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Broadband Terahertz Detection with Zero-Bias
Field-Effect Transistors between 100 GHz and
11.8 THz with a Noise Equivalent Power of

250 pW/
√

Hz at 0.6 THz
Stefan Regensburger, Amlan k. Mukherjee, Sebastian Schönhuber, Martin A. Kainz, Stephan Winnerl,

J. Michael Klopf, Hong Lu, Arthur C. Gossard, Karl Unterrainer, and Sascha Preu

Abstract—We demonstrate UV contact-lithographically
fabricated III-V field effect transistors examined over a
bandwidth of 100 GHz to 11.8 THz. The zero-bias device
reaches a noise equivalent power as low as 250 pW/

√
Hz at

0.6 THz which then increases as f4 at higher frequencies.
The responsivity is modeled by a simple equivalent circuit,
showing good agreement over the frequency range of
2 decades. The FETs have been characterized using a
photomixer, a quantum cascade laser and a free electron
laser, proofing the versatility and large applicability of the
detection concept.

Index Terms—Field Effect Transistor, HEMT, Plasma
waves, Terahertz (THz), Free Electron Laser, Semiconduc-
tor detectors

I. INTRODUCTION

LOW noise Terahertz (100 GHz to 10 THz) detectors
are key components of all Terahertz setups and ex-

periments, as the power of inexpensive broadband table-
top THz sources is still low as compared with adjacent
parts of the electromagnetic spectrum. At room tem-
perature, coherent detectors offer the lowest noise floor.
In homodyne or heterodyne detection mode, field-effect
transistors (FETs) have reached noise equivalent powers
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as low as 8 fW/Hz [1]. Coherent detectors, however, can
only be used in systems where phase-locking between
source and receiver is possible. Heterodyne detection
needs a local oscillator, which can be a technological
challenge for ultra broadband detectors. Further, coher-
ent detectors actually detect the THz field instead of THz
power. Therefore, their noise equivalent power (NEP)
scales as W/Hz while the NEP of square law (i.e. power)
detectors scales as W/

√
Hz. The latter is particularly

beneficial for applications that require large IF band-
widths, e.g. in THz communication. To date, the square
law detectors with the lowest demonstrated NEP at room
temperature are Schottky diodes. Schottky diodes exploit
the non-linearity of the IV characteristics to rectify an
incoming RF signal. Narrow band designs reach noise
equivalent powers (NEPs) of 0.4 pW/

√
Hz [2] in the

upper microwave range (88 GHz) and a few pW/
√

Hz
around 600 GHz [3]–[5]. An important design criterion
for Schottky diodes is zero-bias operation in order to
circumvent external noise contributions by a biasing cir-
cuit and to simplify the setup. Zero-bias Schottky diodes
faced a long development, dating back around 50 years,
yet with stagnating performance improvement. Within
the last years, field-effect transistors (FETs) have become
a popular alternative for square law THz detection [6],
[7], yet with similar or even shorter response time in the
20 ps range [8]. FETs have become sensitive enough to
be used in combination with a quantum cascade laser
(QCL) around 3 THz [9]. Rectification in FETs is due
to simultaneous modulation of the carrier concentration
in the transistor channel, typically a two-dimensional
electron gas, by a THz bias, en(2D) = cUTHz and the
carrier velocity, v = µETHz ∼ UTHz, where µ is the
carrier mobility and c is the gate-channel capacitance per
unit area. The THz bias is often generated by an attached
on-chip antenna that receives an incoming THz signal.
The output current, j = env ∼ U2

THz contains a rectified
DC component simply because the square of the bias is
strictly positive. Further details on the rectification effect
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can be found elsewhere [10], [11]. To date, FET rectifiers
reach NEPs in the range of 14 to 20 pW/

√
Hz at 720 and

590 GHz [12], [13] with narrow band designs. While
this is still higher than the NEPs of Schottky diodes,
the NEP of THz-tailored FETs has improved by 4 to 5
orders of magnitude within the last 10 years. A particular
advantage over Schottky diodes is high reproducibility
[14], yet leading to first FET-based camera concepts
[15]. Further, Silicon-based and III-V based FETs are
compatible with CMOS foundry processes. While in
most concepts a (small) gate bias is applied to fine-tune
the device responsivity, in this paper we show devices
optimized for zero-bias operation in order to minimize
external noise. We further demonstrate that the high
mobility of III-V FETs allows for much larger structures,
relieving limitations by processing technology while still
reaching a NEP as low as 250 pW/

√
Hz at 600 GHz with

UV contact lithography and an ultra-broadband design.
We show good agreement of an equivalent circuit model
for FET rectifiers [14], [16] over a frequency range of
more than two decades. The devices are characterized
using a CW photomixing setup, a QCL [17] and a free
electron laser, demonstrating the versatility of FETs in
different fields of application.

II. TRANSISTOR LAYOUT

Fig. 1 (a) shows the band structure of the high
electron mobility transistors (HEMT). Two FETs have
been fabricated. Both feature remote doping, yielding a
channel electron density of sample A of 4.6·1011 /cm2 at
a mobility of 6000±100 cm2/Vs and 7.1 ·1011 /cm2 at a
mobility of 5750±100 cm2/Vs for device B, respectively,
both at room temperature. The channel is situated 30 nm
below the surface. The dielectric constant of the AlGaAs
barrier is εr ≈ 13. Fig. 1 (b) shows the geometrical
layout of sample A. The ohmic source and drain contacts
of device A (B) are separated by 2.4µm (3.8µm),
thereof L = 1.2µm (1.2µm) are gated, i.e. the rectifying
part of the structure, whereas Lacc = 0.6µm (1.3µm)
remain ungated due to processing limitations causing an
access impedance. The channel is W = 15µm (30µm)
wide. The gate is deposited on top of the source terminal,
being separated by a dielectric SiN spacer of 100 nm
thickness. This ensures strong AC coupling of source
and gate, required for efficient operation of the FET
[18], [19]. The active element is attached to a self-
complementary logarithmic spiral antenna. Only its inner
part is shown. Fig. 1 (c) shows the package of a device
integrated with a hyper-hemispherical silicon lens. Each
device is mounted at the center of the lens inside the
housing.

Fig. 1. (a) Schematic band structure of the high electron mobility
transistors (HEMT). (b) Micrograph of the fabricated device A. (c)
Silicon-lens integrated housing.

III. THEORETICAL DESCRIPTION

THz radiation fed into the channel of a FET is rectified
along the penetration direction into the channel if the
THz frequency is above the cut-off frequency of the
transistor for amplification (fT , fmax). Since the THz
radiation is rectified, it penetrates only a certain length,
the effective rectification length, Leff, into the channel.
In short channels that are shorter than the effective
rectification length (L < Leff) the gated area forms a
(lossy) cavity for the THz radiation with several round
trips [20], where cavity resonances may be expected. In
this paper, however, we are interested in broadband THz
detection with a bandwidth of several octaves. Therefore,
only long channels (L � Leff) are used where no
resonances occur, even if the device is operated in the
plasma-resonant region (ωτ ≥ 1). In the following, we
revise and derive the lumped element values for the
equivalent circuit in FET rectifiers. The theoretical model
is largely based on the derivations for the long channel
limit for the resonant and non-resonant case [10], [14],
[21]. The antenna-coupled field effect transistor can be
modeled by four circuit elements as illustrated in Fig. 2:
(I) the antenna, represented by its radiation impedance,
ZA, and a bias source in series, (II) the gate-drain
capacitance, CGD, which shorts the power transmission
into the channel at high frequencies, (III) the access
impedance, Zacc, due to ungated parts of the transistor
and other unwanted contributions, and (IV) the active
part, ZTL, which can be modeled as a transmission line
[10]. The FETs presented in this work feature a strong
AC coupling of gate and source by AC shorting the gate
and source with the capacitor CSh. In the following, the
circuit elements will be derived. The radiation resistance
couples the received power of

PTHz =
1

2RA
U2

THz (1)

to the circuit. We implement broadband logarithmic-
periodic spiral antennas with a radiation resistance of
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Fig. 2. (a) Detailed equivalent circuit of the FET. (b) Lumped element
representation.

around 72 Ω between 50 GHz and 0.7 THz. At higher
frequencies, the finite size of the FET and its elec-
trodes at the center of the spiral modify the radiation
resistance. Therefore, ZA as well as the polarization is
determined by simulations using CST microwave studio
for the whole investigated frequency range. While the
polarization is circular for frequencies below ∼ 1 THz
it becomes elliptic for higher frequencies, reaching an
ellipticity (ratio between the polarization half axes) of 3
at 1.5 THz for device A and at 1.25 THz for device B.
For much higher frequencies the polarization becomes
linear and the radiation resistance is determined only by
the geometry of the active element.

The gate-drain capacitance requires also simulations
performed in CST microwave studio. For the electrode
structure depicted in Fig. 1 the capacitance is CGD =
3.09 pF for device A (CGD = 3.66 pF for device B).

The access impedance is dominated by the ungated
parts of the channel. It follows from a simple RF Drude
model with the general conductance

σ(2D)(ω) =
σ
(2D)
DC

1 + jωτ
, (2)

with σ(2D)
DC = en(2D)µDC the DC (sheet) conductivity, e

the elementary charge, n(2D) the sheet charge density of
the 2DEG, and µDC = eτ/m∗ the DC carrier mobility. τ
is the momentum scattering time and m∗ is the effective
mass of the carrier, in this case, m∗ = 0.067m0 for
electrons in GaAs. The impedance of the ungated part
of the channel is thus

Zacc =
1

σ(2D)(ω)
·Lacc

W
=

1

σ
(2D)
DC W

Lacc+
jωτ

σ
(2D)
DC W

Lacc,

(3)
where W is the width and Lacc is the length of the
ungated part of the channel. An alternative way to
express the access impedance from Eq. 3 is

Zacc = racc0 Lacc + jωlacc0 Lacc, (4)

where racc0 = (σ
(2D)
DC W )−1 is the resistance per unit

length and lacc0 = τracc0 is the inductance per unit length.
The transistors used in this work feature a 2DEG sheet
resistance of r(2D)

0 = 2.3 kΩ/� for device A (r(2D)
0 =

1.5 kΩ/� for device B).
The impedance of the rectifying element, ZTL can be

derived from a transmission line model, [10], [14], [21]
∂

∂x
UTHz(x) = −(r0 + jωl0)ITHz(x) (5)

∂

∂x
ITHz(x) = −(g0 + jωc0)UTHz(x), (6)

where c0 = ε0εrW/d is the gate-channel capacitance per
unit length with d the channel depth below the surface,
g0 is the gate-channel conductance per unit length of
a lossy gate which is typically so small that it can be
neglected (g0 = 0 in the following), and r0 and l0 are
the channel’s resistance and inductance per unit length,
mathematically identical to those derived for the access
impedance, racc0 and lacc0 in Eq. 4. In practice, the gate
metal modifies the surface charge of the remotely doped
channel. Therefore, the charge density n(2D) in the gated
and ungated parts of the channel may differ. However,
the threshold bias obtained from DC measurements is
in good agreement (deviation in Uth ≤ 0.1 V) with the
theoretically expected value from the Hall measurement
for both wafers.
The general solution of Eq. 5 and Eq. 6 is UTHz(x) =
U0 exp(−γx) where U0 is the THz bias at the beginning
of the gate and the complex wave vector

γ = ±
√

(r0 + jωl0)(g0 + jωc0)

= ±
√

(r0[1 + jωτ ])(jωc0)

=
1

Leff
+ jk. (7)

The sign of γ depends on the boundary conditions and
has to be chosen such that the wave is attenuated along
the propagation direction for operation above amplifica-
tion cut-off frequencies. Leff is the effective penetration
depth of the THz radiation into the channel, while k is
the wave vector of the plasma wave, which is related
to the group velocity by vg = ∂ω/∂k (phase velocity
vph = ω/k). The effective penetration depth is

Leff(ω) =
1√(√

1 + (ωτ)2 − ωτ
)Lnr

eff (ω), (8)

where Lnr
eff =

√
2 · (ωr0c0)−1 is the effective length for

a non-lossy gate (g0 = 0) for non-resonant operation
(l0 = 0) that was derived in [10]. While Leff decreases
with increasing frequency in the non-resonant case, the
resonant effective length approaches a constant value,

L∞eff = lim
ω→∞

Leff(ω) = 2

√
τ

r0c0
. (9)
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Expressing L∞eff by materials parameters and geometry
yields

L∞eff = 2eτ

√
n(2D)d

m∗ε0εr
= 2µDC

√
m∗n(2D)d

ε0εr
. (10)

Channel lengths of about 2 to 3 Leff suffice to reach the
long channel regime. Much longer channels increase the
DC resistance and therefore cause additional Johnson-
Nyquist noise, deteriorating the noise floor of the re-
ceiver. III-V HEMTs used in this paper have an effective
rectification length L∞eff ≈ 310 nm in the limit of high
frequencies for device A and L∞eff ≈ 370 nm for device
B. Therefore, channel lengths in the range of 1µm that
can be achieved with UV contact lithography as used
in this paper, suffice for efficient THz operation, even
at highest frequencies. In contrast, silicon FETs offer
much lower mobilities in the range of 110 cm2/Vs [22]
with similar effective barrier heights, d/εr, and carrier
concentrations in the range of 1 to 10 · 1011 /cm2,
leading to minimum rectification lengths of only 5 to
16 nm. Therefore, efficient Si FETs for frequencies in
the plasma-resonant range require high-end processing
in the range of 65 nm technology or better while III-V
FETs are much less demanding.

The impedance of the gated part of the channel, where
the THz signal is rectified is

ZTL =

√
r0 + jωl0
g0 + jωc0

=

√
r0(1 + jωτ)

jωc0
. (11)

It should be noted that the inductive part of the channel
can be neglected if ωτ � 1 which is termed the non-
resonant operation range [10] while for ωτ ≥ 1, the
channel features both inductive and capacitive elements,
causing a plasma wave to spread in the channel. This
regime is called the plasma-resonant range. Transistors
used in this paper feature a transition frequency from
non-resonant to resonant of ωτ = 1 for approxi-
mately 0.71 THz. The investigated frequency range from
100 GHz to 11.8 THz therefore covers both non-resonant
and resonant regimes.

The current responsivity of the FET is given by

RI = Rid
I fηOpηEl, (12)

where Rid
I is the ideal (low frequency) responsivity, ηOp

considers optical losses by mismatch of the THz spot
size and the antenna size as well as polarization issues
and ηEl the roll-off due to bias losses within the circuit.
The plasmonic efficiency factor f [22] for the case of
an AC-shorted source-gate is

f = 1 +
2ωτ√

1 + (ωτ)2
sinh2 L/Leff − sin2 Lk

cosh2 L/Leff − cos2 Lk
, (13)

with the complex wave vector γ = 1
Leff

+ jk from
Eq. 7. The plasmonic efficiency f shows a smooth
transition from 1 to 3 for the investigated frequency
range. The transistors used for this study operate in the
long gate regime, thus there are no strong oscillations in
the plasmonic efficiency f .

The ideal responsivity in the low frequency limit is

Rid
I =

∆Id
PTHz

=
µc0RA

Leff
. (14)

For L∞eff = 310 nm, a radiation resistance of 72 Ω and a
mobility of 5850±150 cm2/Vs, the ideal current respon-
sivity becomes Rid

I = 7.8 A/W and is similar for both
transistors. Since the rectified signal is proportional to
the square of the bias delivered to the device impedance,
ZTL, the roll-off is given by

ηEl =

∣∣∣∣ UTL

UTHz

∣∣∣∣2 , (15)

where UTL is the bias that drops at the impedance ZTL
of the active element in Eq. 11 and UTHz =

√
2RAPTHz

is the input THz bias to the circuit from the antenna.
ηEl can be calculated from the equivalent circuit model
in Fig. 2 (b), equations Eq. 3, Eq. 11, the simulated
capacitance CGD and (complex) antenna impedance ZA.

IV. EXPERIMENTAL RESULTS

The FETs were characterized with three different
setups. For frequencies between 100 GHz and 1.6 THz,
a 1550 nm operated pin-diode photomixer (Toptica Pho-
tonics, Fraunhofer Heinrich Hertz Institute) is used as
continuous wave (CW) source, modulated at 12 kHz
for lock-in detection. The reference power of the pin-
diode is measured with a Golay cell that is calibrated
to a Thomas Keating power meter. The THz signal
from the p-i-n diode is guided and focused on the
FET using two parabolic mirrors and two TPX lenses.
At 3.8 THz, the data are extended using a QCL, bias-
modulated at 1.11 kHz. The fairly elliptical beam is first
collimated by a TPX lens with f = 50 mm and then
focused on the FET using another TPX lens of the
same kind. The reference power is determined using a
28.3 mm2 pyroelectric detector. While the active area
of the pyroelectric detector is larger than the elliptic
spot and therefore captures all emitted power from the
QCL, the coupling loss to the much smaller receiving
area of the FET due to beam ellipticity is estimated
to a factor of 1.75. In both experiments, a transcon-
ductance amplifier (TEM Messtechnik, PDA-S) at a
gain of 106 V/A is used prior to lock-in detection. The
data are completed by two measurements at 2.0 THz
and 11.8 THz at the free electron laser FELBE at the
Helmholtz-Zentrum Dresden-Rossendorf. The FEL was
operated in the quasi-CW mode with single THz pulses,
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the device was operated in the unsaturated, linear regime.
The signal was recorded using a 30 GHz oscilloscope.
We note that the losses in the IF path (0 to 30 GHz)
after rectification result in a slight underestimation of the
(peak) responsivity for short pulses [8]. The reference
power was measured with a thermal power meter. In
all cases, the sources feature linear polarization. First
the devices are characterized with respect to the best
optimum operation point. The optimum bias for lowest
NEP is a compromise between high responsivity, being
higher closer to threshold, and low thermal noise, being
lower at positive gate biases due to a smaller device
resistance. The optimum operation point is usually found
in the vicinity of the point of highest transconductance.
Fig. 3 shows that the transconductance of device A
is at maximum close to UGS = 0 V, qualifying the
transistor for zero-bias operation. THz measurements
below 1 THz confirm an optimum gate bias for lowest
NEP at UGS = 0 V, where the responsivity is largest.
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Fig. 3. DC transconductance of sample A, showing a pronounced
extremum close to 0V gate bias, qualifying the transistor for zero-bias
operation.

Fig. 4 shows the THz responsivity for both devices
under zero-bias (sample A) and biased operation (sam-
ple B) in comparison to the theoretical model from
Eq. 12. The experimental data are corrected for 30%
reflection of the silicon lens and the frequency dependent
polarization mismatch. There is very good agreement
over the whole examined frequency range covering more
than two decades for both the CW and pulsed THz
measurements except for the antenna resonance in the
simulations around 3.7 THz which is not observed in the
measurements.
To the knowledge of the authors, this is the largest fre-
quency range where measurements on individual FETs
proof the validity of the equivalent circuit model pre-
sented in Fig. 2. The responsivity decreases only gently
up to about 600 GHz with a corresponding NEP value of

250 pW/
√

Hz, following approximately an f−1 decrease
as suggested by the model for non-resonant operation
[10] and then decreases roughly with f−4 up to the
highest measured frequency of 11.8 THz, mainly due to
the low pass filter of 2nd order caused by the access
impedance and the gate-drain capacitance, CGD. With
a conjugate-matched resonant antenna, the responsivity
is expected to be enhanced by an order of magnitude at
2 THz, as indicated by the star in the figure.
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/W
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Theory A
Theory A, resonant
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Fig. 4. Measured and calculated responsivity of device A and B.
The peak in the theoretical responsivity for device B between 3 and
4THz arises from a resonance in the antenna simulations which is not
observed in the experiment. The measurements are referenced by the
total (peak) power of the respective sources and are only corrected for
the frequency dependent polarization mismatch and the reflection of
the silicon lens. With a resonant antenna the responsivity is expected
to increase by an order of magnitude at 2 THz (star).

V. CONCLUSION AND OUTLOOK

We have demonstrated that UV contact-
lithographically processed III-V high mobility transistors
can reach noise equivalent powers with a single ultra-
broadband antenna only one order of magnitude
above CMOS fabricated silicon-based FETs using
65 nm technology and narrow-band, resonant designs.
The devices are optimized for zero-bias operation,
simplifying experimental requirements and thus being
an alternative to Schottky diodes. We showed the
versatility of the transistors by detecting low power
CW THz radiation from a table-top source as well as
ultra-short high power pulses from a free electron laser.
Whilst the devices used in this work still possess
separate gate and source electrodes in order to be
able to measure the transconductance and to proof
efficient operation at zero gate bias, future devices can
be processed with a short between gate and source
terminal. We further have demonstrated good agreement
of the measured device responsivity with a theoretical
model over the extreme frequency range of 100 GHz
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to 11.8 THz, proofing the validity of the model. In
the resonant regime, the responsivity rolls off with
f−4 due to a low pass of 2nd order caused by the
access impedance and the gate-drain capacitance. The
model now allows to derive improved designs for future
devices with optimized geometrical parameters.
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