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We report the successful implementation of antenna-coupled terahertz field-effect transistors (TeraFETs)
as homodyne detectors in a scattering-type scanning near-field optical microscope (s-SNOM) operating
with radiation at 246.5 GHz. The devices were fabricated in Si CMOS foundry technology with two
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different technologies, a 90 nm process, which provides a better device performance, and a less

expensive 180 nm one. The high sensitivity enables s-SNOM demodulation at up to the 10th harmonic of
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1 Introduction

Free-space terahertz (THz) and sub-THz spectroscopy and
imaging suffer from a poor spatial resolution due to the Abbe
diffraction limit. To overcome this limitation, several tech-
niques have been developed, amongst them scattering-type
scanning near-field optical microscopy (s-SNOM), a near-field
technique which offers nanometer-scale spatial resolution
largely independent of the wavelength of the radiation used.*
One big challenge of s-SNOM is the weak signal strength
received at the detector, which makes its usage challenging
especially in the THz and sub-THz regime with its large wave-
length and the concomitant large size of the illuminated sample
spot, and with its lack of powerful sources. Different ways have
been found to deal with this challenge. One approach is the use
of pulsed terahertz time-domain spectroscopy together with
electro-optical sampling,>* another one is the use of long-pulse
or continuous-wave radiation from high-power sources such as
THz gas lasers* and free electron lasers® in combination with
bolometric detection at low temperature. The more challenging
task is indeed the detection, which has to be fast enough to
resolve the periodic vertical cantilever movement occurring
with a typical frequency Q in the range of tens to hundreds of
kHz. At frequencies above 1 THz, where quantum cascade lasers
(QCLs) are available, one can use QCLs not only as emitters, but
also as detectors, even in this way that only a single device is
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the cantilever's oscillation frequency. While we demonstrate application of TeraFETs at a fixed radiation
frequency, this type of detector device is able to cover the entire THz frequency range.

employed having both roles at once (the radiation back-
scattered from the s-SNOM's tip is fed into the laser cavity).®
For measurements at sub-THz frequencies, several publications
have now reported the use of Schottky diodes as detectors.””
They are typically operated in combination with narrow-band
multiplier-based electronic sources, which permits heterodyne
detection by mixing the back-scattered radiation with that from
a second source frequency-locked to the first one with
a frequency offset 4 for demodulation at sidebands 4 + nQ, n =
1, 2, 3, ...7° The state-of-the-art technology for coherent (field-
and phase sensitive) s-SNOM detection in the infrared and
visible spectral range is based on the so-called pseudo-
heterodyne detection scheme.’®"* It is an interferometric tech-
nique using continuous (usually periodic) mirror displacement
in one arm of an interferometer in order to achieve phase
sensitivity. Given the large wavelength in the sub-THz frequency
range, the application of this technique is impractical at those
frequencies because of the need for large mirror displacements.
One would need about 120 x higher displacement amplitudes at
246.5 GHz compared to standard mid-IR s-SNOM at the wave-
lengths of CO,-lasers, which is technically so demanding that -
to our knowledge - it has not been implemented by any group
so far. The heterodyne scheme addressed above is an alterna-
tive, which comes, however, at the cost of a second radiation
source. In this work, we employ homodyne interferometric
detection as yet another alternative for sub-terahertz s-SNOM
sensing.” It offers the interferometric signal enhancement of
the pseudo-heterodyne technique (in our case about 50x higher
signals in comparison to non-interferometric detection), phase
sensitivity by two subsequent measurements with different
mirror settings, and it has the option for samples, which do not
introduce an optical phase shift, to record the near-field signal
in a single measurement by setting the interferometer to the
maximume-signal position.
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Here, we introduce s-SNOM detection by field-effect tran-
sistors with monolithically integrated antennas for THz
frequencies (TeraFETs). They are operated at room temperature.
This type of detector of GHz and THz radiation is on the verge of
becoming a mainstream device rivalling diode-based detectors.
The detection mechanism is distributed resistive mixing in the
transistor's channel,"*** enhanced by plasma-wave phenomena
at high frequencies as predicted in ref. 16. As the FET is oper-
ated without source-drain bias voltage, it exhibits only thermal
noise.” The detectors can be fabricated in many material
systems, but devices made in the Si CMOS technology continue
to exhibit the best performance in terms of the noise-equivalent
power values achieved,” only recently rivalled by detectors
made in AlGaN/GaN technology.'*** Detectors can be built for
discrete frequency bands high in the THz regime®"? or as single
devices with large detection bandwidth and flat frequency
response, e.g. covering 0.1-2.2 THz in ref. 23. With an ultrafast
response on the time scale of the inverse cut-off frequency fr (in
the range of tens to hundreds of GHz), the devices can be
employed as heterodyne receivers.'®**** As such, they are being
used for imaging applications with depth resolution®® and for
full-scale three-dimensional imaging.*”

The devices employed for this study (see Fig. 2, to be dis-
cussed below) were not specifically designed for the task. While
they exhibit a novel chip layout, their performance parameters
are on a par with those obtained with other TeraFETs developed
by us and others, and could be replaced by those. We investigate
two devices, fabricated with different foundry technologies, and
compare their performances with each other. One device is
based on a state-of-the-art 90 nm CMOS process for best
performance, the other on a 180 nm CMOS process (of the same
foundry). The latter is interesting from a commercial point of
view as it employs rather relaxed design rules (indicated by the
large gate length),"***?* which both keeps the fabrication costs
comparatively low and is favorable for the electrical robustness
(including stability against electrostatic shock) of the device.

2 Experimental setup

The setup with the interferometer for homodyne detection is
sketched in Fig. 1. As usual for s-SNOM, the radiation is
focussed onto the oscillating tip apex of the cantilever of an
atomic force microscope (AFM, cantilever oscillation frequency:
Q). The sample-under-test on a translation stage is scanned
under the tip. Radiation, backscattered both as a consequence
of the near-field interaction between the tip and the sample,
and by any other scattering object in the beam path is detected
by the TeraFET whose signal is fed to a lock-in amplifier. The
unwanted, but dominant far-field contribution in the signal is
suppressed by higher-harmonic demodulation at nQ,n =1, 2, 3,
..., in order to allow the extraction of the local near-field prop-
erties of the sample (ie. its dielectric function).”*® Simulta-
neously, the sample's topography is mapped by the AFM
functionality. The AFM is a home-built device'* controlled with
an Anfatec Instruments AG DS4L SPM-controller and it is based
on a “scanning sample” design. For the s-SNOM operation, we
employ a radiation source based on a microwave synthesizer
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Fig. 1 Interferometric setup for the homodyne near-field measure-

ments. Radiation propagating along the signal arm of the interfer-
ometer is focussed onto the cantilever, the backscattered light is
directed onto the TeraFET detector. The reference arm with the
movable mirror enhances the signal level on the detector if the mirror
is positioned for constructive interference. Phase changes by the
sample-under-test are identified by measurements at various mirror
positions.

followed by an amplifier, a multiplier chain and a horn antenna
(all three from RPG - Radiometer Physics GmbH). It provides
linearly polarized free-space radiation at 246.5 GHz with an
output power of 75 uW. The exact frequency was chosen by
frequency fine-tuning for the best signal of the lock-in amplifier,
which strongly depends on the beam-splitting ratio (see below)
and varies upon frequency changes as a consequence of the
Fabry-Perot resonances within the beam splitter.

The emitted radiation is collimated by a paraboloidal mirror
(f=6", diameter d = 2") and focussed by a second paraboloidal
mirror (f= d = 2", mounted on a 3D translation stage) onto the
apex of the probe tip (Rocky Mountain Nanotechnology RMN tip
model RMN-25Pt300B, tip length: 80 pm) oscillating at
a frequency Q = 21.5 kHz (despite the use of the letter 2 not an
angular frequency). Due to its length, this type of probe tip
exhibits a better THz response than standard probes used for s-
SNOM in the infrared.®® A beam splitter made from high-
resistivity silicon (uncoated, thickness: 2 mm) enables genera-
tion of a reference beam for the interferometric detection, and
to guide a large part of the backscattered radiation to the
detector. The beam splitter's power splitting ratio at the chosen
radiation frequency is 40 : 60, the larger part of the radiation
from the emitter going to the reference beam.

The two Si CMOS TeraFET detectors investigated here were
both fabricated at the TSMC foundry, Taiwan, but with different
technology nodes, 90 nm and 180 nm, respectively. In the
following, the devices are denoted accordingly as either 90 nm
or 180 nm detector. Both are based on the same design concept
developed by some of us. Each detector consists of an annular
ring antenna with an integrated dipole, which also acts as an
impedance transformer, and a dual-finger transistor with a gate
length of 90/180 nm and a gate width of 1 um. A 3D scheme of
the layout of the device is shown in Fig. 2a (the dimensions are
not to scale), and a microscope photograph with a top view of
one of the actual devices is displayed in Fig. 2b. Note that the
drain terminals are electrically connected only via the antenna

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic and (b) real image of the Si CMOS TeraFET
detectors. The dimensions of the antenna metallization (yellow) and of
the substrate lens (violet) in (a) are not to scale in order bring out the
transistor structure in a clear manner. The annular antenna is the
brighter brown structure in (b), while the dark brown area around it
consists of metal patches which have no antenna functionality at the
target frequency range; they had to be placed into the detector design
in order to obey the design rules of the foundry which demand
a certain metal coverage in order to prevent the build-up of excessive
mechanical stress.

metallization. Unlike annular ring microstrip antennas or other
patch antennas,?® the design is based on a ground-plane-free
approach in order to enable in-coupling of the THz radiation
from the substrate side. This allows us to easily apply a hyper-
hemispherical substrate lens made from high-resistivity single-
crystalline silicon (diameter: 12 mm) as schematically shown in
Fig. 2a. The backside in-coupling comes at the penalty of
moderate free-carrier-induced absorption losses of the THz
radiation in the 280 pm-thick silicon substrates of the detector
chips, which are lightly p-doped (specific resistance as specified
by the foundry: 10 Q cm, which corresponds to a carrier density
of 1.25 x 10" cm®). The absorption losses lead to a power
attenuation of the THz radiation by about 26%.

A detailed performance characterization of a 90 nm device**
is found in ref. 33. The red curve in Fig. 3 displays the voltage
responsivity and the noise-equivalent power (NEP) of the
present detector. The responsivity peaks at a value of 408 VW %,
while the best NEP value is 21 pW Hz "2 These optimal values
are reached at 250 GHz, near the operation frequency of our
radiation source, where the responsivity is 402 V W' and the
NEP remains at 21 pW Hz "2 The 180 nm detector exhibits

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Voltage responsivity and (b) noise-equivalent power (NEP) of
the detector devices. The vertical dotted lines indicate the radiation
frequency of 246.5 GHz.

a responsivity of 380 V W' and a noise-equivalent power of
27 pW Hz Y2 at 225 GHz, the frequency of best performance,
with the corresponding values at the operation frequency of the
s-SNOM being 308 VW™ and 32 pW Hz~ /%, respectively, see the
black curve in Fig. 3. In both cases, the gate bias voltage was
0.55 V, and - as usual for TeraFETs - no source-drain bias
voltage was applied in order to operate at the best noise
performance.

During the s-SNOM measurements, the rectified output
signal of the TeraFET is fed into a lock-in amplifier (Zurich
Instruments MFLI) for higher-harmonic demodulation. In the
experiments described in the following, the position of the
mirror in the reference arm remained fixed at a position of
constructive beam interference, found by maximizing the 1Q s-
SNOM signal at the beginning of the measurement on a metallic
region of the respective sample-under-test.

3 Results and discussion

Fig. 4 and 5 display so-called approach curves at various
demodulation frequencies for the two detectors. The curves
were recorded with a Au-on-Si sample by measuring the s-SNOM
signal as a function of the distance between tip apex and sample
upon retraction of the tip. All data represent single distance
scans and were measured with the same integration time
constant ¢. = 100 ms of the lock-in amplifier. The slow decay of
the 1Q s-SNOM signal with increasing distance indicates that
there are strong background contributions present at the

Nanoscale Adv., 2021, 3,1717-1724 | 1719
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Fig.4 Approach curves recorded with a Au film as sample-under-test
with the 180 nm detector. The curves were recorded at different
demodulation frequencies: at the fundamental tip oscillation
frequency 1Q and at different harmonics n from 2Q to 7Q. The dotted
line at 100 nm serves as a guide to the eye to facilitate visual distinction
of the signal rise upon approach of null distance.

fundamental tip oscillation frequency, whereas the signals at
higher harmonics (n = 2) continue to decay more rapidly with
rising distance as the order number n increases, revealing
increasingly stronger localization of the respective electric fields
at the apex region of the tip. In addition, one clearly notices the
increase of the noise level with the order of the harmonics
which is a consequence of the decrease of the signal-to-noise
ratio (SNR) with rising value of n. The high sensitivity of the
90 nm detector allows to obtain useful signals up to n = 10.
Table 1 specifies SNR values obtained with both devices from
these and other approach-curve measurements. The table lists
values for a time constant of the lock-in amplifier of ¢. = 1 s; for
the 90 nm device, we also present SNR values for ¢, = 100 ms,
because it is common in the literature to provide noise-related
performance data such as SNR and NEP values for this inte-
gration time. The first value in the table is for a freely oscillating
tip away from a sample surface, the signal being that back-
scattered from the tip upon standard illumination alignment
and recorded at 1Q. The other values are for the tip interacting
with the Au surface (same beam alignment), recorded at the
various demodulation frequencies 1Q to 10Q. The 90 nm Ter-
aFET exhibits a 3-5x better SNR than the 180 nm device, and
reaches a performance level which is comparable to (or even
better than) that reached with Schottky diodes as detectors, for
which one finds SNR values > 10 for demodulation at 2Q in
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Fig. 5 Approach curves at different harmonics from 1Q up to 10Q
measured with the 90 nm detector. The dotted line is placed at
a distance of 100 nm, cf. Fig. 4.

Table 1 SNR values obtained for radiation back-scattered from
a freely oscillating tip and recorded at the fundamental frequency 1Q
("1Q (free)”) in comparison with the SNR values found in s-SNOM
measurements with demodulation at nQ for a tip in interaction with
a Au surface ("'nQ (s-SNOM)"). Values are for a time constant of t. =1s
of the MFLI lock-in amplifier for both detectors. In addition, the lower
line presents values for t. = 100 ms for the 90 nm detector

1Q 1Q 2Q 3Q 4Q
SNR (free) (s-SNOM) (s-SNOM) (s-SNOM) (s-SNOM)
180 nm (1 s) 53 108 39 10 12
90 nm (1 s) 388 387 49 49 39
90 nm (100 ms) 58 78 18 10 8
5Q 6Q 7Q 8Q 9Q 10Q
(s-SNOM) (s-SNOM) (s-SNOM) (s-SNOM) (s-SNOM)  (s-SNOM)
27 15 12 8 8 5
4.6 4.0 2.9 2.1 1.7 1.4

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ref. 9, and values of 14 at 2Q, respectively 7 at 3@, in ref. 7, in
measurements on Au/highly doped Si for ¢, = 100 ms. Also, s-
SNOM systems measuring with pulsed THz radiation, gener-
ated and detected optoelectronically with femtosecond laser
pulses, do not seem to reach better SNR values (SNR of >20,
respectively >14, at 2Q reported in ref. 34 and 35] on graphene
for t. = 100 ms).

In the following, we test the application of the TeraFET
detectors in typical s-SNOM measurement situations.

Sensitivity to different materials is demonstrated in Fig. 6
which display line scans across an edge of an Au patch on a Si
substrate. The data were recorded with a lock-in integration
time of ¢, = 61.15 ms, 10 scans were averaged. The s-SNOM
signal is stronger on the Au surface than on the Si surface.
The 1Q curve shows the step only with a weak contrast because
of the dominance of the strong background signal. For higher-
harmonic demodulation, the signal change at the step is much
more pronounced, with barely any difference in abruptness
between the curves for the high harmonics.

Fig. 7 even more clearly highlights the ability to distinguish
materials even when working only at a single radio frequency.
The measurement was again taken over an Au-Si edge (Au on
the left side) on which a dirt particle was found to stick to the
edge. The three types of materials yield different height profiles
(Fig. 7a), but also are discernible by different s-SNOM scattering
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Fig. 6 Line scans across a Si—Au step (Si: left, Au: right). The data were
measured with the 180 nm detector. The black line in the panel at the
bottom represents the AFM-recorded topography, while the colored
lines are s-SNOM data obtained at various demodulation frequencies
1Q-6Q. The vertical dotted line marks the boundary between the two
materials.
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Fig.7 Large-areaimages ata Au—Si edge with a dirt particle sticking to
the edge (length of scale bar in (a): 2 um). Au is on the left side, Si on the
right. (a) Topography, (b—d) 1Q to 3Q s-SNOM maps taken with the
180 nm TeraFET detector. Noise levels of the s-SNOM maps are not
directly comparable as the 1Q and 2Q signals were recorded with
a 7265 Dual Phase DSP lock-in amplifier, the 3Q signal in parallel with
the MFLI lock-in amplifier which has a better SNR. Integration time
constant: 20 ms, time needed for recording the full image: 1.5 h.

strengths as seen for all demodulation frequencies 1Q to 3Q
(Fig. 7b-d).

Another typical measurement which we reproduced with one
of the TeraFET detectors is a basic test of the lateral spatial
resolution. For an evaluation of the resolution which can be
reached with an s-SNOM, a metal edge on an insulating
dielectric substrate is not a suitable object (as is the case for any
material with a strong near-field interaction with the tip at the
given wavelength of the radiation).*® For Au, which is a near-
perfect conductor at THz frequencies (no excitation of plas-
mon polaritons), the interaction with the tip is expected to
strongly vary as the tip moves across the edge and the local field
distribution strongly changes. This is different for edges of
dielectric films with their weaker tip interaction. We therefore
performed measurements on dielectric surface contaminations
(patches of residual photoresist) on the Si layer. Fig. 8a shows
AFM topography maps of two such sample regions, Fig. 8b the
simultaneously recorded 2Q s-SNOM images. The amplitude of
the 2Q s-SNOM signal is higher on the Si surface than on the
resist residue. Fig. 8c displays profiles of the topography and the
20 s-SNOM signal along the red lines shown in the maps. The
lines are oriented along (left figure) and perpendicular (right
figure) to the horizontal scan direction of the probe tip. The 2Q
s-SNOM signal changes in both cases abruptly at the edges of
the dielectric material, the signal change occurring over a scan
distance of less than 100 nm, with the smallest distance found
to be 40 nm. While we do not identify this distance as the
resolution limit of the measurement system in the strict sense,
as one should avoid or at least minimize topography differences
when determining the lateral resolution, the data show that one
obtains good contrast with the TeraFET detectors in such type
of measurements.

We finally verified that we obtain the phase sensitivity of
homodyne detection® with our detectors, and demonstrate this
with s-SNOM measurements on photo-excited silicon. The

Nanoscale Adv., 2021, 3,1717-1724 | 1721
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Fig. 8 (a) AFM-topography maps of two regions of a Si surface with
dielectric islands on the sample (length of white scale bar: 1 pm). The
line scans were taken with motion of the tip in horizontal direction and
raster translation for each following scan in vertical direction. (b)
Simultaneously recorded 2Q s-SNOM images (length of black scale
bar: 1 um, t. = 61.15 ms). The measurements were made with the
180 nm detector. (c) AFM and 2Q s-SNOM line profiles along the red
lines shown in (a) and (b). The AFM data (with values on the left y-axis)
are plotted in grey color, the 2Q s-SNOM data (right y-axis) in red
color. The width of the end bars of the red lines in the images shown in
(a) and (b) indicate the spatial range over which the line-scan data of (c)
were averaged. The vertical dotted black lines demarcate the distance
range of the step-like change of the s-SNOM signal.

results are displayed in Fig. 9. The specimen was a polished Si
wafer (thickness: 500 pm, (100)-cut, vendor: University Wafer
Inc.) with weak B-doping (specific resistance: 10-20 Q cm). The
wafer was illuminated by continuous-wave laser light at
a wavelength A of 800 nm from a Ti:sapphire laser. The laser
radiation was fiber-coupled and focused by a lens with a focal
length of 10 cm onto the sample in the region of the probe tip of
the s-SNOM, where it generated an electron-hole plasma whose
Drude response modified amplitude and phase of the s-SNOM
signal of the semiconductor.”?” The laser power was adjusted
to maximize the phase contrast.

Fig. 9a and b show two signal maps recorded by consecutive
30 s-SNOM measurements at f = 246.5 GHz, the data taken with
the same sensitivity and phase settings of the lock-in amplifier.
Between those measurements, the mirror of the reference arm

. A
was translated by a distance of 3 which corresponds to a total

shift of the optical phase by g Fig. 9a hence displays the lock-in

signal 1 30 = S30 €0S(¢30), Fig. 9b the corresponding signal 7, 30
= S30 Sin(@sg). P30 is the optical phase which includes propa-
gation effects of the scattered radiation as well as a phase
change by the interaction of the radiation with the specimen-
under-test. In order to demonstrate the latter in our experi-
ment, the illumination light was blocked after half of each s-
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Fig. 9 (a and b) Consecutive 32 homodyne s-SNOM measurements

at f = 246.5 GHz with shift of the reference phase by mirror
displacement. After half of each areal scan, the exciting 800 nm laser
light was blocked (top half of each panel in (a) to (d): light on; bottom
half: light off). (c) Optical amplitude and (d) optical phase calculated
from the raw data displayed in (a) and (b) (for details, see main text). (e)
Line profiles across the near-field maps (along the red lines in (c) and
(d)) reveal the measured amplitude and phase contrast. Scale bars:
200 nm, lock-in integration time: t. =1, all measurements made with
the 90 nm detector.

SNOM scan, such that the upper half of each image shows the
s-SNOM response of laser-illuminated Si, the lower half that of
the un-illuminated Si.

From the lock-in signals r; ;¢ and 1,30, one calculates
amplitude s;, and phase ¢3¢ of the scattered near-field signal,
using the equations s3o = /T30’ +se? and ¢y =
arctan2(r; 0,2 30), respectively. Fig. 9c displays the resulting
amplitude map, Fig. 9d the phase map. One clearly sees the
effect of the photo-excited charge carriers on both the ampli-
tude and phase of the scattered radiation. The changes are
presented also in the line profiles in Fig. 9e, taken along the red
lines in Fig. 9c and d.

4 Conclusions

In summary, we demonstrated the applicability of TeraFET
detectors based on antenna-coupled field-effect transistors for
near-field s-SNOM microscopy at (sub-)terahertz frequencies.
We employed homodyne detection whose phase sensitivity
provides access to the imaginary part of the dielectric function
of materials. The high responsivity of the detectors allowed
demodulation of the s-SNOM signal even at the tenth harmonic
of the cantilever oscillation frequency.

Unlike microwave imaging, which operates with waveguide
coupling of the radiation to the probe tip,*® the presented

© 2021 The Author(s). Published by the Royal Society of Chemistry
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approach with free-space radiation and employing antenna
coupling to the detector, is free from waveguide-defined
frequency band limitations and can be applied for seamless
broad-band spectroscopy over the entire sub-THz and THz
frequency regime (0.1-10 THz) with sub-100 nanometer reso-
lution. Similar to Schottky diodes* and other kinds of diode-
based detectors, TeraFETs can be employed as both power
detectors and heterodyne receivers. Their performance can be
enhanced significantly by cooling them to cryogenic tempera-
tures.**** The use of compact antenna-coupled diode or Ter-
aFET detectors (equipped usually with substrate lenses) opens
the possibility for placing the detectors - or arrays of them -
close to the probe tip, which may enhance the radiation
coupling efficiency, but specifically can be exploited to detect
radiation patterns and investigate emission profiles of the
specimen.

With this work, we contribute to the development of THz and
sub-THz s-SNOM nanoscopy which is - among other potential
applications - very well suited to probe the conductivity of
semiconductors and of new materials for future electronic
devices on the nanoscale.
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