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Abstract— We present the results on design, fabrication, and
characterization of a hot-electron bolometer based on low-
mobility 2-D electron gas (2-DEG) in an AlGaN/GaN het-
erostructure. The characterization of our hot-electron bolometers
demonstrates that the following can be achieved simultaneously:
1) strong coupling to incident THz radiation due to strong Drude
absorption; 2) significant THz heating of 2-DEG due to the small
value of the electron heat capacity; and 3) high responsivity
due to the strong temperature dependence of 2-DEG resistance.
Low contact resistance achieved in our devices ensures that
THz radiation couples primarily to the 2-DEG. Due to a small
electron momentum relaxation time, the real part of the 2-DEG
sensor impedance is ∼50–100 �, which provides good impedance
matching between sensors and antennas. The room temperature
responsivity of our devices reaches ∼0.04 A/W at 2.55 THz along
with a noise equivalent power of ∼5 nW/Hz1/2.

Index Terms— AlGaN/GaN heterostructure, THz hot electron
bolometer, 2-D electron gas (2-DEG).

I. INTRODUCTION

THz detectors are critically important for a number of
applications related to chemical and biological sensing.

THz systems are considered the top candidate for atmospheric
remote sensing, monitoring wide-area public and industrial
facilities, as well as detection of toxic industrial chemicals,
chemical agents, and explosives [1]. The THz sensing is
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also an attractive for screening personnel and hand held
materials because of its ability to detect the composition, size,
and shape of the materials using transmission and reflection
characteristics with spectral resolution.

Modern micro- and nanotechnologies provide a vari-
ety of possibilities for qualitative improvement of conven-
tional detectors and development of novel devices. Recently,
the significant progress has been achieved in developing
the quantum THz detectors based on novel nanomaterials,
such as quantum dots [2], quantum nano wires [3], quan-
tum well (QW) structures [4], carbon nanotubes [5], and
graphene [6], [7]. These structures were fabricated using
the modern nanoscale band-structure engineering, and their
operation is based on electron transitions between local-
ized and conducting states at THz frequency. Sensitivity of
the QW detectors is determined by the spacing between
quantum levels, their width, and generation-recombination
processes.

However, all quantum THz detectors have one unavoidable
drawback - a low radiation hardness that imposes a significant
limitation on applications of these detectors in aeronautic and
space missions.

In spite of the progress in quantum detectors, bolometers
still remain to be “working horses” for many THz applications.
They are widely used both as direct and heterodyne detectors.
Hot-electron bolometers (devices based on electron heating)
usually offer a better combination of sensitivity and speed.
Recent improvements in the hot-electron bolometers [8], [9]
show great promise of these devices for advanced quantum
technologies, such as quantum calorimetry and photon
counting [10].

There are many research groups developing THz sensing
technologies based on direct detection. Compared to
heterodyne detection, the receivers with direct detection can
achieve the highest sensitivity limited only by the power
fluctuation in the signal. However, direct detection destroys
information about the phase of the THz signal that is crucial
for many applications [11]–[13]. In THz spectroscopy, a
heterodyne receiver enables sampling of a large number of
spectrum channels simultaneously, while in direct detection
only one channel at a time is analyzed. In this way, heterodyne
sensing drastically reduces the data acquisition time and
significantly improves the resolution [11]. While there is
an urgent need for compact THz receivers, the available
heterodyne systems are still too expensive and bulky. Available
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Fig. 1. Diagram of the AlGaN/GaN heterostructure with 2-DEG.

now receivers, based on Schottky diodes [14]–[16] and
operating at room temperature, require large powerful lasers.

The receivers based on superconducting hot-electron
bolometers and operating at helium temperatures require cry-
orefrigeration which is often unaffordable [17]–[20].

Hot-electron bolometers based on nanostructures allow for
a significant reduction of the electron heat capacity, which
in turn improves two critical for THz heterodyne sensing
parameters: the noise caused by fluctuations of the electron
energy (temperature) and power of a local oscillator. Recently,
such bolometers have attracted significant interest due to the
development of quantum cascade lasers [21], [22], which can
be integrated with semiconductor hot-electron bolometers on
the same chip [23].

A two-dimensional electron gas in semiconductor het-
erostructures was identified as a promising medium for hot-
electron bolometers in early 90 s [24]. So far the research
has been mainly limited by the sub-THz range where
2-DEG AlGaAs/GaAs HEBs demonstrated a good perfor-
mance [25]–[27]. However, above ∼0.5 THz, the performance
of the AlGaAs/GaAs detectors drastically deteriorates because
the conductivity of 2-DEG in aAlGaAs/GaAsheterostructure
becomes highly inductive at this frequency that significantly
reduces coupling to the THz radiation. One of the approaches
for improvement of the coupling at THz frequencies is based
on the use of plasmonic semiconductor structures, where THz
radiation excites the plasma modes which transfer THz energy
to the electron subsystem [28]–[30].

Our approach to improving the coupling between THz
radiation and 2-DEG is based on enhancing the THz Drude
absorption by introducing additional disorder into heterostruc-
ture material [31]. In a semiconductor heterostructure, the
disorder can be introduced by impurities, defects, and interface
roughness, which increase the scattering of 2D electrons by
the random potential. The disorder can be controlled dur-
ing the heterostructure growth. Our heterostructures have a
significant interface lateral disorder that increases the elas-
tic electron scattering and reduces the electron momentum
relaxation time. As a result, the disordered heterostructures
provides a strong coupling to the THz radiation via the Drude
absorption. GaN heterostructures are characterized by a strong
inelastic electron-phonon scattering, which increases due to

disorder [32]. This energy relaxation mechanism provides fast
cooling of hot electrons, therefore a short detector operating
time and wide frequency bandwidth for heterodyne opera-
tion. Finally, a high responsivity and low noise in the hot-
electron detectors are achieved due to a small electron heat
capacity.

In our devices,a small heat capacity is realized due
to the low dimensionality of the electron subsystem and
micro-patterning. In this work, we also investigate different
approaches for coupling between 2-DEG sensors and planar
antennas. Our AlGaN/GaN heterostructures have a 2-DEG
sheet resistance ∼250 �. This allows to employ conven-
tional THz antennas with an impedance of ∼50–100 �
(see Section II).

II. FABRICATION AND CHARACTERIZATION OF

A GAN HETEROSTRUCTURE

A. Wafer Growth and Device Processing

GaN heterostructures have a number of optoelectronic
applications [33]–[35]. GaN is an III-V direct band gap
semiconductor that is very hard and has a Wurtzite crystal
structure with a 3.4 eV band gap. GaN has a large electron
effective mass (m* = 0.2 m0) and a large longitudinal optical
(LO) phonon energy (EL O = 90 meV). It is important that
GaN has a high thermal conductivity (1.3 W/cm K) which
allows to avoid overheating of the device at high operating
temperature [36]. Compared to the 2-DEG in AlGaAs/GaAs
(∼3 ×1011 cm−2), the AlGaN/GaN heterostructures have
a significantly greater carrier concentration at the interface,
n ∼1013 cm−2. This is mainly due to the piezoelectric polar-
ization of the strained top layer, which is five times larger than
in similar AlGaAs/GaAs structures [37].

Many important applications of GaN are based on
heterostructures with a high mobility 2-DEG. As it was high-
lighted above, the strong coupling to THz radiation and hence
significant heating of 2-DEG require a low electron mobility
i.e. a short electron mean free path. From the other side, for the
impedance matching between a 2-DEG structure and a typical
50–100 � antenna or read-out circuit, the resistance of the
2-DEG should be decreased to ∼100 �/�. We could meet
these conditions by increasing a 2-DEG concentration to
1013 cm−2.

The AlGaN/GaN heterostructures used in this work were
grown on two-inch (0001) sapphire substrates using the
migration enhanced metal-organic chemical vapor deposition
(MEMOCVD) technique. First, a 200 nm undoped AlN layer
was grown to control the surface roughness on the sapphire
substrate from propagating upward and also to control a den-
sity of the dislocations caused by the lattice mismatch between
the upper GaN layer and the sapphire. Following this, a 2.5 μm
non-intentionally doped GaN buffer layer was grown. Then a
1 nm AlN spacer layer and a 10 nm Si-doped Al0.88Ga0.12N
top layer were deposited. Finally, the samples were covered
with SiO2 to avoid oxidation of Al present in the top layer.
Several wafers with different level of disorder were grown for
manufacturing our devices. The AlGaN/GaN wafer structure
used for fabrication of the THz HEBs is shown in Fig. 1.
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Fig. 2. THz transmission versus frequency for 2-DEG layer. The red curve
(not smooth) represents the experimental data, while the blue curve (smooth)
represents the theoretical fit.

The room temperature electron mobility, μ, electron con-
centration, n, and sheet resistance, R, were determined using
the Hall and Van-der-Paw techniques: μ = 2400 cm2/Vs, n =
1 × 1013 cm−2, and R = 248 �/�. Such sheet resistance is
convenient for fabrication of THz devices with ∼50–70 �
impedance required for impedance matching between the
2-DEG channel, antenna and a transmission line. The
impedance matching was achieved in each specific device
by varying the 2-DEG channel geometry (length and width),
shape of the mesa, and the antenna configuration.

B. Ohmic Contacts Characterization

The Transfer Line Method (TLM) was employed to measure
the contact and sheet resistance of the fabricated devices.
The TLM pattern was defined onto a rectangular mesa by
the standard lift-off technique to form a series of seven
150 × 50 μm2 contacts with an increasing channel separation
of 2, 4, 6, 8, 10, and 12 μm. The samples were rapidly
annealed at 850 °C to minimize the contact resistance. The
minimal contact resistance achieved at room temperature was
0.34 � mm. After fabrication, current-voltage characteristics
of the devices were measured. The symmetric Ohm’s law plots
confirmed good quality of the contacts.

C. Optical Characterizations

The transmission measurement was performed using a
Bruker IFS 66V/S FTIR spectrometer at room temperature.
A helium cooled Si bolometer was used with a 370 cm−1

input low-pass filter. A conventional glow-bar light emitter in
the FTIR system was used as the source. The 2-DEG sample
was mounted in a cryostat. The whole setup was evacuated
to reduce the water absorption in the beam path. The results
of the THz characterization are presented in Fig. 2. Fig. 2
shows the transmission of THz radiation through the 2-DEG
in the GaN heterostructure. The 2-DEG transmission was

Fig. 3. Temperature coefficient dR/dT of the 2-DEG resistance as a function
of the lattice temperature.

determined by subtraction of the substrate transmission from
the transmission spectrum of the whole structure, which were
measured separately. As it is seen from Fig. 2, the experimental
data are well fitted by the Drude model, where the transmission
coefficient, T, is given by [38]:

T (ω) = 1 − 1 − T0

1 + T0(ωτ)2 , T0 = x2

(1 + x)2 , x = 2R0

Z0
(1)

where T0 is the transmission at frequencies far below the
inverse momentum relaxation time τ (i.e. at ωτ << 1), R0 is
the DC sheet resistance of 2-DEG, ω is the angular frequency
of THz radiation, Z0 is the impedance of vacuum, Z0 = 120π
�. From this data, the momentum relaxation time was deter-
mined to be ∼0.25 ps. This value is in good agreement with
the momentum relaxation time determined from the transport
measurements. Thus, in our hot electron bolometers, the Drude
absorption provides a good coupling of THz radiation to
2-DEG up to 3 THz. Note that in AlGaN/GaN heterostructures,
ωτ = 4 at 2.55 THz which is approximately 50 times smaller
than that in a typical AlGaAs/GaAs heterostructure.

D. Thermal Characterization

For a bolometric detector, the photocurrent is proportional
to I · dR/dT, where I is the DC bias current, and dR/dT is
the temperature coefficient of the 2-DEG resistance. To find
the experimental value of the dR/dT, temperature dependence
of 2-DEG resistance was measured between T = 77 K and
T = 300 K. From the experimental data, we determined that
dR/dT varies for different wafers from 3 �/K to 4 �/K at room
temperature as it shown in Fig. 3. At temperature below 77 K,
scattering on the lateral disordered potential is dominant. At
temperatures above 100 K, the optical phonon scattering plays
a greater role in the electron scattering processes [39], [40].
This provides a substantial sensitivity of the device resistance
to the heating effects at high temperatures.
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(a) (b)

Fig. 4. (a) Image and (b) schematic of devices 1 and 2 with ohmic coupling.
The apexes of the antenna and ohmic contacts have identical shapes. The
ohmic contacts to 2-DEG are shown in dark color in (a) and (b).

III. DEVICE FABRICATION

The wafers were processed into the mesa structures by
optical photolithography and dry etching in SiCl4/Argon mix-
ture plasma. A Ti/Al/Ti/Au metal stack of 25/70/50/100 nm
thickness was deposited by e-beam evaporation after the
etching process, and then the samples were annealed at 850 °C
to form ohmic contacts [41]. The 2-DEG channel was located
between the source and drain contacts and had different shape
and dimensions for different devices.

An antenna made of 200 nm Ni/Au was deposited on the
top of the ohmic contacts. The antennas were integrated with
coplanar transmission lines designed for transmitting signals at
an intermediate frequency. To reduce the electron heat capacity
of the 2-DEG sensitive element (sensor), the area of the sensor,
L × W, should be as small as possible. The effective aperture
of an antenna, from which the antenna collects electromagnetic
energy, is given by Aef f = (g/π)

(
λe f f /2

)2 [42], where g
is the antenna gain, λeff is the effective wavelength in the
sapphire substrate, λe f f = λ0/nef f , λ0 is the wavelength
in vacuum, ne f f = √

(εr+1)/2, εr ≈10 is the dielectric
constant of sapphire. It is convenient to describe the efficiency
of a micro-HEB integrated with the antenna by parameter
Ae f f /(L×W), which is proportional to λ2/(L×W). This ratio
has a simple physical sense: the antenna coupled to 2-DEG
HEB collects the THz energy from the area of Aeff and
delivers it to the 2-DEG spreading the energy over the area of
L × W. The larger this parameter, the higher responsivity and
sensitivity of the detector can be reached.

We designed two types of antenna-coupled HEBs with
different coupling mechanisms. The first type is a traditional
ohmic coupling between the 2-DEG and antenna via ohmic
contacts, as it is illustrated in Figs. 4 and 5 for different
types of antenna. However, the specific contact resistance of
300 �· μm prevents reduction of the width of the sensor below
∼10 μm because it would lead to a large contact resistance
(> 30 �).

To overcome this technological problem, we designed a
2-DEG micro-HEB with capacitive coupling between the
2-DEG sensor and antenna, which does not require fabrication
of the ohmic contacts.

(a) (b)

2DEG channel

Fig. 5. (a) Image of device 3 with ohmic coupling. (b) Apexes of the spiral
antenna form a 2 × 10 μm2 2-DEG channel.

Fig. 6. (a) Image and (b) schematic of devices 4 with capacitive coupling.
(b) Mesa is shaped in a form with narrow 8 × 4 μm2 2-DEG channel between
the apexes of the bow-tie antenna.

The capacitive coupling design and the corresponding
device schematic are shown in Fig. 6. As it is seen from Fig. 6,
there is no electrical connection between the antenna and the
2-DEG. The antenna is isolated from the 2-DEG in the same
manner as the gate in a FET isolated from the 2-DEG channel.
This design allows for employing the split-gate technique [43],
[44] to control the 2-DEG channel length by the gate voltage
and to decrease the sensor area down to 1 μm2 and even below.

In this work, we designed and fabricated three types of
broadband antennas covering a range of frequency from 1 THz
to 4 THz: (i) a regular bow-tie, Fig. 4, (ii) a capacitive bow-tie,
Fig. 6, and (iii) a spiral antenna shown in Fig. 5. The properties
of these broadband antennas do not depend significantly on
frequency over the frequency range of interest. Design of THz
antennas is well established and optimized [42], [45]–[48].
The antennas have real impedance at the resonant frequency,
while a deviation from the resonant frequency results in
appearance of a capacitive component equal ∼(10–30%) of
the real component at the edge of the coverage [45]–[48].
To enhance the antenna gain, the devices were mounted on
a reflective copper plate. The antenna parameters, such as
antenna gain and impedance, are described in the next section.

IV. THZ PHOTORESPONSE

The set-up for THz photocurrent measurements consists of
a far-infrared gas laser FIRL-100 (Edinburgh Instruments) as
the source of terahertz radiation, a low-noise SR-570 current
preamplifier, a lock-in amplifier, and a chopper. In this work,
the devices were exposed to THz radiation at a frequency
of 2.55 THz. The photocurrent generated in a device was
amplified by the preamplifier and registered by a lock-in
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amplifier. The gain of the preamplifier was 200 μA/V and the
DC input impedance was 1 �. Since the laser operates in CW
mode, a chopper was used to modulate the radiation incident
on the device. The chopper frequency was used as the refer-
ence signal for the lock-in amplifier to get the high signal-to-
noise ratio. A chopper frequency between 300 Hz and 1.3 kHz
was used in the THz measurements in order to eliminate
the low frequency electronic equipment noise and the effects
associated with heating of the substrate, which are usually seen
at frequencies below 300 Hz as it is shown in the following
Subsection A. The HEBs were positioned directly into the
laser beam at a distance of 50 cm from the laser output and
aligned for a maximum response using the lock-in amplifier.
A laser power density between 20 mW/cm2 and 100 mW/cm2

was sufficient to observe a reliable photoresponse without any
focusing system. The responsivity of a HEB is defined as

R

(
m A

W

)
= Iph (m A)

Aef f PL(W/cm2)
(2)

where Iph is the photocurrent induced in the bolometer by the
THz radiation, PL is the power density of THz radiation; Aeff
is the antenna effective aperture, introduced in the previous
section.

A. Devices 1 and 2 With Ohmic Coupling

Device 1 has a mesa area of 40 × 40 μm2 (marked by red
dash line in Fig. 4a), and channel L × W = 2 × 2 μm2 (see
Fig. 4b). The flare angle of the antenna is 90°, the antenna
impedance and gain are 80 � and 4.5 dB, correspondingly.
Device 2 has similar geometry, but with twice as great mesa
and channel: 40 × 80 μm2 and L × W = 2 × 4 μm2.
The flare angle is 120°, the impedance is 60 �, and the
antenna gain is 5 dB. The total DC resistance of device 1
and device 2 are 95 � and 55 �. The laser frequency was
2.55 THz, and its power density was 25 mW/cm2, the chopper
frequency was 1.3 kHz. Polarization of the THz radiation
was the same as the direction of the bias current, between
the ohmic contacts shown in Fig. 4b (horizontal polarization).
The results of the measurements are shown in Fig. 7. As it
is seen, the responsivity of device 1 reaches 15 mA/W at a
bias of 10 mA. It is approximately 1.5 times greater than for
device 2, which is in good agreement with the interpretation
in terms of the parameter λ2/(L×W), discussed in section III,
since the ratio of the areas of these devices equals two. The
small difference can be accounted for the different antenna
impedances. For the vertical polarization, the photoresponse
is two times smaller because the bow-tie antenna does not
operate for this polarization. For device 2, we also measured
the dependence of the responsivity on the chopper modulation
frequency. The result is shown in Fig. 8. As seen, at frequency
above 300 Hz the low frequency electronic and/or thermal
noise are suppressed.

B. Device 3

Device 3 integrated with a spiral antenna has also ohmic
coupling between the antenna and 2-DEG. The device has
a small mesa of 10 × 20 μm2 and a narrow channel of

Fig. 7. Responsivity versus bias current for devices 1 and 2 with ohmic
coupling between the antenna and 2-DEG.

Fig. 8. Responsivity versus a chopper modulation frequency for device 2 at
room temperature.

2 × 10 μm2 as shown in Fig. 5. A broadband spiral antenna
with an impedance of 60 � and gain 6 dB was fabricated
over the ohmic contacts in the same manner as for device 1.
We measured the photoresponse of this device at a frequency
of 2.55 THz, a laser power of 58 mW/cm2, and a chopper
frequency of f = 1 kHz. As seen from Fig. 9, the THz response
of this device is three times greater than the response of device
1 and reaches 40 mA/W at a bias current of 8 mA. It can
be explained by the small areas of the mesa and channel
in this device. To evaluate the sensitivity of the devices, we
measured noise power produced by the bolometer sat a bias
current of 2 mA and modulation frequency of 350 Hz and then
calculated the optical noise-equivalent power (NEP) using the
responsivity values determined above. The NEP was evaluated
to beof ∼5 nW/Hz1/2 for our devices at 2.55 THz and room
temperature.
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Fig. 9. Responsivity versus bias current for device 3 with ohmic coupling
between the spiral antenna and 2-DEG.

Fig. 10. Responsivity versus bias current for device 4 with capacitive between
coupling the bow-tie antenna and 2-DEG.

C. Capacitive Coupling

In device 4, the 2-DEG channel is not directly connected to
the bow-tie antenna terminals, see Fig. 6. The device operation
is based on the capacitive coupling between the antenna and
2-DEG. The mesa is shaped in such a way that it tapers
from the contact sides towards the antenna terminals, as it
shown in Fig. 6b. The narrow 2 μm × 4 μm channel is
positioned between the bow-tie antenna apexes. The THz
electric field induced in the gap between antenna apexes heats
the 2-DEG in the channel. With a flare angle of 60°, the
antenna has an impedance of 85 �, a gain of 5 dB, and
the DC resistance of the device is 1.9 k�. The following
experimental settings were chosen for the measurement of this
device: the laser frequency was 2.55 THz, the laser power
was 50 mW/cm2, and the chopping frequency was 355 Hz.
The result of the room temperature measurement is shown
in Fig. 10 for the horizontal polarization. For the vertical
polarization, the photoresponse is 1.5 times smaller compared
with a case of the horizontal polarization. For the vertical
polarization, the antenna does not contribute to heating of
2-DEG. However, the 2-DEG sensor by itself may operate
as an antenna [49], because the 2-DEG layer has a shape of
the bow-tie antenna with a flare angle of 120°.

As it is seen from Fig. 10, the response of device 4 with
capacitive coupling is similar to those shown in Fig. 7 at low
bias current, but it is significantly less than for device 3. For
device 4, the NEP was evaluated as ∼8 nW/Hz1/2 at a bias
current of 1 mA and modulation frequency of 355 Hz.

Summarizing the results of Section IV, we can notice
that the experimental data confirm that the photoresponse is
proportional to the ratio Ae f f /(L×W), as expected for our
quasi-optical setup.

V. CONCLUSION

We have designed, fabricated, and tested 2-DEG THz
hot-electron bolometers based on low-mobility AlGaN/GaN
heterostructures. We demonstrated the room temperature oper-
ation of these devices at 2.55 THz with the responsivity up
to ∼0.04 A/W and NEP ∼5 nW/Hz1/2. This responsivity
has been achieved due to the strong Drude absorption, low
dimensionality of the electron subsystem, a small area of the
2-DEG sensor, and a low resistance of the ohmic contacts.
We also demonstrated successful operation of the devices
with capacitive (contact less, non-ohmic) coupling between the
2-DEG sensor and THz antenna.

Responsivity and NEP of our devices can be compared with
the recently reported R = 0.07 A/W and NEP ∼40 pW/Hz1/2

achieved in a 2-DEG GaN-based FET at 950 GHz [50], [51].
A ten times greater responsivity (0.5 A/W) was observed
at 3.7 K with a quantum well THz detector [52]. Shuster
et al. [53] demonstrated recently a FET THz detector with
a NEP of 10 pW/Hz1/2 at 300 GHz at room temperature.
Authors of [54], [55] report on THz detection by YBCO high-
Tc super conductor bolometers operating at 77 K with a NEP
of 20 pW/Hz1/2 at 1.6 THz and NEP of 3.5 nW/Hz1/2 at
2.5 THz.

The NEP value 5 nW/Hz1/2 demonstrated by our devices
is higher than the theoretical limit ∼10 pW/Hz1/2 for these
devices at room temperature. Our analysis shows that the
responsivity and NEP of our devices can be significantly
improved by 1) further reduction the sensor area, 2) growing
GaN structures with a lower electron mobility, and 3) increas-
ing the coupling between the antenna and 2-DEG sensor.
The devices with the capacitive coupling look promising for
realization of these improvements.
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