substrate

(A-C) The AFM topography, AFM phase, and THz near-field images of the interface with the S; THz signal.

(D and E) The AFM phase and THz near-field images of another part of the interface with the S, THz signal.

(F) The height value along the yellow line in Figure 3A. (G) The THz signal amplitude along the yellow line in Figure 3C and
the blue line in Figure 3E.

designing and optimizing the MQW structure (Guo et al., 2009; Wang et al., 2018). By self-consistently solv-
ing the coupled Schrédinger and Poisson equations, the absorption efficiency n can be derived as

el aK . 2 ~ .
n(a)) = gocnowm*z Z/ (2‘”)3|<j|pz|0>| {f(Ek,o,é’f, T) — f(EkJ,E'(,T)](S(AEkJTO — hw) (Equat|on 5)

where g is the vacuum permittivity, ¢ is the speed of the light, ng is the refractive index, m* is the electron effec-
tive mass, p, is momentum, f is the Fermi distribution function, Ey is the energy of the electron at different
subband index |, ef is the Fermi energy, T is temperature, and AEy o is the energy difference between the
jth and the ground subbands. The emission spectra of the 4.2 THz QCL and the photocurrent spectra of
the frequency-matched THz QWP are both presented in Figure 2C which are characterized by a Fourier trans-
form infrared spectrometer (FTIR). The results show that the THz QCL can match the THz QWP response at the
frequency of 4.2 THz. The photograph of the THz QWP chip is shown in the inset of Figure 2C.

The temporal response of the THz QWP is on the level of picosecond due to the short lifetime of photo-
excited electrons (Guo et al., 2013), which is very important in the effective detection of the high-speed-
modulated THz signals. The high-frequency performances of the THz QWP are studied by employing a mi-
crowave rectification technique (Li et al., 2017). The THz QWP can detect up to 6.2 GHz-modulated THz
light generated by the THz QCL, which is sufficient for detecting the tip-modulated scattered light. On
the other hand, the detector of the THz s-SNOM must possess enough sensitivity to respond properly
to the scattered near-field signal which is about one-thousandth in power of the far-field signal. The noise
equivalent power (NEP) parameter of the THz QWP is calculated based on the values of the noise spectral
density and peak responsivity (see the Method details section). A NEP of about 1.1 pW/Hz"° can be esti-
mated at the bias voltage of 40 mV. The device performances of the THz QCL and the THz QWP exhibit the
applicability to the fast THz imaging system (Qiu et al., 2019).

DISCUSSION

As a demonstration of the s-SNOM performance, we first perform the nano-imaging of a gold film depos-
ited on a silicon substrate which owns a resistivity of about 1x10% Q:-cm. The AFM topography, AFM phase,
and THz near-field S; images of the interface are shown in Figures 3A-3C, respectively. One can observe
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that a defect in the Au area is legible in Figures 3A and 3B, but not in Figure 3C. When the S; signal is uti-
lized to characterize another part of the interfaces, an obvious imperfection is clearly seen in the AFM phase
and THz near-field S, images, as shown in Figures 3D and 3E. The results indicate that the higher order
demodulation of the THz signal is needed to sufficiently suppress the undesired far-field background
signal. Figure 3F exhibits the height value along the white line in Figure 3A, from which one can obtain a
height difference of about 110 nm in the boundary between the Si and Au. Figure 3G gives the THz signal
amplitude along the yellow line in Figure 3C and the blue line in Figure 3E. A relative THz signal value of
0.75and 0.15 V can be estimated from the S; and S, signals, respectively. A sharper rise can be observed in
the change of S; signal which is 5-10 times weaker than the Sy signal.

The signal-to-noise ratio (SNR) of the Sy and S, signal is evaluated to be 8 and 4 by dividing the averaging
signal from panels by the noise from pane (Figure 3G). The SNR of S3 is evaluated to be about 1 from the
image of the gold film region, as exhibited in Figure S1. In order to acquire higher spatial resolution, a
probe with a radius of about 20 nm was employed which reduced the SNR to some extent. The SNR of
S2 signal is similar to that in the near-field systems reported in references (Degl’Innocenti et al., 2017,
Dean et al., 2016; Giordano et al., 2018) at the same resolution level (<100 nm). The optical properties
of the sample can usually be extracted from the contrast between the sample and material with known
dielectric permittivity (Moon et al., 2011; Guo et al., 2021; McLeod et al., 2014). The contrast of S, signal
between the Au and Si substrate is evaluated to be about 3.5 which is similar to the S, contrast (~3) and
lower than the S3 contrast (~4) in previous report (Pogna et al., 2021) due to the influence of the back-
ground signal.

To quantitatively determine the spatial resolution of the THz near-field imaging system, a sample of gold
nanostructures with a width of ~1.5 um is imaged, and the results are presented in Figure 4. The AFM
topography, AFM phase, and THz near-field images of the gold bars on Si substrate are presented in
Figures 4A-4C, respectively. A height difference of about 110 nm can be calculated from the signal change
over the white line in Figure 4A, as exhibited in Figure 4D. The amplitude of the THz near-field signal (S,)
along the black line in the THz image is plotted in Figure 4E. A spatial resolution of about 95 nm, corre-
sponding to ~A/752 at 4.2 THz, is achieved based on the full-width-at-half-maximum of the derivative func-
tion of the fitting result (red curve in the inset of Figure 4E). Finer sampling can be employed when higher
resolution levels are achieved. The measurement may contain imaging artifacts due to the step in topog-
raphy, potentially resulting in an overmeasure or underestimation. A sample with sharp material boundary
and ultrasmooth surface can help reduce the influence of the artifacts (Mastel et al., 2018; Mooshammer
etal., 2020). A simulation using MoM of a tip raster scanning over the Si-Au interface is performed. A spatial
resolution on the level of the experimental result can be obtained from the Gaussian curve interpolating the
derivative function, as shown in Figure 4F. The available resolution almost depends on the radius of the tip
and the sensitivity of the detector. Higher resolution can be obtained by employing a smaller tip at the
same harmonic. On the other hand, purer near-field signal can be collected with higher harmonics, which
results in better resolution and requires more sensitive detectors at the same time.

The capability of scanning an uneven sample is an important attribute to evaluate the system performance
of the s-SNOM. The images, with a size of 50 pm by 30 um (256 X 154 pixels), of a gold sample is acquired by
the THz near-field imaging system, as exhibited in Figure S2. The scanning rate of AFM, including the pro-
cess of going forth and back, is set to be 0.05 Hz/line. The scanning time of a pixel can be calculated to be
about 39 ms which represents signal acquisition and integration. The longer pixel time is almost due to the
time-consuming signal acquisition process of the preamplifier. A scratch, with a width of 15 um, can be
easily distinguished in both the AFM topography and THz near-field images, as shown in Figures S2A
and S2B. Interestingly, the fine structure of the scratch can be observed in the THz near-field image but
is not visible in the AFM topography image. Figure S2C gives the height value along the red line in Fig-
ure S2A and THz signal amplitude along the blue line in Figure S2B. An obvious signal variation and
good position consistent can be observed both in the height value and the THz signals, especially in the
edge of the scratch. And the THz signals can provide more variation than the height value inside the
scratch.

In order to particularly demonstrate the near-field variation in the edges of materials, an optical grating ob-

ject with a gold plateau edge on a silicon substrate is imaged using the THz nanoscopy, with the results
shown in Figure 5. The AFM topography and THz near-field image of the grating edge are exhibited in
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Figure 4. Nano-imaging of the Au bars on a Si substrate

(A-C) The AFM topography, AFM phase, and THz near-field images of the gold structure.

(D) The change of the height value over the white line in the AFM topography image.

(E) The amplitude and fitted results of the THz near-field signal (S,) along the black line in the THz image. Inset: derivative
function of the fitting result.

(F) The simulation result of a tip scans over a gold-Si interface. Inset: derivative function of the S, signal and fitted results.

Figures 5A and 5B, respectively. The SNR of the S; signal is estimated to be about 10 with a thicker probe
(~80 nm). Some edge fringes can be clearly observed in the THz image, especially at the interface of the
grating. We pay special attention to the outside dark fringes and the bright fringes in the plateau of the
edge. These fringes are different from those in the visible range, where gold supports plasmonic modes.
Gold fringes in the THz range are not affected by the edge resonances.

The numerical simulation results of the edge fringes, as depicted in Figures 5D-5G, show that THz light is
highly concentrated locally at the gap between the tip apex and the sample. The electric field strength
between the tip and gold (Figure 5D) is stronger than that between the tip and the silicon substrate (Fig-
ure 5G). When the tip scans the edge of the grating (Figure 5E), two hot spots are formed: one right un-
der the tip and one at the upper sharp edge of the sample (Abate et al., 2016). Because of these two hot
spots, the THz near-field scattered signals can be increased and a bright fringe appears in the edge re-
gion (Figure 5C). An extensive scanning of a gentle edge is provided in Figure S3 which only shows the
outside dark fringes. When the probe tip moves away from the plateau (Figure 5F), the apex does not
couple to the silicon substrate right beneath it due to the curved profile (Babicheva et al., 2016). The
smaller refractive index environment reduces the effective polarizability of the tip and forms an outside
dark fringe in the near-field image of the edge. To explain the absence of the dark fringes in Figure 3, we
compare the topography and the SNR of the step. The using of smaller tip, steeper interface, and larger

iScience 25, 104637, July 15, 2022 7
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Figure 5. Edge fringe nanoscopy

(A and B) The AFM topography and THz near-field image of an optical grating object.
(C) Line profiles taken from AFM topography and THz image for gold grating on silicon.
(D-G) Theoretical simulation of the edge fringe formation.

scanning step in Figure 3 potentially reduces the possibility of scanning the sharp step and the intensity
of the signal change. On the other hand, the signal changes obscured by the noise will become more
pronounced due to the increase of SNR.

In summary, we report the implementation of a THz s-SNOM based on a fast responding and sensitive THz
QWP. The THz QWP, with an accurate spectral design, can well match spectrally a high-power THz QCL at
4.2 THz. This pair of quantum devices is demonstrated to be a solid solution for THz near-field imaging sys-
tem in the frequency range above 3 THz. The natural polarization characteristics of the THz QCL and THz
QWP are beneficial to improve the tip-coupling efficiency of the THz near-field signal. A resolution of about
95 nm is obtained by imaging a sample of gold nanostructures. We further investigate the edge fringes for-
mation in the THz images of a grating object. THz QWPs with higher coupling efficiency can be designed
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and employed to improve the SNR of the THz s-SNOM system. We envision in the future the THz s-SNOM
will become a powerful tool for the near-field imaging of the nanomaterials and biomedical samples in the
frequency range from 2 to 5 THz.

Limitations of the study

The measurement of spatial resolution may contain the influence of imaging artifacts which can be
reduced by using a sample with sharp material boundary and ultrasmooth surface. The spatial resolu-
tion and imaging contrast are limited by the SNR of higher order signal and can be further improved
by employing higher power THz sources, more sensitive detectors, and more efficient probes. Working
in dry air or nitrogen environment may help reduce the influence of water vapor. Owing to the self-
homodyne scheme, the system cannot accurately recognize the phase information of the sample.
Other interferometric detection scheme such as homodyne and pseudo-heterodyne can be imple-
mented to enable the phase-resolved capability, identify signal spatial fringes, and enhance the imag-
ing contrast.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Gwyddion Source Forge https://sourceforge.net/projects/gwyddion/

FDTD Lumerical Solutions corporate https://www.westgrid.ca/support/software/lumerical_fdtd_solutions
MATLAB code This paper https://doi.org/10.5281/zenodo.6629933

Other

Electric field strength data This paper https://doi.org/10.5281/zenodo.6622883

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Juncheng Cao (jccao@mail.sim.ac.cn).

Material availability
The study did not generate any unique reagents.

Data and code availability

Electric field strength data have been deposited at Zenodo and publicly available as of the date of publi-
cation. DOl is listed in the key resources table. All data reported in this paper will be shared by the lead
contact upon request.

The code for analysis have been deposited at Zenodo and publicly available as of the date of publication.
DOl is listed in the key resources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

METHOD DETAILS

Sample growth and device fabrication

The material system of the THz QCL and THz QWP was produced by a molecular beam epitaxy (MBE)
growth technique. The active region, with 76 cascade periods, of the THz QCL was based on
Alp 25Gag 75As/GaAs design. The bottom and top electrode was grown with an n-type GaAs layer
(400 nm thick) and GaAs layer (50 nm thick), respectively. The MQW region of the THz QWP was made
up of 30-cycle AlGaAs/GaAs (80/18nm) structure.

Performance characterizations of the devices

A Fourier Transform Infrared Spectrometer (FTIR) was employed to measure the emission spectrum of
the THz QCL. A pair off-axis parabolic mirrors were applied to couple the THz radiation emitted from
the THz QCL to the FTIR. The output power of the THz QCL was measured by a power meter of Ophir
with a thermal sensor. To calibrate the photocurrent spectra of the THz QWPs, an FTIR with a Globar
source was used. The current-voltage (I-V) relation of the THz QWP was measured with the voltage-
sweeping mode. The up-sweep and down-sweep curves both described the phenomena of the hyster-
esis loop and sharp jump of the dark current which was caused by the negative differential resistance
(NDR) in the voltage-sweep mode. The noise equivalent power (NEP) parameter of the THz QWP was
calculated by

=

NEP =
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where I, is the noise spectral density measured by a low noise current preamplifier (SR570) with a sensitivity
of 200 nA/V, Ris the peak responsivity measured by a blackbody source (cavity blackbody IR-564/301) at the
temperature of 1000 K.

Simulation of the THz near-field signal

The simulations of the tip enhancement effect were conducted by the method of moment technique im-
plemented in the commercial solver Altair Feko. The frequency of the incident plane wave in the model
was set to be 4.2 THz. A cone with various heights and an apex radius of 40 nm was used to simulate the
AFM tip. Far-field radiation was calculated at different tip-sample distances when demodulated at higher
harmonics of the tip oscillation frequency. Si substrate was employed to simulate the change of S2 signal
with different tip lengths from 25 um to 300 um. The tip-scan was performed over a gold-Si interface.

Afinite-difference-time-domain (FDTD) method was employed to numerically simulate the edge fringe for-
mation at the frequency of 4.2 THz. The radius and length of the tip were set to be 50 nm and 80 um, respec-
tively. A plane wave was illuminated on the tip with a cone opening angle of 20°.

Data analyses

The processing and analyses of AFM and THz imaging data were performed using Gwyddion. The fitting of
THz near-field signal and processing of FDTD date were achieved using MATLAB.

¢? CellPress

OPEN ACCESS

iScience 25, 104637, July 15, 2022 13




	ISCI104637_proof_v25i7.pdf
	A terahertz near-field nanoscopy revealing edge fringes with a fast and highly sensitive quantum-well photodetector
	Introduction
	Results
	Experimental setup of THz s-SNOM
	Device performance of THz-QWP

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Material availability
	Data and code availability

	Method details
	Sample growth and device fabrication
	Performance characterizations of the devices
	Simulation of the THz near-field signal
	Data analyses







