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Mapping an on-chip terahertz antenna by a scanning
near-field probe and a fixed field-effect transistor”
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In the terahertz (THz) regime, the active region for a solid-state detector usually needs to be implemented accurately
in the near-field region of an on-chip antenna. Mapping of the near-field strength could allow for rapid verification and
optimization of new antenna/detector designs. Here, we report a proof-of-concept experiment in which the field mapping
is realized by a scanning metallic probe and a fixed AIGaN/GaN field-effect transistor. Experiment results agree well with
the electromagnetic-wave simulations. The results also suggest a field-effect THz detector combined with a probe tip could

serve as a high sensitivity THz near-field sensor.
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1. Introduction

In the terahertz (THz, 1 THz=10!2 Hz) portion of the
electromagnetic spectrum, many sensing applications, such as
security screening, near-field microscopy, and spectroscopy,
are being studied and developed.!!! Sensitive detectors are
one of the key elements for such applications.?! In various
THz detectors, antennas are commonly applied to feed inci-
dent THz electromagnetic (EM) radiation into the active re-
gion of the detectors.l* ! The efficiency of these antennas
is crucial for high sensitivity and is largely determined by
the near-field properties. The near-field distribution is usu-
ally obtained by performing a finite-element analysis of the
EM wave.!!%131 From the point of view of detector optimiza-
tion/development, it would be beneficial to experimentally ob-
tain the near-field distribution. In many THz near-field ex-
periments/applications, the near-field EM wave is transferred
by either a sharpened metallic probe tip or by a metallic pin-
hole aperture into the far field and detected therein.[!4-17]
In THz time-domain spectroscopy, a photoconductive detec-
tor has been integrated on a probe tip and serves as a direct
near field THz detector.!'®! Here, we report our experiment on
imaging the near-field response of an antenna-coupled field-
effect-transistor (FET) THz detector by scanning the antennas
using a sharpened metallic tip. In the experiment, the scan-
ning metallic tip serves as a near-field coupler/agitator of the
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antennas and the integrated FET detector reads out the THz
intensity. The experimental results are in good agreement
with a finite-difference time-domain (FDTD) simulation. This
method allows us to experimentally distinguish the most effec-
tive antenna blocks and provides direct guidance for the opti-
mization of antennas and detectors.

2. Experiment

The experimental setup is schematically shown in
Fig. 1(a), where the THz radiation from a backward wave os-
cillator (BWO) is collected, collimated, and focused by a pair
of off-axis parabolic mirrors (OAP#1 and OAP#2). The THz
frequency is set at fo = 875 GHz corresponding to a free-space
wavelength of Ay = 343 um. The schematic zoom-in view of
the metallic probe scanning the detector surface is shown in
Fig. 1(b). The THz wave is polarized in direction x. The metal-
lic probe is glued on a piezoelectric vibrator which is driven by
a sinusoidal voltage with frequency 123 Hz and peak-to-peak
voltage 5 V. The probe tip vibrates in direction x and the vibra-
tion amplitude is 6x, ~ 1 pm. Accurate positioning and raster
scanning of the probe tip at a certain distance to the detector
surface are realized by mounting the piezoelectric vibrator on
a step-motorized XYZ stage. The probe is made of tungsten
and, as shown in Fig. 1(c), has a diameter of 500 um. The
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radius of the probe tip is sharpened to about 0.5 pm by elec-
trochemical etching in NaOH solution. The detector is similar
to that reported earlier by Sun et al.3! A partial top view of
the detector is shown in Fig. 1(d). The active electron chan-
nel is made of the two-dimensional electron gas (2DEG) from
an AlGaN/GaN heterostructure and the width in direction y is
W = 10 um. The antenna contains three blocks (A, B, and C).
Each block is 45-um long in direction x and maximally 14-
pm wide in direction y. Only block C is directly connected
to the external electronics via the electrode for applying the
gate voltage. Blocks A and B are capacitively coupled to the
2DEG channel. The gate in the center of the detector controls

piezo

the electron density underneath and has a length of L =2 pum
in direction x. The Ohmic contacts for the 2DEG channel are
about 100 um away from the gate. The sapphire substrate of
the detector is transparent for the incident THz wave and is
thinned to 200 pm. A high resolution-power microscope is
used to monitor the probe tip and the THz detector. The net
photocurrent induced by the vibrating probe is amplified by a
current preamplifier, and then read out by a lock-in amplifier.
By raster scanning the probe tip at distance z, to the detec-
tor surface, the tip-induced photocurrent can be mapped as a
function of the tip location (xp, yp).
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Fig. 1. (color online) (a) Schematics of the experiment setup. The continuous-wave THz source is tuned at 875 GHz. (b) Zoom-in
view of the near-field probing scheme by using a motorized vibrating probe. (c) Optical microscope images of the metallic probe and
the tip. (d) Optical microscope image of the field-effect THz detector. The zoom-in box shows the central active region including three
antenna blocks (A, B, C), the gate, and the two-dimensional electron gas (2DEG) channel. (e) The photocurrent (iT) tuned by the gate
voltage (Vi). (f) The THz beam profile probed by the detector scanned in the focal plane of OAP#2.

3. Characterization and discussion

The detector was first characterized by measuring the
photocurrent without the probe tip upon THz irradiation of
fo = 875 GHz. The photocurrent (it) as a function of the gate
voltage (Vi) is shown in Fig. 1(e). The peak photoresponse
is located at Vg = —3.55 V. For the following experiments,
the gate voltage is fixed at this optimal value. The profile of
the THz beam, as shown in Fig. 1(f), was obtained by raster

scanning the detector in the focal plane of OAP#2 with a step
size of 50 um. The minimum beam width is about 1.4 mm
and is about 15 times larger than the overall antenna dimen-
sion (= 90 um) in direction x. In the following experiments,
the detector is moved slightly away from the focal plane so
that the whole antenna area is under a uniform irradiation, as
schematically shown in Fig. 1(a).

A photocurrent image as shown in Fig. 2(a) was obtained
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by scanning the tip with z, = 0.5 um. The antenna profile is
overlaid on the map for easy pattern recognition. Each an-
tenna block shows a different THz response to the scanning
tip. The maximum response is observed at (x,,yp) = (25 um,
0 um), i.e., at the center of antenna block B. When the probe
tip is located near the center of antenna block C, a weaker, but
yet significant, photocurrent is observed. In comparison to an-
tenna blocks B and C, the vibrating probe tip above antenna
block A induces a much weaker photocurrent. The signal-
to-noise ratio is only 2.7 corresponding to the noise floor of
1.5 pA. For clarity, two line scans along direction x and one
scan along direction y were extracted from Fig. 2(a). The cor-
responding locations of these scans are marked by the dash—
dotted (yp, = 0 um), dashed (yp = —17.5 um), and dash—dot—
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dotted line (x, = 25 pum) in Fig. 2(a) and plotted in Figs. 2(b)-
2(d). The line scan at y, = 0 pum, crossing both antennas A
and B, is shown in Fig. 2(b). Two peaks at x, ~ 25 um
are clearly identified corresponding to the center points of an-
tenna A and antenna B, respectively. The full-width-at-half-
maximum (FWHM) of the peak originated from antenna B
is about 30 wum, corresponding to a spatial resolution about
Ao/ 11, which is slightly smaller than the antenna width in di-
rection y. The line scan at y, = —17.5 um, crossing only an-
tenna C, is shown in Fig. 2(c). Two peaks with a similar ampli-
tude are shown clearly. The line scan at x, = 25 pum crossing
antenna B is shown in Fig. 2(d). The FWHM in direction y is
about 40 pum, slightly smaller than the antenna width in direc-
tion y and slightly larger than the FWHM in direction x.
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Fig. 2. (color online) (a) Map of the tip-induced photocurrent (i,) by raster scanning the tip with a tip-detector distance of z, = 0.5 um. The
profile of the antennas and the gate is overlaid on the map. (b) A line scan along the dash—dotted line in panel (a), i.e., with y, = 0 pm. (c)
A line scan along the dashed line in panel (a), i.e., with y, = —17.5 pm. (d) A line scan along the dash—dot—dotted line in panel (a), i.e., with

Xp =25 pm.
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Fig. 3. (color online) Maps of the tip-induced photocurrent by raster scanning the tip at different tip-detector distances: (a) zp = 1 um,

(b) zp =5 um, (¢) zp = 15 pm, and (d) zp = 25 pm.
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With a tip-antenna distance of z, = 0.5 um, different roles
of three antenna blocks can be roughly identified as the ones
shown in Fig. 2(a). The tip-induced photocurrent was fur-
ther examined at larger tip-detector distances. As shown in
Figs. 3(a)-3(d), four raster scans were obtained with z, =1, 5,
15, and 25 pum, respectively. We found that the smaller the tip-
detector distance, the stronger the photocurrent. When the tip-
detector distance is greater than 15 wm, the detector becomes
very insensitive to the probe tip. At a distance of 25 pum, the
induced photocurrent is submerged in the background noise.
There is an inactive region near the right-angle bend of an-
tenna C, where a minimum photocurrent is observed. This
feature clearly confirms that antenna B and antenna C have
opposite polarizations.

The interaction between the tip and antenna block B was
further examined by probing the photocurrent as a function
of distance z, when the tip is pointed to the center of an-
tenna B. As shown in Fig. 4(a), by moving the probe tip away
from antenna block B to a distance about 10 um =~ A /34,
the photocurrent decreases abruptly indicating a near-field in-
teraction mechanism. On further increasing the distance, an
oscillation in the photocurrent was observed. A minimum
occurs at z, = 46 pum ~ A /7.5 and a maximum occurs at
Zp =86 um ~ A /4.

According to the detection mechanism,!'” the THz pho-
tocurrent is proportional to the integral of the local mixing
factor (N = &£, cos(¢)), the incident THz power flux (By),
and the extent of electron density tuned by the gate voltage
(dn/dVg): it = o fy ndx, where & = (euW ZoPyz/2L)dn/dVs,
e is the elementary charge, i is the electron mobility, n is the
electron density of the 2DEG, Zj is the free-space impedance,
and 7 is an effective distance between the antenna and the
2DEG.!"% Factors &, and &, correspond to the THz field en-
hancement in directions x and z. Phase ¢ is the phase differ-
ence between the two field components. Vibrating the probe
tip in direction x modulates the local THz electric fields and
hence the mixing factor. Although the specific manner of how
the tip alters the THz field is unknown, we can model the tip-
induced photocurrent as

; L
ip:il;x5xp:5xp><a/0 iz)dx. (1)

In order to obtain insight into the mechanism of the
tip-antenna interaction, finite-difference-time-domain (FDTD)
simulations were performed to determine the differences in the
mixing factor depending on whether the tip is present or not,
as shown in Fig. 4(b). The simulation result suggests that mix-
ing occurs predominately around x, = =1 um, i.e., near the
edges of the gated 2DEG channel. Furthermore, the mixing
factor at x, = +1 pm is greater than that at x. = —1 um. The
simulation also suggests that the near-field tip coupled to an-
tenna block B enhances the mixing factor by 46% and 19.6%

at x = —1 pmand at x. = +1 pm, respectively. This confirms
that the antennas predominately determine the mixing factors
and the probe tip induces only a perturbation. Since it requires
a huge mesh to simulate the detector-tip configuration, it is not
practical to make a full simulation of term dn /dx,. Neverthe-
less, simulations of the mixing factor as a function of the tip-
antenna distance were performed. The simulated data points in
an arbitrary unit are overlaid on the experimental tip-induced
photocurrent as shown in Fig. 4(a). Both the near-field re-
sponse and the interference effect are recovered. However,
there is a remarkable deviation between the simulation and the
experimental data when z, < 60 pm, i.e., within the near-field
zone. The deviation is most probably from the insufficient
mesh number in the simulation since the near-field property is
very sensitive to the distance and the shape of the tip.
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Fig. 4. (color online) (a) Tip-induced photocurrent as a function of the
tip-antenna distance. The tip is pointed to the center of antenna block
B, i.e., at (xp, xy)=(25 um, O um). The solid data points in an arbitrary
unit are simulated mixing factors at x, = 1 pm. (b) Simulated mixing
factors in the 2DEG channel with and without the near-field probe tip.
In both simulations, the probe-antenna distance is set at z, = 0.5 pm.

From the raster scans shown in Fig. 2(a) and Fig. 3, we
infer that block B is the most effective part of the THz antenna
and the other two blocks are complementary. Our experiment
also suggests that a THz near-field sensor maybe constructed
by integrating a sharp metallic tip with antenna B. In this way,
the tip serves as a scanning near-field antenna, antenna block
B serves as a THz transmission line, and the gate controlled
field-effect channel functions as a sensitive detector. Such an
integrated near-field sensor may provide a simple solution for
THz microscopy with high resolving power.

In the current experiment, the tip vibrates in direction x
and the vibration amplitude is much less than the antenna di-
mension. The antenna is less sensitive to the location of the tip
than to the tip-antenna distance. According to the simulation
shown in Fig. 4(b), a tip vibrating in the z direction would al-
low for more straightforward probing of the near-field effect.
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For this reason, a modified probe system using a quartz tuning
fork to excite the tip vibration in the z direction is under de-
velopment. This system may allow for spontaneous imaging
of the detector morphology in the atomic-force-microscopy
mode.

4. Conclusions

In conclusion, we have performed a near-field imaging
experiment on an antenna-coupled field-effect THz detector.
The combined use of a scanning metallic probe and the field-
effect THz detector allowed us to image the active region of
THz antennas. This method provides an alternative way for
rapid verification of THz antenna design. Furthermore, an
integrated scanning THz sensor may be developed for high-
resolution THz microscopes.
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