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Antenna-coupled field-effect-transistors (FETs) offer high sensitivity for terahertz detection. Both the magnitude and
the polarity of the response signal are sensitive to the localized terahertz field under the gate. The ability of accurate sensing
the intensity pattern is required for terahertz imaging systems. Here, we report artefacts in the intensity pattern of a focused
terahertz beam around 1 THz by scanning a silicon-lens and antenna coupled AlIGaN/GaN high-electron-mobility-transistor
(HEMT) detector. The origin of the image distortion is found to be connected with one of the antenna blocks by probing
the localized photocurrents as a function of the beam location and the frequency. Although the exact distortion is found
with our specific antenna design, we believe similar artefacts could be commonplace in antenna-coupled FET terahertz
detectors when the beam spot becomes comparable with the antenna size. To eliminate such artefacts, new antenna designs
are welcomed to achieve strong asymmetry in the terahertz field distribution under the gate while maintaining a more

symmetric radiation pattern for the whole antenna.

Keywords: terahertz detector, self-mixing, high electron mobility transistor, local electrical field

PACS: 85.60.Gz, 72.80.Ey, 84.40.Ba

1. Introduction

Sensitive terahertz sensors are one of the key devices
in terahertz application systems, for example, terahertz im-
agers and scanners.!!"8 Such systems usually require direct
detection of the terahertz power,”) while some other sys-
tems, for example, coherent sensing systems need detection

[10-12] Terahertz detectors and array for imag-

of phase as well.
ing applications require a precise response to the spatially dis-
tributed terahertz power of the incoming terahertz wave. An
antenna-coupled field-effect-transistor (FET) terahertz detec-
tor receives the incident terahertz wave by the integrated on-
chip antenna and generates a self-mixing current. Since it is
the asymmetry that ensures the generation of an unidirectional

self-mixing current,[!3-16]

an asymmetric antenna is required
to make the self-mixing more effective. For this purpose, a
few different types of antennas or couplers have been realized

[17-23] Recently, Bop-

and examined in FET-based detectors.
pel et al. found that an FET detector coupled with symmet-
ric antennas is able to detect the intensity gradient and hence
allows for direct edge detection.!'*! They further pointed out

that the asymmetry in the antenna-coupled FETs has to be

DOI: 10.1088/1674-1056/ab44ac

assured so that the devices can be used as pure power de-
tectors and become insensitive to the intensity gradient. For
sensing and imaging applications, silicon lenses are widely
used to greatly improve the coupling efficiency and hence the
sensitivity by focusing the terahertz wave onto the active re-
gions of the detectors.!?>~21 Unlike optoelectronic detectors
for shorter wavelength radiation in which the dimension of
the detector area is greater than the wavelength, the integra-
tion of FET detectors with silicon lenses may induces a beam
spot size comparable to the antenna. The detector response
becomes sensitive to the location of the focused beam rela-
tive to the antenna and gives rise to unpredicted changes not
only in the magnitude but also in the photocurrent direction
in some circumstances. Hence, careful design of the antenna
and accurate alignment of the antenna to the silicon lens are
needed to avoid unwanted artefacts in the terahertz imaging
system. In this work, we report raster scanned images of
a focused terahertz beam by using an antenna-coupled high-
electron-mobility-transistor (HEMT) detector integrated on a
silicon lens. An image distortion is found to be related with the
frequency and the relative location between the focused beam
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and the antenna. Possible solutions to eliminate this type of
artefacts are discussed.

2. Experimental setup

The terahertz detector is an antenna-coupled HEMT fab-
ricated based on AlGaN/GaN heterostructure with a sapphire
substrate. The fabrication process has been introduced in de-

tails in our previous reports.[!>261 As shown in Fig. 1(a), the
key design is the asymmetric dipole antenna which includes
three blocks each having a length of 45 pm optimized for
the terahertz wave at 0.9 THz. Along with d-antenna and s-
antenna, g-antenna connected with the gate induces a strongly
localized terahertz field near the edges of the gated electron
channel marked by M@D and M@S. The field-effect gate has
a length of L =200 nm and a width of W =4 pm.
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Fig. 1. (a) Scanning-electron micrograph of antenna-coupled HEMT. (b) Measured field-effect factor and photocurrent at different gate voltages.
(c) Schematic of the detector integrated on a silicon lens and the incident terahertz beam. (d) Simulated intensity pattern (left) focused by the

silicon lens and measured intensity pattern (right) without silicon lens.

As reported earlier in Ref. [26], the terahertz detector con-
sists of the terahertz antenna and the HEMT. The incident ter-
ahertz beam reaches the channel of the HEMT, after collected
by the terahertz antenna, induces an electric field in the chan-
nel. There exist two terahertz field components (E, and E;)
in the gated electron channel, one alone direction x, i.e., from
source to drain, the other in z, i.e., perpendicular to the plane
of the channel. The self-mixing current generated in M @S or
M@D is proportional to the product of the two field compo-
nents. Due to the phase change of 7 between field components
E; in areas M@S and M @D, a negative self-mixing current
and a positive self-mixing current are generated in areas M @S
and M@D, respectively, as schematically illustrated by the red
arrows in brackets in Fig. 1(a). The sum of the local current
along the gated electron channel gives the overall output short-
circuit photocurrent. When no source—drain bias is applied,
the output photocurrent is proportional to the so-called antenna
factor A = fOL éxfz cos ¢ dx, where fx = Ey/Ep and Ez =E,/Ey
are the terahertz field enhancement factors. The instant tera-

hertz field component E, induced in the gated electron chan-
nel experiences a phase flip of 7 from the gated channel on the
drain side to that on the source side, while field components E,
keeps in phase along the gated channel. Phase difference ¢ is
defined to represent the instant difference between the polari-
ties of the mixing terahertz field components, i.e., the product
of Ey and E,. Ej is the free space field strength of the inci-
dent wave. We assume that the light intensity of the incident
terahertz beam distributes evenly on the surface of the device,
and simulate the distribution of the induced electric field in the
channel by FDTD solutions, and then calculate the antenna
factor A in M@D and M@S. The ratio of the field strength
éxéz between M@D and M @S is found to be about 2.7. Such
asymmetric field distribution is essential for the device to cre-
ate an unidirectional photocurrent. The overall and local pho-
tocurrents reflect the intensity of the terahertz field confined
under the gate. Apart from the antenna factor, the field-effect
factor E = dn/dVg, which counts for the ability of tuning the
electron density by the gate voltage and the terahertz field per-
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pendicular to the channel plane, is the other important factor
for detection. Considering the effect of the series resistance
r of the ohmic contacts and the long mesa,[!3 the field-effect
factor could be redefined as & = dn/(dVs (1 4 rGy)), where
Gy is the conduct of the detector. The larger the antenna factor
and the field-effect factor, the higher the photocurrent it o< ZA.
As shown in Fig. 1(b), the induced photocurrent is coincident
well with the field-effect factor, and maximized at —3.6 V.

Attempts to enhance the photocurrent include increase of
the field-effect factor, increase of the terahertz field strength in
one of the mixing areas, and increase of the degree of asym-
metry in the field distribution. In our specific antenna design,
since the strength of the mixing factor in M@S is about one
third of that in M @D, there is a significant fraction of mixing
current in M@D which is compensated by the opposite cur-
rent in M@S."5! When the terahertz beam is focused down
to a diameter about 1 mm by using a three-inch-diameter oft-
axis parabolic (OAP) mirror, no negative photocurrent can be
probed in such detector without silicon lens. However, a neg-
ative photocurrent can be extracted from such bare detectors
even without silicon lens by applying a positive source—drain
bias on the drain to deplete the electron channel and hence
suppress the positive self-mixing current in M@D.[?%) In this
work, the terahertz beam before the silicon lens is prefocused
by an OAP mirror and the detector is mounted in the cen-
ter of a hyperspherical silicon lens with a diameter of 6 mm,
as schematically shown in Fig. 1(c). Finite-element simula-
tion indicates that a 1.006 THz terahertz beam focused by the
silicon lens is about 72 um in full-width-at-half-magnitude
(FWHM), as shown in Fig. 1(d), i.e., the beam spot is slightly
smaller than the total antenna length (90 pm). In compari-
son, the prefocused terahertz beam has a beam size of 1 mm
in FWHM, as shown in the right pattern of Fig. 1(d), which is
more than 13 times larger than that shown in Fig. 1(d). The ap-
plication of the silicon lens and scan of the lens-integrated de-
tector relative to the prefocused beam allow for shifting the fo-
cused beam spot on the detector chip, as schematically shown
in Fig. 1(c).

3. Results and discussion

By applying a gate voltage of —3.6 V and a zero source—
drain bias, the lens-integrated detector is used to scan the pre-
focused terahertz beam at 1.006 THz. The obtained image of
the photocurrent is shown in Fig. 2(a). Unlike the Gaussian
intensity image shown in Fig. 1(d), the intensity pattern can
be clearly separated into two regions with opposite photocur-
rents: negative in the left part and positive in the right part. The
area with positive photocurrent is larger than that with nega-
tive photocurrent. This unexpected pattern indicates that the
self-mixing currents generated in M@S and M@D are altered
by the beam shifted between the s-antenna and d-antenna. In

between the positive and negative regions, there exists a zero-
boundary along which the photocurrent is minimized. To iden-
tify the different situations, we define three positions marked
by pl, p2, and p3, corresponding to the maximum positive
photocurrent (4115 nA), the maximum negative photocurrent
(—38 nA), and the intermediate photocurrent (+44.3 nA), re-
spectively, as shown in Fig. 2(a). The distance between p1 and
p2 is 2.6 mm, the zero-boundary is 1.4 mm to pl and 1.2 mm
to p2. Point p3 is 0.8 mm to pl and 1.8 mm to p2. The ratio of
the photocurrent between p1 and p2 is about 3.0 which is close
to the ratio (= 2.7) of the simulated antenna factors in M@D
and M@S. Although the exact location of the focused beam
relative to the antenna cannot be obtained in the current setup,
a rough estimation can be made based on the optical configu-
ration: a positive photocurrent is generated when the beam is
deflected to the d-antenna side and a negative photocurrent is
induced when the beam is shifted to the s-antenna side.

As shown in Fig. 2(b), a positive bias applied either on the
drain or on the source depletes the corresponding part of the
electron channel M @D, M@S). This method allows for full
extraction of the positive photocurrent in M@D and the neg-
ative photocurrent in M@S when the beam is deflected. The
photocurrent as a function of the source—drain bias and the
gate voltage mapped at pl, p2, and p3 is shown in Figs. 2(c)—
2(e), respectively. In case pl, i.e., the beam spot is shifted
towards d-antenna, the positive bias applied on the source al-
lows to extract the positive photocurrent in M@D (+148 nA).
Instead, when the positive bias is applied on the drain, the neg-
ative photocurrent in M@S is extracted. The negative current
(=77.0 nA) in M@S is about 0.52 of the positive current. In
case p2, i.e., the beam spot is shifted towards s-antenna, the
positive bias applied on the drain reveals the negative pho-
tocurrent (—141.7 nA) in M@S. When the positive bias is
applied on the drain, the positive photocurrent (+60.5 nA)
in M@D is then extracted. In case p3, i.e., the beam spot
is roughly in between the s-antenna and d-antenna, the posi-
tive current (+89 nA) and the negative photocurrent (—87 nA)
tuned by the bias become rather equalized in magnitude. In
cases of pl and p2, the ratios of the photocurrent between
M@D and M@S are 1.92 and 2.32, respectively, both are
smaller than the ratio (3.0) when no bias is applied. This is rea-
sonable since the beam spot is strongly shifted to d-antenna/s-
antenna and the local self-mixing in M@D/M@S is mostly
determined by the d-antenna/s-antenna. The inline configu-
ration of g-antenna and d-antenna helps to enhance the field
in M@D. On the contrary, even when the beam is shifted to-
wards s-antenna, the local terahertz field in M@S is slightly
suppressed by g-antenna which is in parallel with s-antenna.
The above results indicate that self-mixing in M@S and M@D
always exists even when the beam is strongly deflected to d-
antenna and s-antenna, respectively.
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Fig. 2. (a) Measured photocurrent pattern of a prefocused beam by raster scanning the detector with a silicon lens. (b) Schematic setup for
extracting the local self-mixing current. The solid/dashed circuitry is for probing photcurrent in M@D/M @S, respectively. Local photocurrent

probed at (c) pl, (d) p2, and (e) p3.

The local self-mixing in M@S and M@D can be effec-
tively switched off by depleting the corresponding electron
channel. We examine the images of the same focused beam
by applying a +3.0 V bias to the source or the drain, as shown
in Figs. 3(a) and 3(b), respectively. As expected, only posi-
tive photocurrent and only negative photocurrent are observed
in Figs. 3(a) and 3(b), respectively. The raster-scanned inten-
sity patterns are different since the geometric configurations
between the beam and the effective antennas are different. A
sum of the photocurrent shown in Figs. 3(a) and 3(b) is plot-
ted in Fig. 3(c), which shows a very similar pattern to that in

y/mm

z/mm

z/mm

Fig. 2(a) obtained when no bias is applied. Both d-antenna
and g-antenna contribute to the positive self-mixing current in
M@D, while s-antenna and g-antenna contribute to the nega-
tive self-mixing current in M@S. The ratio of the maximum
positive current (Fig. 3(a)) to the maximum negative current
(Fig. 3(b)) is about 1.2 which indicates the self-mixing in
M@D and M@S is mainly determined by d-antenna and s-
antenna, respectively. The deviation of this ratio from 1.0 re-
flects that the difference between the inline configuration of
d-antenna and g-antenna and the parallel configuration of s-
antenna and g-antenna.

4
[} | | L]
2
0 —
—2
—4
4 -2 0 2 4 —4 —2 0 2 4 -4 —2 0 2 4

z/mm

Fig. 3. Photocurrent patterns obtained by raster scanning the detector with silicon lens when a +3 V bias is applied (a) on the source or (b) on the
drain. (c) Sum of the patterns shown in (a) and (b). The antenna is magnified and overlayed as a guide for the beam location relative to the antenna.
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Fig. 4. (a)-(c) Responsivity (in A/W) as a function of the frequency and location x. (d) Responsivity extracted at x = 0 mm in (a) and at
x = —2.4 mm in (b). The short-dashed curve and the dashed curve are the simulated antenna factors in M@D and M @S, respectively. (e)
Responsivity extracted at x = —1.2 mm in (c). The solid curve is the simulated overall antenna factor.

The effect of the three-block antenna and the interplay of
the local self-mixing currents in M@S and M@D can also be
seen when the frequency is swept. To reveal the frequency
response, the detector responsivity is obtained by normaliz-
ing the photocurrent with the corresponding terahertz power.
With a 43 V bias applied on the source, the responsivity as
a function of the frequency and the location in x is plotted
in Fig. 4(a). When the frequency is lower than 0.90 THz, a
strong and positive photocurrent is observed when the beam
is shifted to d-antenna. When the frequency is higher than
0.90 THz, only a very weak positive photocurrent is induced.
The detector response to the beam location is more symmetric
and the peak frequency is around 0.84 THz. When the +3.0 V
bias is applied to the drain, as shown in Fig. 4(b), only a neg-
ative photocurrent is observed. The peak frequency is shifted
to 0.98 THz. Finally, when no bias is applied and the beam is
shifted from d-antenna to s-antenna, both positive and negative
photocurrent signals are observed, as shown in Fig. 4(c). The
negative current is observed again when the beam is shifted to
s-antenna and the frequency is above 0.90 THz. This further
confirms the nature of the three-block antenna: self-mixing in
M@D is mainly induced by d-antenna and g-antenna placed
inline, self-mixing in M@S is instead induced by s-antenna
and g-antenna placed in parallel. The different antenna config-
urations result in the different peak frequencies of the photore-
sponse in M@S and M@D. Simulation results of the antenna
factors in M@S and M@D plotted as short-dashed curve and
dashed curve in Fig. 4(d) are in good agreement with the two
single traces extracted from Figs. 4(a) and 4(b) at x = 0 mm

and x = —2.4 mm, respectively. By extracting a single trace
from Fig. 4(c) at x = —1.2 mm, i.e., in a condition close to p3
shown in Fig. 2(a), the observed photocurrent without external
bias can be well described by the simulated overall antenna
factor (solid curve) taking into account both mixing areas, as
shown in Fig. 4(e). In this case, a negative photocurrent is
induced when the frequency is above 1.01 THz.

FET-based terahertz detectors require an inherently asym-
metric field distribution under the gate. In our specific three-
block antenna design, the asymmetric field distribution is as-
sured by d-antenna and g-antenna. The addition of s-antenna
introduces an extra antenna mode which is responsible to the
negative photocurrent generated in M@S. When the detector is
integrated on a hyperspherical silicon lens, the focused beam
spot has a dimension comparable to the antenna size, severe
image distortion appears due to the interplay of d-antenna and
s-antenna. Although the negative photocurrent can be effec-
tively suppressed by an external positive bias applied on the
source, the intensity pattern scanned by the lens-coupled de-
tector exhibits strong dependence on the geometric configura-
tion of the antenna and the lens. Hence, a new antenna de-
sign enabling an asymmetric field distribution under the gate
while maintaining a symmetric radiation pattern is preferred
for power detection and imaging. The following procedures
could be taken: 1) remove s-antenna and duplicate g-antenna
on the other side of the channel to make a new three-block
antenna with higher symmetry in the radiation pattern; 2) re-
place the hyperspherical lens with a hemispherical or hypo-
hemispherical lens so as to make the beam spot slightly larger
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than the antenna size; 3) bias the detector to suppress the un-
wanted part of the self-mixing currents. Also, methods of cal-
ibrating such integrated detectors should be developed to eval-
uate the performance in recovering the true intensity pattern of
an arbitrary incoming terahertz beam.

4. Conclusion

The photoresponse of an antenna-coupled AlGaN/GaN-
HEMT terahertz detector integrated on a silicon lens was ex-
amined to reveal the effect of the antenna irradiated by a fo-
cused terahertz beam. The integrated detector is sensitive to
the location of the incident terahertz wave and does not reflect
the intensity pattern truthfully. The s-antenna is found to be re-
sponsible to the distortion in intensity pattern. Such artefacts
might be commonplace in antenna-coupled FET terahertz de-
tectors especially when the terahertz beam is strongly focused
with a dimension comparable to the antenna size. Precautions
have to be taken when such detectors are used for imaging.
Such artefacts are expected to be eliminated by improving the
symmetry in the antenna’s radiation pattern while maintaining
the strong asymmetry in the terahertz field distribution under
the field-effect gate.
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