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We used AlGaN/GaN high electron mobility transistors as room-temperature direct detectors of radiation at 0.15 THz from a free elec-
tron laser, hence 5 times higher than their cutoff frequency of 30 GHz. By near-field active mapping we investigated the antenna-like
coupling of the radiation to the transistor channel. We formulate a model for the detection based on self-mixing in the transistor chan-
nel. The noise equivalent power is found in the range of 10−7 W/Hz0.5 without any optimization of the device responsivity. Present
day AlGaN/GaN fabrication technology may provide operation at higher frequency, integration of amplifiers for improved responsivity and
fast switches for multiplexing, which make the detector here described the basic element of a monolithic terahertz focal plane array.
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1 INTRODUCTION

The rapid development of compact terahertz sources and de-
tectors suggests a large number of practical imaging appli-
cations for non-destructive material testing, medical diagnos-
tics and security. Nowadays, commercial instruments start to
appear in the millimeter-wave range (0.1-0.3 THz). The ac-
quisiton of images with a large field of view relies either on
raster-scanning with highly sensitive, low-temperature single-
pixel detectors, or on massive arrays of modular detectors,
based on passive rectifying elements like Schottky diodes
or semiconductor-metal-semiconductor junctions. Therefore,
a room-temperature integrated focal plane array (FPA) detec-
tor is desirable to achieve a compact video-rate terahertz im-

ager. The most direct way of obtaining an integrated FPA is
to look for devices sensitive to terahertz radiation which can
be fabricated directly on a semiconductor wafer by fabrica-
tion steps compatible with present-day high-speed semicon-
ductor technology [1]. In the last years, high electron mobil-
ity transistors (HEMTs) have been demonstrated to operate as
detectors of terahertz radiation well beyond their cutoff fre-
quency for amplification fT [2], displaying gate-tunable reso-
nant detection [3] and detecting radiation up to 3.1 THz when
cooled at low temperatures [4]. The detection mechanism is
based on the properties of the two-dimensional electron gas
found at the interface of the semiconductor heterostructure on
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which the HEMT is fabricated, which provides operation as
either direct detector [2] or as mixer [5]. From the noise and re-
sponsivity figures reported [1], at room temperature a quarter-
micron gate AlGaAs/GaAs HEMT should be sensitive to a
flux of tens of µW/mm2 in the millimeter-wave range, which
can be obtained from diode-based frequency multipliers. It
seems therefore promising to design an integrated FPA to be
fabricated on a semiconductor heterostructure wafer like Al-
GaAs/GaAs or AlGaN/GaN, together with low-noise ampli-
fiers and fast switches for readout which are already achiev-
able on these materials. Extension of the FPA operation to
higher frequency and/or lower flux are not precluded in prin-
ciple, and may require only minor changes to the fabrication
process.

The first step towards an integrated FPA is the study of the
detection of terahertz radiation by single HEMTs in order to
optimize the radiation coupling and to fit the data to a phe-
nomenological model, which allows then for further design
and simulation. In this paper, we demonstrate the operation of
a AlGaN/GaN HEMT at room temperature as a direct detec-
tor of radiation at 0.15 THz, i. e. at a frequency higher than its
fT = 30 GHz. The radiation coupling to the transistor channel
was investigated by active near-field imaging with a lateral
resolution of 200 µm (λ/10 where λ is the wavelength). The
detection mechanism is attributed to self-mixing effect of the
signal provided by a single source (in this case a Free Electron
Laser (FEL)), simultaneously coupled to the transistor chan-
nel and to the gate electrode. As a result, direct dc detection
of the source power is obtained. The operation frequency of
0.15 THz was set by the source itself, and operation at higher
frequency may be possible with the same HEMT or by imple-
menting shorter gate length and lithographic antennas in an
advanced design.

2 EXPERIMENTAL SETUP

Double-channel HEMTs were fabricated on AlGaN/GaN het-
erostructures grown on SiC substrates. A photograph of the
device is shown in Figure 1(a) and displays two source pads,
one drain pad and one gate pad with two 0.25 µm long Schot-
tky gate fingers. The channel width is 50 µm. The device fab-
rication technology is based on a mix and match approach
by using both stepper and electron beam lithography [6]. The
schematic of the circuit used for the double-channel HEMT
is shown in Figure 1(b) and includes dc bias power supplies
(Vc = 10 V and variable Vg0). The two source pads (S1, S2),
the drain (D) and gate (G) pads were wire-bonded through
1.5 mm long, 25 µm diameter, aluminium wires to the copper
lines of a PC board, and these were connected via coaxial ca-
bles to the voltage sources. The dc current id0 flowing through
the channel and a series resistor Rd = 1.02 kΩ was measured
with a digital meter for all Vg0 and the static drain voltage was
obtained by Vd0 = Vc − id0Rd.

The near-field imaging system developed at the ENEA-FEL
facility in Frascati [7]–[9] generates radiation at 0.15 THz col-
lected by a series of two WR5 directional couplers terminated
by a microprobe open waveguide (WG) end, which directs the
radiation to the surface of the sample under investigation. The

WG has a rectangular section of 1.2× 0.6 mm2. The FEL pulse
duration is 3 µsec and the repetition rate is 2 Hz. Triggered
data acquisition takes place at every single FEL shot. A radi-
ation monitor (fast Schottky diode) is inserted inside the WG
and used to measure the FEL power and pulse shape at each
shot. The HEMT chip was positioned just below the open WG
end and exposed to the FEL radiation pulses. The transient
drain signal Vd(t) was then acquired by a digital oscilloscope.
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FIG. 1 (a) Photograph of the double channel HEMT trough an optical microscope with

metal Source (S) and Drain (D) pads and gate fingers elongated from pad G over the

two channel areas. (b) Circuit for the 150-GHz detection experiment.

In Figure 2 the transient drain voltage Vd(t) − Vd0 during a
single FEL pulse illumination is shown for several values of
Vg0. For Vg0 = −4.5 V and id0 = 4.91 mA the maximum abso-
lute value of the signal is obtained, i. e. close to the transistor
pinch-off at Vg0 ≤ −5.6 V. The signals in Vd(t) are simulta-
neous to the FEL pulse, as they temporally overlap with the
monitor signal from the diode installed inside the WG. The
absolute variation of Vd(t) around 1 V is comparable to the
static values Vg0 and Vd0. This fact indicates that the transis-
tor parameters, e. g. the transconductance gm = ∂id/∂Vg, are
being modulated by the strong electric field of the radiation.

FIG. 2 Typical transient signals from the HEMT in the saturation region (negative val-

ues). The dotted line is the simultaneous signal from the radiation monitor installed

inside the waveguide.
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3 ACTIVE IMAGING OF RADIATION
COUPLING

The normal operation of the ENEA-FEL instrument for non-
destructive material testing is the imaging of the power re-
flected by a sample, which is raster-scanned below the WG
end by keeping constant the WG-to-sample distance z [8]. For
each position, one FEL shot is fired and the emitted power is
measured by the monitor diode. The z-dependent percentage
of reflected power Rz is measured at every given position by a
second Schottky diode mounted close to the WG end (passive
imaging) and a Rz-map is obtained. If z < λ, the sample is in
the near-field region and a lateral resolution down to 200 µm,
i. e. better than λ, can be achieved. In the present experiment,
we imaged the radiation coupling to the HEMT detector by
recording the signal measured by the detector itself at every
given position, while raster-scanning the detector board be-
low the open WG-end (active imaging [9]). Here also, since the
distance between the HEMT and the open WG-end is much
smaller than λ, we are imaging the near-field coupling of the
radiation to the detector at a lateral resolution better than λ

[9]–[11]. The transient drain voltage during the FEL pulse is
recorded by a digital oscilloscope as in Figure 2 and the detec-
tor signal V∗ is calculated by

V∗ =
∫ ∆t

0
(Vd(t)−Vd0) dt (1)

where t = 0 is given by the FEL trigger and ∆t = 3 µs. The
passive (Rz) image of the detector was also obtained, an ex-
ample of which is shown in Figure 3(a). The WG-to-board dis-
tance z was set to 1.0 mm (λ/2) so that the reflected power
is maximum when the WG is above the copper lines on the
PC board, while almost no power is reflected by the chip. The
position of the copper lines was used to assign coordinates to
the HEMT chip and the bonding wires. In this way, we could
superimpose the active (V∗) images obtained for different bias
and polarization conditions to a map describing the position
of the chip and the wires. The result of this procedure is shown
in Figure 3(b).

In a first experiment, we connected the HEMT as depicted
in Figure 1. The active map in Figure 3(b) displays a broad
spot centered above the HEMT. A straightforward conclu-
sion would be that since the HEMT is acting as a detector,
the maximum signal is obtained when the WG is on top of
it. However, a closer inspection of Figure 3(b) indicates that
the area of maximum signal is significantly larger than both
the HEMT active area (0.3× 0.3 mm2 including contact pads)
and the WG end (1.2× 0.6 mm2), suggesting that the radiation
is also coupled to the transistor channel through the bonding
wires (red lines in Figure 3), by a high-frequency electromag-
netic pick-up mechanism which makes the wires to act as an-
tennas. Recently, a similar effect has been indirectly observed
when exposing a AlGaAs/GaAs HEMT to a linearly polar-
ized beam at 100 GHz and compared to finite element calcu-
lations [12]. According to the authors, the effect of bonding
wires can be understood in terms of dynamic resistors and ca-
pacitors connected between themselves and to the transistor
channel, whose values and connections strongly depends on

details of the bonding wire geometry. Another equivalent in-
terpretation could be given in terms of unconventional dipole
antennas. Indeed, our set-up is the high-frequency analogue
of other experimental setups extensively used to extract an-
tenna parameters [13, 14] through measurements of mutual
coupling between two antennas in the near-field region. It is
beyond the scope of this work to investigate the theory and
to develop the techniques to calculate the mutual coupling in
our experiment, however we emphasize that our set-up can
be used to extrapolate data of millimeter-wave antennas and
push the limits of the near-field measurements at higher fre-
quencies and lower dimensions with respect to past experi-
ments.

FIG. 3 (a) Passive image of the PC board, where the copper lines are clearly visible.

(b) Active near-field image of the integrated HEMT signal V∗ obtained by scanning the

HEMT below the open end waveguide. The HEMT chip, oriented as in Figure 1(a), is

sketched as a square. Bonding wires are also sketched with their approximate length

and direction. Vc = 10 V, id0 = −4.91 mA and Vg0 = −4.5 V. The arrow in (b)

indicates the electric field direction of the FEL radiation.

In a second experiment, we mounted two identical HEMTs on
another PC board at a lateral distance equal to λ = 2 mm in
order to test cross-talking effects between two ”pixels”. In that
case, only one channel of the HEMT was activated by connect-
ing the D-pad to ground and the S1 pad to the drain circuit,
while the S2 pad was left floating. Each HEMT was connected
to a different drain circuit (Vd1 and Vd2 in Figure 4) while the
ground and the gate circuit were in common. The configura-
tion is shown by the passive image in Figure 4(a). Detection
signals similar to those in Figure 2 were obtained by exposing
either one or the other HEMT when the corresponding Vc was
turned on, with a somewhat smaller intensity (the active chan-
nel width being half of that of the first experiment). The active
images in Figures 4(b) and 4(c) were obtained with Vc = 10
V for the top transistor, Vc disconnected for the bottom tran-
sistor and Vg0 = −4.5 V applied to both transistors. Interest-
ingly, in Figure 4(b) the maximum signal is found when the
WG is outside the HEMT chip, at a position which is just on
top of a bonding wire, connecting the drain circuit Vd1 to the
S1 pad, and running parallel to the direction of the electric
field of the radiation E. After the acquisition of the active im-
age in Figure 4(b), we rotated the PC board with respect to the
WG end and recorded another image, shown in Figure 4(c).
In this image, the E direction is effectively rotated by 90o and
one can see that the maximum signal is again obtained on the
wire which is parallel to the E direction. To sum up, the ac-
tive images confirm that the maximum radiation coupling is
found on bonding wires running parallel to the E direction,
irrespectively of the orientation of the transistor channel. This
means that the transistor channel responds more to an elec-
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trical (antenna-like) excitation, rather than to a direct optical
excitation. However, the signal V∗ at the center of the chip is
nonzero and it is lower than the maximum just by a factor of
ten. Radiation coupling maps might be different at higher fre-
quency, where the electrical pick-up by bonding wires should
be negligible [12] and direct detection by the 2-dimensional
electron gas in the HEMT is predicted [15].

Finally, it appears in Figure 4(b) that when the bottom transis-
tor, which has Vg = −4.5 V, grounded source and floating Vd,
is exposed to the FEL pulses, a small signal is measured at the
drain of the top transistor. This cross-talking effect is probably
due to local oscillation of the common gate potential. Another
possibility is that, beyond the near-field illumination, the elec-
tric field propagates along the PC board far from the open-
end WG position. This shall be the subject of a subsequent
paper. In any case, the data in Figures 4(b) and 4(c) indicate
that cross-talking effects are present in the common gate con-
figuration, but they do not represent a major concern.

FIG. 4 Passive (a) and active (b,c) near-field images of a two-transistor system. In

(c), the FEL radiation electric field direction is effectively rotated by 90◦ degrees, as

indicated by the arrows. The HEMT chip is sketched as a square and the bonding wires

as red lines. Once the symmetry in the transistor circuit is broken, the maximum signal

is found when wires parallel to the field are irradiated. Vc = 10 V is applied to the

top transistor only, while Vg0 = −4.5 V is applied to both.

4 DETECTION MECHANISM

We now propose a phenomenological model which accounts
for the negative signal in Vd(t) seen in the saturation region
of the transistor characteristics (Vg0 = −4.5 V, id0 = 4.91 mA)
[16]. To sum up the experimental facts: i) from the data in Fig-
ure 2 we have that the maximum signal is found close to the
transistor pinch-off; ii) from the images in Figures 3 and 4 we
have that the detection signal is due to an electrical signal cou-
pled to the channel by the gate, or drain, or grounded source
contact (the latter being less effective, see Figure 4). The detec-
tion mechanism in the saturation region relies then on the high
frequency (ωh f = 150 GHz) component of the drain voltage
and current induced by the radiation and whose amplitudes
are proportional to the time-varying radiation field E eıωh f t.

As a consequence of that, a voltage at ωh f is produced in the
channel and this leads to a gate-to-channel voltage variation
vgc(t) = vgc sin(ωh f t) (in our configuration the gate contact
is grounded by an external capacitor Cg shown in Figure 1(b)
with respect to a time-varying signal, so that the variation vgc
is indeed related to the relative variation of the potential be-
tween the channel and the gate contact). As a result of the mix-
ing between vgc(t) and the time-varying transistor parameters
[17, 18], we have a down-converted component of the drain
current id(t) which adds up to the dc bias current id0 dur-
ing the FEL pulse illumination. If we are far from the linear
region of the transistor characteristics we can consider a se-
ries expansion of gm to the first order in vgc and approximate
id(t) = id0 + gm × vgc(t) by:

id(t)− id0 ' gm0 × vgc(t) +
∂gm

∂vgc
× v2

gc(t) (2)

The first term is the high-frequency linear response, the sec-
ond one is the square-law self-mixing term displaying one
down-converted component at low frequency and one at
2ωh f . After low-pass filtering by parasitic capacitances in our
device (whose unity gain is indeed at 30 GHz), the tran-
sient voltage drop Vd(t), measured at the drain connector
and reported in Figure 2, can be approximated by Vd(t) '
−〈id(t)〉Rd (where 〈〉 indicates the low-pass filtering of the
high-frequency components), hence:

Vd(t)−Vd0 ' −
∂gm

∂vgc
〈v2

gc sin2(ωh f t)〉 × Rd. (3)

We can now compare the peak signal measured in the first ex-
periment as a function of Vg0 with an estimate of the quantity
∂gm/∂vgc. The latter is obtained by double numeric differenta-
tion of the id0 vs. Vg0 curve measured in dc (green line in Fig-
ure 5(a)). This is a rough approximation, as the transistor char-
acteritics are expected to vary with frequency. Nevertheless,
the comparison shown in Figure 5(b) indicates that the main
features of the dependence from the gate voltage are captured
by our phenomenological model. A region with a positive sig-
nal (negative ∂gm/∂vgc) is found for Vg0 > −3 V in both the
detection signal (red dots in Figure 5(b)) and the calculated
curve (grey line in Figure 5(b)). More importantly, the maxi-
mum absolute value of the detection signal is found at Vg0 =
−4.5 V and corresponds to the maximum in −∂gm/∂vgc. Con-
sidering the variation of gm with Vg0 in Figure 5(b), the self-
mixing effect takes place when approaching the saturation re-
gion from small negative Vg0 down to the threshold voltage.
For low gate bias the E-field may bring the Schottky gate con-
tact forward biased, producing a positive component of Vd(t)
[9], so that the mixing action can be clearly observed only at
large negative Vg0.

A further test of the model is the linearity check as a function
of the radiation power. To perform this test, we monuted a
variable attenuator in the waveguide, before the monitor and
the WG end. The pulse energy can be then reduced from its
maximum value of 0.25 mJ over two orders of magnitude in a
controlled way for different pulses. By monitoring the detec-
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FIG. 5 (a) dc current (green, left scale) and transconductance (blue, right scale) of the

HEMT used as a detector, measured without an external load resistor Rd and Vc =

100mV. (b) Peak detection signal (dots, left scale) compared with the numerically

calculated transconductance change (grey line, right scale). The two independently

obtained quantities show a maximum in the same range of gate voltage values Vg0.

tor response to weaker fields, one can discriminate eventual
mechanisms displaying an electric field threshold value, like
dielectric breakdown or photoexcitation. In Figure 6 we show
the dependence of the peak value in the saturation regime
(Vg0 = −3.8 V) as a function of the FEL pulse energy, reduced
for different pulses by the attenuator. The integrated signal V∗

scales linearly with the pulse energy over two orders of mag-
nitude (Figure 6(a)). Moreover, the peak output signal scales
linearly with the peak power measured by the monitor (Fig-
ure 6(b)). The same data can be also displayed as a function of
the calculated peak value of the electric field in the waveguide
estimated from the peak power. This behaviour rules out the
existence of a threshold and is compatible with either bolo-
metric (temperature increase) detection or direct square-law
electric field amplitude detection. Indeed, Eq. (3) explains the
square-law dependence of Vd(t) from vgc, which is propor-
tional to the transient E-field, the instantaneous power be-
ing proportional to |E|2. However, we have seen (Figures 4(b)
and 4(c)) that the maximum signal can be obtained when the
wires are irradiated, and the transistor is not. This definitely
rules out the bolometric mechanism. One may worry that in
the configuration used for the first experiment (data in Fig-
ure 3) we have two devices connected in parallel, with the
istantaneous radiation field directed in the opposite direction
with respect to the flow of id0 (see Figure 1(b)). The square-law
mixing term in Eq. (1) indeed explains while we get a finite
Vd(t) anyway, since the latter quantity has the same negative
polarity for both devices, regardless of the instantaneous sign
of the E-field.

Concerning detector performances, the maximum of the de-
tector response is found when the waveguide is within 1 mm
from the transistor position. In this condition, with the PC
board at z = 1.0 mm, the transistor surface and the bond-

FIG. 6 Integrated signal intensity V∗ measured with Vg0 = −3.8 V as a function of the

pulse energy and peak signal as a function of the peak power, both of them reduced

by a 40 dB variable attenuator. The data fit with a square-law electric field amplitude

detection. An estimate of the responsivity can be derived by the bottom plots as a

function of the electric field value obtained by a simple model (see text).

ing wires are at z < 0.5 mm ∼ λ/4, well inside the near-
field region of the open waveguide end. We can therefore ap-
proximate the peak value of the modulus of the E-field at the
transistor position with its value inside the waveguide. The
peak value of E in the waveguide is 220 kV/m, resulting in
an output peak voltage of about 3 V. If we consider an effec-
tive device length of 1 mm (including the pick-up wire), we
obtain a conversion gain in the range of 10−2, a factor of ten
lower than that of commercial Schottky diode video detectors
that we use as monitors. This restricts the use of our device to
high-power applications at the moment. It is clear that higher
mixing signals can be obtained with device designs which in-
crease ∂gm/∂vgc like a large number of parallel channels in a
small detector area (interdigitated schemes) and/or different
heterostructure engineering. Futhermore, a better coupling of
the radiation to the channel can be obtained by an optimized
antenna design, which was beyond the scopes of the present
work.

The responsivity and noise equivalent power (NEP) of the
present detector can be calculated in the special condition
where one single bonding wire of length ` ∼ λ/2 = 1 mm is
coupling most of the 0.15 THz signal into the HEMT channel.
We consider the case in Figure 4(c) when the open-end WG is
on top of the center of the gate wire, giving at Vg = −4.5 V a
peak signal |Vd| = 2 V. The peak power density p of the inci-
dent radiation can be taken as approximately constant along
the wire and is p = |E|2/Z0 = 128 W/mm2. The effective area
of a half-wave dipole antenna is given by the classical formula
Ae f f = (λ/2)(0.26λ) = 0.52 mm2, so that the actual power
coupled to the HEMT channel is P = pAe f f = 67 W and the
effective voltage responsivity Rv,e f f = |Vd|/P = 0.03 V/W.
Note that this value can be very far from the ideal responsiv-
ity, which is obtained when the antenna impedance matches
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the channel impedance at 0.15 THz. No effort was made in the
present work in order to optimize the responsivity of the de-
tector. In order to calculate the NEP, we assume that the intrin-
sic equivalent input noise of our HEMT en = 1.34 nV/Hz0.5 is
further amplified by the transistor circuit to a voltage noise at
the drain of Vn = en × gm × Rd = 27 nV/Hz0.5. The calculated
NEP is then given by Vn/Rv,e f f = 0.9 µW/Hz0.5. As one can
see, this value is low enough to perform the imaging experi-
ments presented in this work, where we optimized the output
swing of our device in the range of 0.1-10 V. We would like
to point out that the NEP could be made much lower by in-
creasing the effective responsivity with an optimized antenna
design and a proper impedance matching, an issue that we
did not consider in our experiment.

The use of transistors as radiation detectors in the microwave
range is well known [19] and usually relies on the super-
heterodyne mixing of a weak radiofrequency (RF) signal with
a more intense local oscillator drive (LO), capable of modu-
lating the transistor parameters, in order to obtain a down-
converted signal whose intensity is proportional to that of the
RF signal. Using high electron mobility transistors (HEMTs),
detection of weak RF signals up to the Q-band (40-50 GHz)
was reported [18]. In constrast to this use, in the present work
the propagating radiation is free-space coupled to the tran-
sistor, with no use of high frequency ports and connectors,
which allows the detection of radiation by the same HEMT
at any frequency which is supported by the intrinsic detection
mechanism. Indeed, the free-space coupling principle is also
exploited in high-sensitivity mixers developed for space and
astronomy applications in the 0.1-6 THz range with LO and
RF signals optically coupled to the mixer [20]. These devices
include superconducting bolometers [22]–[24], Josephson tun-
nelling junctions [25], GaAs Schottky diodes [26]. However,
none of these technologies would allow direct integration of
electronics for readout and/or room temperature operation.
Numerous experiments [1]–[4] suggest that direct detection
based on self-mixing may work in HEMTs up to frequencies
as high as 10 fT with different responsivity values according
to the material, the gate length, the antenna coupling, mak-
ing HEMT focal plane arrays a very promising technology for
video-rate imaging in the terahertz range with much room for
optimization.

5 CONCLUSIONS

In conclusion, we reported the use of a AlGaN/GaN high elec-
tron mobility transistor as as a direct radiation power detector
at 0.15 THz, well beyond its unity gain frequency of 30 GHz.
We proposed a detection mechanism based on self-mixing due
to the high-frequency transconductance change which takes
place when antenna-like structures couple a 0.15 THz cur-
rent into the active channel. We have also shown that the
performance of this class of devices can be dramatically im-
proved by using devices with higher transconductance vari-
ation with the gate bias and by optimizing the antenna cou-
pling, which we studied here by our near-field active imaging
setup. Our work contributes to the development of a new class
of transistor-based integrable detectors of radiation up to the
terahertz range.
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