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Abstract—Many emerging applications in the terahertz (THz)
frequency range demand highly sensitive, broadband detectors
for room-temperature operation. Field-effect transistors with in-
tegrated antennas for THz detection (TeraFETs) have proven to
meet these requirements, at the same time offering great potential
for scalability, high-speed operation, and functional integrability.
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In this contribution, we report on an optimized field-effect tran-
sistor with integrated broadband bow-tie antenna for THz detec-
tion (bow-tie TeraFET) and compare the detector’s performance
to other state-of-the-art broadband THz detector technologies. Im-
plemented in a recently developed AlGaN/GaN MMIC process,
the presented TeraFET shows a more than twice performance
improvement compared to previously fabricated AlGaN/GaN-
HEMT-based TeraFETs. The detector design is the result of
detailed modeling of the plasma-wave-based detection principle
embedded in a full-device detector model to account for power
coupling of the THz radiation to the intrinsic gated FET chan-
nel. The model considers parasitic circuit elements as well as the
high-frequency impedance of the integrated broadband antenna,
and also includes optical losses from a silicon substrate lens. Cal-
ibrated characterization measurements have been performed at
room temperature between 490 and 645 GHz, where we find values
of the optical (total beam power referenced) noise-equivalent power
of 25 and 31 pW/

√
Hz at 504 and 600 GHz, respectively, in good

agreement with simulation results. We then show the broadband
detection capability of our AlGaN/GaN detectors in the range from
0.2 to 1.2 THz and compare the TeraFETs’ signal-to-noise ratio to
that of a Golay cell and a photomixer. Finally, we demonstrate an
imaging application in reflection geometry at 504 GHz and deter-
mine a dynamic range of >40 dB.

Index Terms—Broadband antenna, field-effect transistors, GaN
HEMT, plasmonic mixing, terahertz (THz) detectors.

I. INTRODUCTION

THE development of detectors for the terahertz (THz)
frequency range is a dynamic field of research with a

strong focus on such approaches that combine high sensitiv-
ity, high speed, cost effectiveness, and ease of use. In par-
ticular, room-temperature operation is desired. Besides other
semiconductor-based detector technologies (e.g., uncooled mi-
crobolometers [1]–[5], Schottky-diode-based rectifiers (SBD)
[6]–[8], Sb-heterojunction backward diodes [9]–[11], resonant-
tunneling diodes [12], [13], broken-symmetry nano-channel de-
tectors [14], or thermoelectric detectors [15]), THz detection
with antenna-coupled field-effect transistors (TeraFETs) has
emerged as a powerful concept, which meets the aforementioned
requirements [16]–[22]. The underlying detection principle is
rectification by resistive self-mixing in the two-dimensional
electron gas (2DEG) in the transistor’s channel, modified by
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the occurrence of charge density (plasma) waves at frequencies
in the THz range [23], [24]. The existence of plasma effects was
first suggested in the early 1990s by Dyakonov and Shur [25],
who predicted a rectifying action of the plasma waves leading to
a THz-induced dc photocurrent (or voltage) along the channel.
Plasmonic effects are a subject of active research in the field
of submillimeter-wave and THz electronic devices, since they
promise device operation beyond conventional frequency limits,
such as the classical transit frequencyfmax of field-effect transis-
tors (FETs) [24]–[26]. They can be exploited for the realization
of direct detectors whose dc voltage or current response is pro-
portional to the beam power, for heterodyne detection [27]–[30],
and even as nonlinear elements for correlation measurements of
THz pulses [31]. The theoretical description of the plasma wave
modified rectification in the FET’s channel is based on a hydro-
dynamic transport model [25], which has led to the term plasma
wave detectors in subsequent research.

TeraFET detectors have been realized in various material sys-
tems and with different integrated antenna designs both for
narrow-band and broadband operation, e.g., [22] and [32]–
[41]. The most sensitive TeraFETs have been fabricated in sil-
icon CMOS—mainly due to the maturity of the fabrication
technology—for which state-of-the-art device sensitivities ex-
pressed in values of the optical noise-equivalent power (NEP)
(i.e., not corrected for the detector area, see in the following) of
around 10 pW/

√
Hz for narrow-band detectors [32], [33] and

of about 50 pW/
√

Hz for wideband detectors [36] have been re-
ported. In spite of its many advantages—not least the potential
for a high degree of functional integration [21], [42]—Si-CMOS
has some technological downsides, for instance, a high elec-
trostatic discharge sensitivity due to a limited breakdown volt-
age. A recently published review article provides an overview
of silicon-based THz technologies [22].

As an alternative, GaN technology has emerged as a
promising candidate to overcome some of the technological
and application-related challenges. AlGaN/GaN high-electron-
mobility transistors (HEMTs) provide a number of beneficial
physical properties, such as a high 2DEG sheet carrier density
and an enhanced saturation velocity in combination with high
robustness in breakdown voltage and radiation hardness to ion-
izing radiation—of interest in particular with respect to space
applications [43]. The properties of AlGaN/GaN HEMTs can fa-
cilitate impedance matching in the integration of broadband an-
tenna designs due to relatively low intrinsic channel impedances.
Successful implementations of TeraFETs based on AlGaN/GaN
HEMTs have previously been demonstrated in a number of pa-
pers [31], [35], [38], [44]–[55] exhibiting, for the best detectors,
sensitivity values roughly a factor of four to five worse than those
of the best narrow-band Si-based TeraFETs.

In this paper, we present optimized broadband TeraFET de-
tectors implemented in a recently developed GaN MMIC pro-
cess, which exhibit an improved sensitivity almost comparable
to that of state-of-the-art Si-CMOS TeraFETs. In Section II, we
first present a device model, which considers power coupling un-
der realistic device (impedance) conditions. We present results
of simulations for the anticipated THz detection performance
of TeraFETs influenced by a number of high-frequency factors

specific to the detector circuit. We then discuss the design and
fabrication of TeraFETs with integrated bow-tie antennas in Sec-
tion III, and present in Section IV the extraction of fundamental
device parameters from measured dc resistance data, based on a
semiempirical charge control model. Sections V and VI address
the experimental characterization of the fabricated AlGaN/GaN
TeraFETs over a broad frequency range from 0.4 to 1.2 THz.
The obtained experimental findings are compared to the sim-
ulated THz responsivity and NEP values, where we also show
that our AlGaN/GaN TeraFETs achieve a very competitive state-
of-the-art performance. They provide higher sensitivity than
commercially available pyroelectric and acousto-optic detectors
working at room temperature, and that they compare well with
the best broadband Schottky diode detectors [7], [8]. Finally, in
Section VII, we demonstrate application of the high-sensitivity
detectors in a reflection imaging setup using a Schwarzschild
telescope objective.

II. DEVICE MODELING

In this section, we describe the TeraFET device model used
for the calculation of the anticipated THz response and Ter-
aFET sensitivity. For low frequencies—below approximately
100 GHz—the detector can be described by quasi-static analysis
and treated as a lumped element model. One example for such
a treatment is the Volterra-series-based modeling as described,
e.g., in [56]. However, toward higher frequencies, such models
have to be extended by additional device elements toward dis-
tributed element circuits. A different approach, is the treatment
of the intrinsic TeraFET detection mechanism by a physics-
based charge carrier transport model. In 1996, Dyakonov and
Shur [25] proposed the use of a reduced1 hydrodynamic trans-
port model to describe the dynamics of the 2DEG in the channel
of an FET under the influence of a THz signal, and discussed
the possibility of plasma-wave-based resonant and nonresonant
detection of THz radiation by nonlinear self-mixing of the THz
wave involving plasma waves induced in the 2DEG under the
gate. Due to the nature of this process, it is often referred to
as plasma-wave-based or plasmonic THz detection. The term
TeraFET is used to distinguish the detector device as a whole—
commonly including an integrated antenna structure for efficient
coupling of the THz radiation—from the intrinsic FET alone.

For plasma-wave-based THz detection, the term nonresonant
detection was introduced for the case of overdamped plasma
waves in the gated channel or for the case where the gated chan-
nel is too long, so that the waves can propagate only over a
fraction of its length before decaying. In this situation, standing
waves cannot build up and the device’s intrinsic photoresponse
is broadband. THz detection with TeraFETs has been demon-
strated for frequencies as high as 22 THz [61].

In contrast, if the lifetime of the plasma wave is long enough
for the formation of a standing-wave pattern due to wave re-
flection at the ends of the gated channel, the detection regime

1The simplification of the model lies in the omission of diffusive terms in
the transport model. Recent experiments show that a significant contribution of
diffusive currents to the detection signal can be present [41], [57]–[60], also see
text footnote 6.
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Fig. 1. Equivalent circuit of AlGaN/GaN TeraFETs for gate-drain coupling.
Incorporation of an external gate-source shunting capacitanceZext pins the gate
and the source side of the gated channel to ac ground. For the description of the
read-out of the rectified signal, the gated channel region is replaced by an ideal
current source with an internal resistance Rg (as shown in the box plotted with
a red dashed line).

is termed resonant. The interference can be of constructive or
destructive nature. For frequencies with constructive wave inter-
ference, Dyakonov and Shur predicted significant enhancement
of plasmonic rectification [25], expressed in high values of the
so-called plasmonic efficiency factor f(ω) at the resonance fre-
quencies [25], [34]. This prediction stimulated the search for
ultra-sensitive TeraFETs fabricated on the basis of materials with
high carrier mobility [62]–[67]. On the other hand, up to now, lit-
tle experimental evidence exists that a significant enhancement
can be expected for real TeraFET devices. One reason may be
the (in-)efficiency of power coupling to the active device ele-
ment, i.e., the FET’s gated channel region. At frequencies of
plasma wave resonances, this coupling in real devices depends
not only on f(ω) alone but is strongly influenced by changes of
the channel impedance.

It is, therefore, essential that device models treat TeraFETs as
a whole—including the influence of high-frequency impedances
of the integrated antenna as well as parasitic circuit elements—
when simulations of the THz response are performed [34]–[36],
[68], [69]. Naturally, this leads to different definitions of the
detector performance, which will be addressed in detail further,
depending on whether the intrinsic FET or the TeraFET device
is the subject of the simulations.

For the simulation of a realistic TeraFET detector, we em-
ploy, here, a full device model introduced in parts for CMOS-
based TeraFETs in previous papers [34], [36]. The propagation
of the THz signal from the antenna to the gated channel region
is treated with the equivalent-circuit representation of the Ter-
aFET as shown in Fig. 1. We consider the case of gate-drain
coupling, where the gate and the drain contacts are each con-
nected with one arm of the integrated antenna (compare also
the device design shown in Fig. 3). In addition, source and gate
are ac-shorted by a shunt capacitor, which brings them onto the
same ac potential. A plasma wave is then only injected into the
channel from the drain side.

In AlGaN/GaN HEMT devices as well as in many other FET
technologies except for Si-CMOS, the channel of the FET is
usually only partially gated, and the gated region, where rectifi-
cation takes place, is embedded in ungated access regions with

gate-voltage-independent carrier density. At high frequencies,
significant input power can be lost to these ungated channel
segments. We describe them by the (real-valued) resistance
Rug = Rug,D +Rug,S and neglect any kinetic inductance
assuming it to be small. Furthermore, we include the contact
resistances in Rug omitting a possible frequency dependence.

Considering the distribution of THz power from the antenna
to the gated region of the TeraFET, two circuit elements are
taken into account in the equivalent circuit of Fig. 1: the antenna
impedance Zant and the resistances Rug,S and Rug,D, which
describe the ungated regions of the channel. Note that the ca-
pacitances between gate and source metallization and between
gate and drain metallization—commonly denoted by Cgs−ext

and Cgd, respectively—are part of the electromagnetic (EM)
simulated structure in our analysis and thus absorbed in Zext

and Zant, respectively. This differs from the case of Si-CMOS
TeraFETs [34], [36], where the EM simulation does not consider
transistor details and thusCgs−ext andCgd have to be included in
the transistor model. We note that the measured classical transit
frequency fmax ≈ 80 GHz of the GaN TeraFET is much lower
than the frequencies for which plasma-wave-based detection is
presented in the subsequent sections of this paper.

An important quantity, derived by harmonic analysis from
the underlying hydrodynamic charge transport model [25], is
the so-called plasmonic efficiency factor f(ω) describing the
frequency-dependent enhancement of intrinsic self-mixing of
the THz-induced plasma waves with respect to the quasi-static
case of classical resistive self-mixing. For the gate-drain cou-
pling situation in the GaN TeraFET presented in this paper (see
Fig. 1), the efficiency factor takes the form as given in [34].
The THz-induced, intrinsic rectified photocurrent can then be
expressed as the product of a quasi-static component IQS and
f(ω) as

Idev = IQS · f(ω) = q

m

V 2
a

4s2Rg
· f(ω) (1)

with Rg the dc resistance of the gated channel region. Here, ω
and s are the angular frequency and phase velocity, respectively,
of the plasma waves inside the channel. The constants q and m
denote the elementary charge and the effective mass of charge
carriers (m = 0.2me for electrons in Wurtzite GaN), and Va is
the amplitude of the THz oscillations at the drain side of the
gated channel region.

At the same time, Pdev = (V 2
a /2)Re{Z−1

g } in general is only
a fraction of the high-frequency power Pin arriving at the chan-
nel, while the residual power is dissipated in the ungated, drain-
sided channel region [34], [69]

Pdev =

(
Re{Zg}

Re{Zg}+Rug,D

)
· Pin = H · Pin . (2)

The impedanceZg of the gated channel region is again derived
from harmonic analysis of the transport equations to be

Zg =
iks2m

ωq2nW
tan(kLg) (3)
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for gate-drain coupling as first investigated in [34]. Here, k is
the plasma wave’s complex wave vector and n is the static gate-
voltage-dependent carrier density. The gated channel width and
length are denoted as W and Lg, respectively.

The important figures of merit to describe the performance of
a detector are its responsivity (denoted as R) and its sensitivity,
the latter expressed in terms of the NEP. The device current
responsivity relates the rectified current Idev to the power Pdev

of the THz signal at the entrance of the gated channel region

RI,dev(ω) =
Idev
Pdev

. (4)

The term device serves as a reminder that the power consid-
ered here refers to the THz wave at the gated channel region and
not that of the THz radiation impinging from free space onto
the detector. The TeraFET’s device NEP is defined accordingly
as the ratio of the noise spectral density of the rectified signal
(at dc or a low modulation frequency) to the device current re-
sponsivity RI,dev. As TeraFETs are commonly operated at zero
source–drain bias, it is fair to assume that only Johnson–Nyquist
noise (thermal noise) of the dc resistance Rg is present [70]. In
this case, one obtains

NEPdev(ω) =

√
4kBT

Rg

1

RI,dev(ω)
(5)

with T being the device temperature (here: room temperature).
Concerning the validity of the assumption of thermal noise, we
have repeated earlier measurements on AlGaN/GaN TeraFETs
[37] by new measurements in a noise lab at Vilnius University
with a TeraFET of a recent fabrication run and similar in design
to those investigated in this paper. The result is shown in the
inset of Fig. 6 and once more confirms that no additional noise
sources contribute significantly to the NEP of our AlGaN/GaN
TeraFETs. Under certain circumstances, however, other noise
sources, e.g., the influence of gate leakage currents, must be
considered [71].

With regard to the rectified current, one has to take into ac-
count that the internal resistance of the gated channel limits the
actual detected rectified current Idet as measured at the drain
terminal of the TeraFET. Describing the rectification process
in the form of a dc current source with an internal resistance
Rg (see Fig. 1), we obtain for the detected dc photocurrent
Idet = Idev ·HDC with

HDC =
Rg

Rg +Rug
(6)

with Idev being the intrinsic, self-mixing-induced photocurrent
in the gated channel by the available power Pdev. The respon-
sivity referring to the power Pin at the drain side of the FET
channel is then

RI,in =
Idet
Pin

=
Idev
Pdev

·HDC ·H = RI,dev ·HDC ·H. (7)

For a full device picture of the TeraFET as a THz detector,
the integrated antenna and optical coupling effects must be taken
into account as well. This is accomplished by including the an-
tenna impedance Zant and a coupling factor γant into the device

model. The latter contains both the efficiency of coupling of
the (Gaussian) THz beam to the antenna (hence, is a factor ex-
pressing the mode matching) and optical losses at the interfaces
of a substrate lens as well as absorption losses in the lens and
the substrate through which the radiation is transmitted (see Sec-
tions III and IV). Not yet included in γant is any mismatch of the
beam’s cross section and the antenna cross section. This aspect
is considered in the next paragraph. Values for Zant and an-
tenna efficiency of our fabricated TeraFET were obtained from
S-parameter simulations of the whole device structure includ-
ing the antenna, the implemented metal-insulator-metal (MIM)
capacitance Zext, and the stabilization environment2 (see Sec-
tion III and [35]) with a commercial Maxwell-solver software
(CST Microwave Studio [72]).

In [59], we had already introduced the term cross-sectional
responsivity. If the beam diameter is larger than the antenna
cross section, only the amount Pc of the total beam power PTHz

reaches the antenna (we use the subscript “c” for quantities re-
lated to the cross section of the integrated antenna). We obtain

Pin = γant ·M · Pc

= γant · 4 (Re{Zg}+Rug,D) · Re{Zant}
|Zg +Rug,D + Zant|2 · Pc (8)

where we have introduced the antenna matching factor M. The
cross-sectional responsivity, referenced to Pc, is then given by

RI,c =
Idet
Pc

=
IQS

Pdev
· f(ω) · γant ·M ·HDC ·H (9)

with

Pdev = Re

{
V 2
a

2Zg

}
=

V 2
a

2Rg
·RgRe

{
1

Zg

}

= PQS ·RgRe{Z−1
g } (10)

as

RI,c = RI,QS · f(ω) · γant ·M ·HDC ·H ·C (11)

using the identities

RI,QS =
IQS

PQS
, C =

1

RgRe(Z−1
g )

(12)

where C is the ratio of the gated channel admittances 1/Rg at dc
and Re{Z−1

g } at ac. It is worth noting that the majority of liter-
ature implicitly refers to cross-sectional responsivity (and NEP,
respectively) when stating absolute numbers for detector perfor-
mance of TeraFETs, and attention must be paid when comparing
values between different publications.

Using (11) and the TeraFET’s device parameters of Sec-
tion IV, we calculated the expected cross-sectional responsivity
RI,c and the corresponding NEPc versus applied THz frequency.
For the antenna coupling factor γant we obtained a value of∼ 0.1
from the simulated antenna efficiency and a Gaussian coupling
efficiency of ∼ 60% including optical losses of ∼ 30% [73].
The results are shown in Fig. 2 for the gate bias values, which

2An additional capacitance of 1 fF was added in parallel to the antenna, ac-
counting for the finite port impedance intrinsic to the numerical solver software.
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Fig. 2. Simulated cross-sectional responsivity RI,c (VG = −1.0 V, blue
curve, left axis) and cross-sectional NEPc (VG = −1.1 V, red curve, right axis)
as a function of radiation frequency for a TeraFET with gate-drain THz coupling
and gate-source ac shunting, and for device parameters as determined for the
fabricated GaN TeraFET (see Sections III and IV).

Fig. 3. Top: SEM images of the TeraFET. The magnification shows the active
transistor region. The overlay of the gate and source antenna wings forming the
MIM capacitance can be seen. Bottom: Schematic cross-sectional view of the
AlGaN/GaN TeraFET.

yield the minimum NEPc (VG = −1.1 V) and maximum de-
vice responsivity (VG = −1.0 V). At 0.52 THz, we find a mini-
mum NEPc of 21 pW/

√
Hz corresponding to a maximum RI,c

of 102 mA/W at the same frequency. At low frequencies, the
simulations produce a pronounced resonance (a dip in the re-
sponsivity and a peak in NEPc) around 0.3 THz, which can be
attributed to a metal ground ring of the detector environment
(see detector design in Fig. 3). At this frequency range, the ring
itself acts as an additional resonant antenna structure, and the
incident THz beam is not properly coupled to the integrated
bow-tie antenna. The feature shows up in our simulation because
the antenna S-parameters were simulated for the entire detector

structure including the stabilization environment3 and is also
reproduced in the experimental data (see Fig. 7, Section VI).

To summarize this section, the design of efficient TeraFETs
requires a detailed modeling of the power coupling between the
integrated antenna and the intrinsic rectifying detector element.
The design goal should be the reduction of parasitic impedances
as well as impedance matching of the integrated antenna to en-
sure maximum power coupling to the gated region of the FET’s
channel. In our design work discussed in Section III, we chose
the approach to achieve high detection sensitivity (low NEP)
of our TeraFETs by getting as close as possible to impedance
matching for the long-channel approximation of the nonresonant
plasma-wave-based detection principle. This was motivated by
our target to develop a broadband detector with rather constant
RI,c and NEPc values over a frequency range as large as possible
starting at 0.4 THz.

III. TERAFET DESIGN AND FABRICATION

We present here an improved generation of broadband Al-
GaN/GaN TeraFETs, which we designed and fabricated on the
basis of previous characterization experiments [35], [51], [59] as
well as thorough simulation of the plasma-wave-based mixing
mechanism and the device model presented in Section II. The
improved detector design combines optimization of the intrinsic
THz rectification as well as stabilization of the RF environment
and reduction of parasitic influences. For fabrication of the op-
timized TeraFETs, we employed a 100-nm GaN MMIC process
recently developed at Ferdinand-Braun-Institut, Leibniz-Institut
für Höchstfrequenztechnik (FBH) Berlin with a reduced gate-to-
channel separation of d = 12 nm of the AlGaN/GaN HEMTs.
Fig. 3 shows micrographs and a schematic cross-sectional view
of the device. The transistor’s channel length L is given by the
length of the gated channel region of Lg = 100 nm and of two
ungated (access) regions of 300 nm each. We chose the channel
width to be W = 3 μm based on previous investigations [47]. A
semi-insulating, THz-transparent silicon carbide substrate with
a thickness of 470 μ m was used for the epitaxial growth of the
AlGaN/GaN layers. This allows coupling of the THz radiation
through the substrate with a substrate lens (see Section V). The
epitaxial structure has an Al0.32 Ga0.68 N barrier with a resulting
2DEG sheet resistance of rs = 610 Ω/sq, the specific resistance
of the ohmic contacts amounts to rc = 0.8 Ω× mm. The design
of the THz detector includes a bow-tie-type broadband antenna,
with an opening angle of α = 60◦ and a single-wing length of
l = 60 μm, fabricated by evaporation of a 650-nm-thick gold
layer. S-parameter simulations of the bow-tie antenna including
the surrounding structures yielded a reasonably flat impedance
of around 100 Ω between 0.45 and 1.2 THz. One of the antenna
wings is realized as an MIM capacitor between source and gate
with a 200-nm-thick dielectric separation layer of SiNx. The ca-
pacitance is designed to act as a high-frequency shunt for the
incoming THz radiation to ensure asymmetric power coupling
into the channel from the drain side only—the asymmetry being

3This responsivity dip was not a design flaw because the TeraFETs were
planned as broadband detectors for frequencies of 0.4 THz and higher, i.e.,
beyond this parasitic resonance frequency.
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Fig. 4. Fit (red line) of the TeraFET’s measured dc drain–source resistance
Rds (blue squares) with a drift-diffusion model based on (13).

a crucial condition for efficient plasma wave rectification [16],
[25], [34], [51]. The gate-source MIM design can be seen in the
magnified SEM image in Fig. 3. The rectified signal is read out
as a dc current or voltage from the drain port.

Besides optimization of the active detector elements, we im-
plemented stabilization measures in the detector’s environment
for ac and dc decoupling. For instance, a ground ring, which
can be seen in the SEM image in Fig. 3, is used for ac decou-
pling from neighboring detector structures. Recall that around
0.3 THz this ground ring is responsible for a strong decrease of
the antenna impedance leading to a large mismatch to the FET
channel, which manifests in a dip in the simulated (see Fig. 2)
and measured (see Fig. 7) responsivity, and a peak in the NEP, re-
spectively. Some further details on the stabilization environment
can be found in the work presented in [35].

IV. DC PARAMETER EXTRACTION

In Section II, we discussed that the THz response of TeraFETs
can be modeled by hydrodynamic transport theory describing the
intrinsic detection mechanism and by taking the high-frequency
impedances of intrinsic and extrinsic device components into
account. A key step of real device modeling is the extraction
of the fundamental physical device parameters of the TeraFETs,
such as the carrier mobility and the total resistance of the ungated
channel regions (including contact resistances). We performed
parameter extraction by analyzing the dc drain–source resistance
Rds by a two-stage fit routine, where we deduced the resistance
from dc conductance measurements taken at a low source–drain
voltage of 10 mV. Fig. 4 shows the experimental data together
with the fitted curve. The fit model was developed based on a
description of the gate-voltage-dependent carrier density in the
gated channel region of the HEMT derived from the unified
charge-density control model4 of [75] as

n(VG) =
Cgcη(VG)VT

q
ln

(
1 +

1

2
exp

(
VG − Vth

η(VG)VT

))
(13)

4We note that alternative approaches to physics-based charge control models
for AlGaN/GaN or GaAs HEMTs have been proposed [74].

with the nonideality factor

η(VG) = 1 + ln

(
1 + exp

(
η1

(
VG − Vth

VT

)
+ η2

))
. (14)

Unlike in the case of other material systems such as Si CMOS,
η(VG) is no longer a constant, but itself depends on the applied
gate voltage VG. Here, Cgc = ε0εr/d is the geometric gate-to-
channel capacitance per unit area,VT = kBT/q the thermal volt-
age at room temperature (T = 294 K), and Vth the transistor
threshold voltage.

In the first stage of the routine, we fitted the inverse of the
measured dc resistance Rds in the strong-inversion regime (VG

far above threshold), where (13) can be linearized to

n(VG) =
Cgc(VG − Vth)

q
. (15)

The total channel resistanceRds is divided into a gate-voltage-
dependent part Rg ∝ 1/n plus a constant value Rug containing
both the ohmic contacts as well as the ungated channel regions.5

The threshold voltage Vth is also extracted from this fit via (15).
In the second step, the measured Rds is fitted over the whole
range of gate voltages VG based on a dc drift-diffusion model
[76]. Here, the dc conductivity of the gated channel region is
represented as the sum of a drift term σdrift = qnμ and a dif-
fusive term σdiff = qμVT(∂n/∂VG) with n according to (13).
For the device presented in this paper, we find the parameters
Vth = −0.98 V, Rug = 650.76 Ω, and the charge carrier mobil-
ity μ = 1013 cm2V−1s−1 yielding an electron momentum scat-
tering time τp ∼ 115 fs in addition to the two dimensionless
parameters η1 = 0.12 and η2 = 2.71. For the term Rug,D in the
equations for the responsivities in Section II, we used Rug,D =
Rug/2 due to the symmetric layout of the AlGaN/GaN HEMT.

V. EXPERIMENTAL SETUP FOR TERAFET CHARACTERIZATION

We experimentally characterized our AlGaN/GaN TeraFETs
with two seperate setups, all measurements were performed at
room temperature. The top of Fig. 5 shows a schematic of the
TeraFET characterization setups. Both employed a combina-
tion of two polytetrafluoroethylene (PTFE, Teflon) THz lenses
for collimation and prefocusing of the THz beam. The first
setup employed a tunable multiplier-chain-based all-electronic
source working from 490 to 645 GHz. The available continuous-
wave THz beam power was recorded with a calibrated large-area
photo-acoustic power meter [77] and allowed for absolute NEP
measurements in this frequency range. The system yielded a
THz power of around 50 μW at the position of the TeraFET
detector module behind the two PTFE lenses (power spectra not
shown). The second setup used a broadband photomixer-based
THz source (Toptica Terascan 1550 [78]) using two temperature-
tuned distributed feedback (DFB) fiber lasers with 1550-nm cen-
ter wavelength [79], and a substrate-lens-coupled photoconduc-
tive antenna on InGaAs. The system can be tuned over a broad

5From the device dimensions together with the values of the 2DEG sheet
resistance rs and the specific contact resistance rc given in Section III, a gate-
voltage-independent resistance Rug = 656 Ω is expected, which is well repro-
duced by the fit model.
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Fig. 5. Top: Experimental setup for THz characterization of theTeraFETs with
an electronic source for calibrated measurements and a photomixer source for
broadband ones. Bottom: Drawing of the TeraFET detector module as used in
the characterization experiments. The dashed line represents the optical axis of
the setup with the THz beam illuminating the TeraFET from the left through the
substrate lens.

frequency range and TeraFET characterization with this setup
was performed from 0.2 to 1.2 THz. The available THz power
was significantly lower compared to that of the electronic source
(< 4 μW at 500 GHz and decreasing exponentially with rising
radiation frequency). Thus, absolute THz power measurements
were not possible with the calibrated power meter because of its
sensitivity limitation. As an alternative, we decided to perform
comparative measurements with two other types of broadband
THz detectors. We chose to compare our TeraFETs’ broadband
signal-to-noise ratio (SNR) with those obtained with two com-
mercial detectors—namely, the THz photomixing detector of
the Toptica Terascan 1550 and a Golay cell detector.

Since the directivity of planar antennas on substrates is
mainly oriented into the substrate, we illuminated our detec-
tors through the SiC substrate using a silicon lens to focus the
THz beam tightly onto the TeraFET antenna. We chose a hyper-
hemispherical lens shape (radius 6 mm, extension length 1.2 mm
including the thickness of the SiC substrate) to reach an apla-
natic optical configuration, where internal reflections inside the
substrate lens are eliminated [73], [80]. For this geometry, we
estimate a Gaussicity of 88%. The lower part of Fig. 5 shows
a technical sketch of the TeraFET measurement module. The
silicon lens is held in place on the optical axis of the setup by
a conical tube, while the wafer die containing the TeraFET—
glued and wire-bonded to a PCB read-out board—is mounted
on an x-y stage to allow for precise positioning with respect
to the fixed silicon lens (this also facilitates switching between
multiple detectors on a single die). During the measurements,
the THz sources were chopped electronically at a modulation
frequency of 3.3 kHz for the electronic source and 12.2 kHz
for the photomixer source, respectively. A lock-in amplifier was
used to detect the voltage or current response of the TeraFET.

At this point, we want to address again the issue of power
referencing of the detected dc current signal Idet. For the
presentation of the values of a TeraFET’s NEP and responsivity,
a precise specification of the THz power used in the calculation
is essential for a meaningful determination of detector

performance and for comparison with other detectors. As stated
earlier, we distinguish the optical NEP and responsivity, the
cross-sectional NEP and responsivity, and the device NEP and
responsivity, denoted as NEPopt and RI,opt, NEPc and RI,c,
and NEPdev and RI,dev, respectively. The first refers to the total
available THz beam power PTHz measured at the position of the
detector module in front of the substrate lens, while the second
one refers to the power reaching the detector’s antenna cross
section and is the key quantity of our simulations [see (11)]. The
third one refers to the power Pdev reaching the TeraFET’s gated
channel region and is available to the intrinsic rectification
process. From an experimental point of view, the latter two
powers are not readily accessible and require some effort to be
determined [19], [81]. This process can be critical and unfor-
tunately is not always transparently described in the literature,
which makes the comparison of detectors difficult on the basis
of literature data only. Furthermore, values of device NEPs and
responsivities are usually of only limited use and reliability, if
one aims at the development of a detector module. For these rea-
sons, all experimental NEP values in this paper are optical NEP
values referring to the total THz beam power PTHz as measured
with the large-area power meter at the position of the TeraFET
module, i.e., after the two PTFE lenses. The NEPopt values are
never smaller than the NEPc values, and RI,opt is never larger
than RI,c, the optical quantities hence provide a conservative
approximation of a detector’s performance. Accordingly, in
Section VI, we will compare our detectors with other detectors
for which the respective literature provides optical NEP values.

VI. TERAFET CHARACTERIZATION RESULTS

In this section, we present the results of the experimental
THz characterization of our TeraFETs and compare their perfor-
mance with the simulated data as well as other state-of-the-art,
broadband THz detectors from the literature. In a first measure-
ment, we determined the optimum bias point of detector oper-
ation, i.e., the gate voltage where the detector’s sensitivity is
highest, corresponding to a minimum of NEPopt. For this
purpose, we performed measurements of the gate-voltage-
dependent THz responsivity RI,opt with the electronic THz
source at 504 GHz. The result is shown as blue curve in the
main panel of Fig. 6. We point out again that in this setup, the
measurement gives absolute values since the THz power PTHz

could be measured with the calibrated power meter capturing
the entire cross section of the THz beam. The optical current
responsivity is then given by

RI,opt =
π√
2

Idet
PTHz

. (16)

Since the radiation source was square-wave modulated at
3.3 kHz for lock-in detection, a factor of π/

√
2must be included

in the calculation. From these data, together with the measured
dc drain–source resistance Rds (see Fig. 4), we calculated the
optical NEP of the TeraFET according to [compare (5)]

NEPopt =

√
4kBT

Rds

1

RI,opt
. (17)
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Fig. 6. Measured optical current responsivityRI,opt (blue curve, left axis) and
optical NEPopt (red curve, right axis) of the TeraFET at 504 GHz as a function of
gate voltage. The maximum value of RI,opt is 104 mA/W at VG = −1.01 V,
and the minimum value of NEPopt is 26 pW/

√
Hz at VG = −1.09 V. Inset:

Measured detector noise voltage (different device of the same design) compared
to thermal noise voltage calculated from the measured Rds.

The result is plotted as a red curve in the main panel of Fig. 6.
Note that the gate bias points of maximum responsivity and
minimum NEP, as usual, do not coincide, as already observed
in the simulations in Section II. From the experimental data, we
find an optimum gate bias point of VG = −1.09 V for NEPopt

corresponding to a drain–source resistance of Rds = 7.6 kΩ.
We note that in a setup as employed here, standing waves can

develop, in particular, at lower THz frequencies. This can lead
to an overestimation of the detector sensitivity, since usually the
setup is aligned to yield a maximum detection signal, which is
more likely to be obtained for constructive interference condi-
tions. A strong reduction of standing waves can be achieved by
placing THz attenuators in the beam path, however, such an op-
tion is not practical when working with low-power THz sources.
Alternatively, one can compensate the standing-wave effect by
spatial, spectral, or phase scans and by then taking the average
over at least one period of the interference patterns. While this
was not done for the single-frequency measurement of Fig. 6,
the experiments discussed in the following used spectral scan-
ning with a frequency resolution of 0.1 GHz allowing for an
averaging of the standing wave oscillations.

Fig. 7(a) shows results of slow-spectral-sweep measurements
of the detector response evaluated in terms of the optical NEP
in the frequency range from 490 to 645 GHz. The radiation
source was the all-electronic THz emitter. The light gray curve
displays the raw data exhibiting standing waves as explained
before. The overlayed thick red line was obtained by passing an
averaging filter over the raw data; where the line is interrupted,
no reliable THz signal could be measured due to the low source
power. The sweep was performed at the fixed gate bias voltage
of VG = −1.09 V previously determined as best bias point. We
observe a continuous increase of NEPopt with frequency in the
investigated spectral region, with values of 25 and 31 pW/

√
Hz at

Fig. 7. (a) Optical NEP (gray curve, raw data) of the TeraFET measured with
the all-electronic THz source between 490 and 645 GHz, and simulated cross-
sectional NEPc (blue dashed line) extracted from Fig. 2. The red solid line
was obtained applying a moving average filter to smooth out standing-wave
oscillations (the gap regions were ignored in the smoothing due to a lack of
THz source power in these ranges). (b) Comparison of the SNR of three THz
detectors—a photomixer, our TeraFET, and a Golay cell. Raw data given in gray
for all measurements, smoothed data as colored solid lines as in (a), dashed lines
denote linear regressions.

504 and 600 GHz, respectively. The performance of the investi-
gated TeraFET represents an improvement of more than a factor
of two compared to our previous devices [35]. To the best of our
knowledge, these optical NEP values constitute record values
for the optical sensitivity of AlGaN/GaN HEMT-based TeraFET
detectors in this frequency region. Table I presents the achieved
absolute optical sensitivity of the TeraFETs of this work together
with a number of different—in part commercially available—
THz detectors for broadband operation, and also shows a number
of resonant (or small-bandwidth) detector implementations for
comparison.

We now come to the comparison of the measurement results
with those of the simulations. Fig. 7(a) includes simulation data
for NEPc already presented in Fig. 2. At 500 and 600 GHz, the
NEPc values are 22 and 25 pW/

√
Hz, respectively. Measure-

ment and simulation show a good qualitative agreement over
the frequency range covered in Fig. 7(a), with an offset of the
measured data, which is expected to arise at least to a certain
degree from the fact that not all power of the THz beam cou-
ples to the detector’s antenna cross section. The good agreement
between measured NEPopt and calculated NEPc give the simu-
lations from Section II considerable credibility.

The TeraFET was further characterized with the broadband
photomixer system between 0.2 and 1.2 THz. The absolute THz
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TABLE I
ABSOLUTE OPTICAL SENSITIVITES OF VARIOUS BROADBAND AND RESONANT, ROOM TEMPERATURE THZ DETECTORS

For a comparison of Si-based technologies, also see [22].

power of the photomixer source could not be measured over
this broad frequency range. Therefore, instead of absolute NEP
values, we calculate the detector’s SNR as the ratio of detected
current signal Idet and current noise NI

SNR =
Idet
NI

(18)

where again, for the TeraFET, we use only thermal noise contri-
bution. The measured SNR is plotted as a gray curve in Fig. 7(b)
(red curve: sliding average). The measurement was performed
at a modulation frequency of 12.2 kHz with a lock-in time con-
stant of 100 ms. We find a nearly linear decrease of the Ter-
aFET’s SNR versus frequency in the dB-scale graph. The decay
is mainly attributed to the exponential decrease of the available
output power of the THz source. We observe a strong dip of
the SNR at around 300 GHz, similar to the dip in the respon-
sivity simulation of Fig. 2 in Section II. As discussed earlier,
we attribute this feature to an interaction of the bow-tie antenna
with the surrounding ground ring (see Fig. 3). This assumption
was further corroborated when we characterized TeraFETs with

bow-tie antennas but without a ground ring (data not shown
here).

Finally, we compare the performance of our TeraFET in terms
of SNR to two commercially available broadband THz detectors.
First, we used a photoconductive-antenna-based detector equiv-
alent to the transmitter of the tunable THz system (see Sec-
tion V). The induced photocurrent was measured in the usual
coherent mode of an optoelectronic THz measurement system.
The plot in Fig. 7 (blue curve) shows the extracted amplitude
envelope of the phase-sensitive sweep measurement performed
again at a modulation frequency of 12.2 kHz and a time constant
of 100 ms. Again, we find a near-linear frequency dependence in
the dB-scale graph with comparable slope (∼ 0.04 dB/GHz from
linear regression, dashed lines). The SNR of the photomixer
is more than 30 dB higher than that of the TeraFET. This is
not surprising, since the TeraFET detector works as a direct
power detector [25], while the photomixer represents a coher-
ent detector and enjoys a much better noise suppression by the
phase-sensitive detection. It should be mentioned, however, that
TeraFETs can also be operated in a coherent way, e.g., as het-
erodyne detectors, for which it was shown that application of
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Fig. 8. Schematic of the imaging setup for reflection (not to scale). The THz
source illuminates the object through a Schwarzschild telescopic mirror objec-
tive, the beam reflected from the object-under-test returns along the same beam
path and is guided to the TeraFET with the help of a silicon beamsplitter. The
object is scanned across the focal spot of the objective.

an even low local-oscillator powers can be sufficient to improve
the SNR by approximately 25 dB [27]–[29].

Finally, we used the same setup to measure the SNR of a
commercial Golay cell detector. Due to the low THz power,
lock-in measurements at a time constant of 100 ms were not
possible, instead, measurements were performed with a lock-
in time constant of 2 s. We determined the noise voltage of
the Golay cell to be NV ≈ 17.5 μV/

√
Hz (for voltage read-

out) and then calculated the corresponding SNR for a 100-ms
integration time based on the equivalent noise bandwidth for the
given filter slope setting of the lock-in amplifier. The data are
shown as a green curve in the lower panel of Fig. 7. The TeraFET
exceeds the dynamic range of the Golay cell by roughly 20 dB for
frequencies above 0.4 THz. The overall frequency dependence
is slightly less steep than that for the other two detectors (0.03 dB
from linear regression). However, the SNR curve of the Golay
cell is overlayed with a pronounced modulation over the whole
frequency range, attributed to strong etalon resonances in the
cell’s diamond window and the active gas-filled cavity.

VII. REFLECTION IMAGING

In order to demonstrate the high dynamic range of the
TeraFETs, we used the device, whose characterization was
described in Section VI, for reflection-mode imaging. A
schematic drawing of the imaging setup is depicted in Fig. 8.
A Schwarzschild telescope objective was employed as optical
element, which permits tight focusing because of its large nu-
merical aperture. It consists of two spherical mirrors—a convex
reflector and a concave one—in a monocentric configuration.
The telescope was built in-house. The spherical reflecting sur-
faces are relatively easy to fabricate in a mechanical workshop
by cutting the mirror-shapes into blocks of aluminum; a surface
quality sufficient for THz radiation can be readily achieved. The
objective is free from spherical and chromatic aberrations [97],
which in particular is of high value for multispectral imaging
applications. The telescope has an effective focal length of
f = 50 mm and a numerical aperture of NA = 0.67. Two PTFE
lenses were used for precollimation and prefocusing of the
incident and the reflected THz beam, respectively, to ensure
nearly the same beam coupling conditions as in the TeraFET
characterization setup (see Fig. 5). The object to be imaged was

Fig. 9. Left: THz reflection image of a cell phone at 504 GHz. The image
was recorded through the back cover of the phone, with the phone as shown in
the photograph in the middle. The photograph on the right shows the interior of
the phone with the back cover removed. Features such as the loudspeaker, the
metal holders for SIM and memory card, various semiconductor chips as well as
the headphone jack (invisible in the optical image) can be identified in the THz
image. Furthermore, an optically invisible RFID loop antenna can be seen to be
embedded under the cover of the phone’s battery. The overall dynamic range of
the image exceeds 40 dB.

raster-scanned across the focused THz beam with the help of
mechanical translation stages.

The test object was a commercial cell phone, shown in the
two photographs on the right side of Fig. 9. THz images were
taken of the backside of the closed phone (in the state as shown
in the photograph in the middle of Fig. 9). The image on the left
side displays a THz reflection image recorded at 504 GHz. As
the THz radiation penetrated the plastic cover of the phone as
well as other plastic components within, the internal reflective
structure of the phone was recorded. Given the large NA of the
Schwarzschild objective, one can perform depth-resolved imag-
ing. We recorded a number of depth-slice images by translating
the object along the z-direction (steps of 250 μm) and chose the
z plane where the internal features of the phone became most
clearly visible and sharp. The reflection images were acquired
with a step size of 400 μm in x- and y-direction at a scan speed
of 15 mm/s for the fast (x-)axis; the lock-in integration time was
20 ms. The total image acquisition time was 40 min.

Details of the phone’s interior can be recognized in the
THz image—this being mainly highly reflective metallic and
semiconductor-chip structures. The metallic cover of a loud-
speaker as well as the metal holders for SIM and memory card
above the battery is visible. In the top right corner, the headphone
jack can clearly be seen, which is invisible even in the optical
photograph with the back cover removed (right image in Fig. 9)
because it is concealed by another plastic layer. Another feature
invisible in the optical photograph but unveiled in the THz re-
flection image are several windings of an RFID loop antenna on
the back of the phone’s battery, which is covered by a visually
opaque layer of black foil. Finally, the manufacturer’s logo en-
graved in metal letters on the surface of the phone’s plastic cover
(and appearing black in the photograph in the middle of Fig. 9)
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can be recognized in the THz reflection image, although the let-
ters there are strongly blurred, since the depth layer was about
1.5 mm shifted from the focal plane of the reflection objective.

Similar to the TeraFET characterization setup shown in Fig. 5,
the reflection imaging setup exhibits standing waves. When the
object to be raster-scanned has height variations or—if the sur-
face is perfectly flat—is slightly tilted with respect to the optical
axis of the imaging system, the effect becomes visible as inter-
ference pattern in the recorded intensity image. The intensity
variations visible in the THz image on the phone’s battery are
most likely caused by such standing waves. A way to avoid this
effect would be the tuning of the THz frequency and overlaying
multiple scans to average out the interferences, however, at the
cost of increased image acquisition time.

VIII. SUMMARY AND CONCLUSION

In conclusion, we have presented our recent development of
sensitive broadband THz detectors based on field-effect tran-
sistors with integrated antennas (TeraFETs). Careful design and
thorough simulations led to the implementation of optimized Al-
GaN/GaN TeraFETs with a more than twice enhanced sensitivity
compared to the previous works on TeraFETs in the AlGaN/GaN
material system [35], [51], [59], slightly better even than broad-
band Si CMOS TeraFETs [36], and with a performance almost
comparable to that of state-of-the-art Schottky-diode-based de-
tectors around 0.6 THz, however, without the significant roll off
toward higher frequencies typical for Schottky detectors [8].

The presented simulations were based on a hydrodynamic
transport model for the description of the rectification process
in the gated transistor region included in a full-device model
considering also extrinsic effects by the impedances of the tran-
sistor’s access regions and the antenna, as well as the antenna
efficiency and optical coupling losses. Fundamental device pa-
rameters were extracted from the measured dc drain–source re-
sistance curve with a fit routine based on a drift-diffusion model
and a charge-control equation, which was refined by us for Al-
GaN/GaN HEMTs. We showed that with a reasonable estimate
of optical and antenna-coupling losses, we could predict the
measured optical NEP values remarkably well. The simulations
predicted values of the cross-sectionalNEPc (which can be com-
pared with the optical NEP except for the mismatch of the beam
and antenna cross section) of 22 and 25 pW/

√
Hz at 500 and

600 GHz, respectively.
We note that the simulations neglected rectification contribu-

tions by the hot-carrier thermoelectric effect. While it is known
that it contributes in our devices, the degree of its importance
cannot be specified at this time.6 Simulations based on a more
complete charge and energy transport model [76] are under way.
Another direction of work is the investigation of THz detection
with AlGaN/GaN TeraFETs over an extended frequency range
up to several THz.

6Thermoelectric signals in TeraFETs are not included in the transport model
in this work. An extension of the reduced transport model from [25] to an energy
transport model is required [76]. We reported on this topic previously on the basis
of clear experimental evidence [41], [59], [60], [98]. We have implemented a
comprehensive device model for THz rectification in TeraFET and will discuss
thermoelectric currents in TeraFETs in detail elsewhere.

Two methods for the characterization of the TeraFETs were
applied: 1) Absolute NEP measurements with an all-electronic
source in the frequency range between 490 and 645 GHz,
where we measured record values of the optical NEP of 25
and 31 pW/

√
Hz at 500 and 600 GHz, respectively. 2) A direct

comparison of the broadband SNR of our device with two com-
mercial room-temperature THz detectors—a Golay-cell power
detector and a coherent photomixer. In terms of maximum SNR,
the coherent photomixer outperformed the two direct power de-
tectors as expected, but the AlGaN/GaN TeraFET exceeded the
SNR of the Golay cell by roughly 20 dB. In terms of frequency
dependence, we obtained a slightly flatter response of the Ter-
aFET than the photomixer system, both systems incorporating
integrated bow-tie antenna structures. With the presented per-
formance, we believe that GaN TeraFETs are now competitive
to SBDs as the state-of-the-art of semiconductor-based THz de-
tectors and can in the future play an important role in possible
applications of THz technology.

Finally, we demonstrated the capabilities of our GaN
TeraFETs for high-dynamic-range reflection imaging. A
Schwarzschild optics was employed to record a THz image
through the plastics cover of a commercial cell phone at
504 GHz, yielding a dynamic range of >40 dB and unveiling a
number of visually hidden features. The image acquisition re-
quired a rather long time of 40 min. Here, TeraFETs offer the
potential of fabrication of focal-plane arrays with high yield,
which has been demonstrated before, e.g., in [20] and [33]. We
are currently working on the implementation of a broadband
12× 12 pixel focal plane array employing the same AlGaN/GaN
TeraFETs as presented in this paper.
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Kęstutis Ikamas received the Diploma in physics in
1995 and the doctorate degree working on the mod-
eling of broadband THz detectors with field-effect
transistors and the application of these devices for
systems with pulsed and dc sources, in 2018, from
Vilnius University, Vilnius, Lithuania.

He is currently with the Noise and Terahertz Elec-
tronics Group, Vilnius University, where he is in-
volved in the area of CMOS transistor-based tera-
hertz detectors’ and sources’ design, modeling, and
application.

Alvydas Lisauskas (M’18) received the Diploma in
physics from Vilnius University, Vilnius, Lithuania,
in 1995, and the Ph.D. degree from the Royal Institute
of Technology, Stockholm, Sweden, in 2001.

In 2002, he was a Postdoctor with the Ultrafast
Spectroscopy and Terahertz Physics Group, Goethe
University Frankfurt, Frankfurt, Germany, working
on novel semiconductor devices for THz applications.
Since 2014, he has been a Professor with Vilnius Uni-
versity and a Leading Researcher with the Center for
Physical Science and Technology, Vilnius, Lithuania.

Since February 2019, he has been a Group Leader on Terahertz Electronics with
the Center for Terahertz Research and Applications, Institute of High Pressure
Physics PAS, Warsaw, Poland. His research interests include terahertz elec-
tronics, design and modeling of semiconductor devices, and terahertz imaging
techniques.



444 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 9, NO. 4, JULY 2019

Wolfgang Heinrich (M’84–SM’95–F’09) received
the Diploma, Ph.D., and Habilitation degrees in elec-
trical engineering from the Technical University of
Darmstadt, Darmstadt, Germany, in 1983, 1987, and
1992, respectively.

Since 1993, he has been with Ferdinand-Braun-
Institut (FBH), Berlin, Germany, where he is the Head
of the Department of Microwave and the Deputy Di-
rector of the Institute. Since 2008, he has also been
a Professor with the Technical University of Berlin,
Berlin, Germany. He has authored or coauthored more

than 350 publications and conference contributions. His research interests in-
clude MMIC design with emphasis on GaN power amplifiers, mm-wave inte-
grated circuits, and electromagnetic simulation.

Dr. Heinrich has been serving the microwave community in various func-
tions, e.g., as a Distinguished Microwave Lecturer for the term 2003–2005, as
the General Chair of the European Microwave Week in Munich, 2007, and as
an Associate Editor for the IEEE TRANSACTIONS ON MICROWAVE THEORY AND

TECHNIQUES from 2008 to 2010. From 2010 through 2018, he was the President
of the European Microwave Association (EuMA).

Viktor Krozer (M’91–SM’03) received the Dipl.-
Ing. and Dr.-Ing. degrees in electrical engineering
from Technical University Darmstadt, Darmstadt,
Germany, in 1984 and 1991, respectively.

In 1991, he was a Senior Scientist with Technical
University Darmstadt working on high-temperature
microwave devices and circuits and submillimeter-
wave electronics. From 1996 to 2002, he was a Pro-
fessor with the Technical University of Chemnitz,
Germany. From 2002 to 2009, he was a Professor in
electromagnetic systems, with DTU Elektro, Tech-

nical University of Denmark, and was the Head of the Microwave Technology
Group. Since 2009, he has been an endowed Oerlikon-Leibniz-Goethe Professor
in terahertz photonics with Goethe University Frankfurt, Frankfurt, Germany,
and heads the Goethe-Leibniz-Terahertz-Center. He is also with Ferdinand-
Braun-Institut (FBH), Berlin, Germany, leading the THz Components and
Systems Group. His research interests include terahertz electronics, MMIC,
nonlinear circuit analysis and design, device modeling, and remote sensing
instrumentation.

Hartmut G. Roskos received the Vordiplom degree
in physics from the Technical University of Karl-
sruhe, Karlsruhe, Germany, in 1981, the Diploma de-
gree in physics and the Ph.D. degree from the Techni-
cal University of Munich, Munich, Germany, in 1985
and 1989, respectively, and the Habilitation degree
for his work on coherent phenomena in solid-state
physics from RWTH Aachen, Aachen, Germany, in
1996.

He was a Postdoctor with the AT&T Bell Labo-
ratories, Holmdel, NJ, USA, where THz phenomena

became the focus of his research. From 1991 to 1996, he was with the Institute
of Semiconductor Electronics, RWTH Aachen. Since 1997, he has been a Full
Professor with Goethe University Frankfurt, Frankfurt, Germany. He spent sab-
baticals at UCSB in 2005, Osaka University in 2009/2010, and the University
of Rochester in 2014. His research interests include ultrafast optical and THz
spectroscopy, s-SNOM nanoscopy, THz device physics, and applications of THz
radiation.

Dr. Roskos was the recipient of a five-year endowed professorship, in 2009,
by OC Oerlikon AG jointly with Ferdinand-Braun-Institute (FBH), Berlin, Ger-
many, which led to the establishment of a JointLab for THz Photonics of FBH
and Goethe University Frankfurt, now led by Prof. Dr. Viktor Krozer. Since
2015, he has been a Topical Editor for Optics Letters.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


