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A Highly Sensitive Detector for Radiation
in the Terahertz Region

Peter Kleinschmidt, Stephen P. Giblin, Vladimir Antonov, Hideomi Hashiba, Leonid Kulik,
Alexander Tzalenchuk, and Susumu Komiyama

Abstract—In this paper, we report progress in the development
of a detector for photons in the terahertz region consisting of a
lateral quantum dot (QD), defined in a semiconductor heterostruc-
ture by mesa patterning and three negatively biased metallic gates,
and a single-electron transistor (SET) on top of the mesa and,
hence, capacitively coupled to the QD. We study the behavior
of the QD as a function of the potential applied to the gates
using the SET as a sensitive charge detector and identify the bias
region of the device, where it is sensitive to incident terahertz
radiation. The QD converts incident photons into charge excita-
tions, which can be detected by the SET, resulting in a signal of
the order 108 electrons for each absorbed photon. Based on the
dark count rate and an estimate of the quantum efficiency, the
detector should enable low-power measurements in the terahertz
region with noise-equivalent power ~10~1° W/Hz'/? exceeding
the sensitivity of commercially available bolometers by two orders
of magnitude.

Index Terms—Quantum dot (QD), single-electron transistor,
terahertz detection.

I. INTRODUCTION

ITH RECENT progress in sources of terahertz radia-

tion such as quantum cascade lasers and commercial
availability of systems based on time-domain spectroscopy,
the terahertz region of the electromagnetic spectrum has be-
come increasingly accessible over the past few years. However,
the most commonly used sensitive passive detectors are still
based on semiconductor bolometers, which date back to several
decades and typically achieve noise-equivalent power (NEP)
~10717 W/Hz'/? [1]. If the source of radiation is located
at room temperature, the photon-shot noise of the radiation
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Fig. 1. Diagram and SEM image of the device. In the SEM image, the 2-DEG
mesa is visible as a light-gray region and the gates appear white. The leads and
island of the SET are visible in the center of the structure.

background sets the useful limit for detector sensitivity at the
order NEP ~ 107'® W/Hz!'/2, which is within the range of
bolometers. In this situation, novel types of detectors must
either be frequency selective or combined with suitable filtering
in order to provide any significant advantage over bolomet-
ric detection. However, in applications such as satellite-based
earth observation, higher sensitivity is of direct benefit, and
several new techniques, e.g., cold-electron bolometers [2] and
detectors based on semiconductor quantum dots (QDs) [3],
[4], have been developed recently. The latter have reached
NEP ~ 1022 W/Hz'/ 2 but these detectors are restricted to the
laboratory environment as they require high-magnetic fields,
dilution refrigerator temperatures, or precise control of the bias
conditions.

We report recent measurement results obtained with a
quantum-dot-based detector similar to the devices in [5]
and [6]. In particular, the behavior of the QD is studied un-
der different operating conditions, and the device response to
illumination from a black-body radiator and from a light pipe
extending to room temperature is investigated.

II. OPERATING PRINCIPLE AND EXPERIMENT

The detector (Fig. 1) consists of a GaAs/AlGaAs heterostruc-
ture, which is mesa patterned by wet etching so that a nar-
row channel with a 2-D electron gas (2-DEG) of mobility
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p~ 105 cm?/Vs and carrier density n ~ 2 x 10t cm™2 is

obtained in the center of the structure. Three metallic gates are
fabricated on top of the channel; a single gate extends across
the whole width at one end of the channel (cross gate), while
at the other end, the two remaining gates, which also act as a
dipole antenna concentrating the terahertz radiation at the QD,
protrude partially onto the channel (split gates 1 and 2). On
top of the center of the structure, an aluminum single-electron
transistor (SET) is fabricated, enabling detection of the charge
state in the structure underneath [7].

The detector was operated in a top-loading 3He system with a
base temperature of approximately 300 mK. The measurement
lines connecting to the device were low-pass filtered at room
temperature to around 10 kHz. The SET was biased and read
out by a purpose-built transimpedance amplifier, and the gate
voltages were adjustable between 0 and —10 V, using a total
of four 16-bit digital-to-analog converters and one analog-to-
digital converter. The electronics was powered by an isolated
supply and controlled by a computer via an optical-fiber ring
interface.

Terahertz radiation was fed to the device by a 2-mm stainless-
steel tube providing a near line-of-sight path from the source to
the sample. In some of the experiments, a 5-k{) resistor sealed
inside a metal enclosure at the 1-K stage of the system was used
as a black-body emitter. The other experiments were carried out
with the tube extending all the way to the room temperature end
of the probe, where it was terminated by a silicon window. In all
our experiments, infrared and visible wavelengths were blocked
by black polyethylene and single-crystal silicon filters at the
1-K stage.

The device is operated by negatively biasing the three gates
so that the 2-DEG in the region underneath the gates is depleted
and electrons in the center of the channel are separated from the
2-DEG, forming a QD. The potential landscape which deter-
mines the transparency of the barriers of the QD to the 2-DEG,
and the properties of the QD itself, can be directly controlled
by adjusting the gate potentials. The charge induced in the SET
island, which is centered directly above the region where the
QD is formed, is very sensitive to the charge configuration of
the QD so that the formation and charge excitation of the QD
can be observed directly.

Incident radiation can couple to the electrons in the QD via
a collective excitation known as a Kohn-mode plasma oscilla-
tion [8] which decays rapidly into a single-electron excitation,
whereby an electron can escape from the QD to the surrounding
2-DEG. This changes the charge-state of the QD, which is
easily detected as a change in conductance of the SET. The
QD relaxes after some time when an electron receives sufficient
thermal energy to cross the barrier from the 2-DEG to the QD.

III. FORMATION AND MANIPULATION OF THE QD

The SET island dimensions are on the order of 100 nm,
resulting in a charging energy on the order of 250 peV, and
its normal-state resistance is on the order of 20-30 k(). As the
experiments were carried out at temperatures below 1 K, the
SET could be operated in the superconducting state, where
the energy gap is determined by the superconducting gap. The
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Fig. 2. SET current as a function of one split-gate and cross-gate voltage.
The other split gate was held at —1.5 V. (a) and (b) cover the same voltage
range but differ in scan direction, resulting in a different appearance of
regions II and III, where the QD is formed.

highest charge sensitivity is obtained by biasing the SET at
the Josephson quasi-particle peak. With constant voltage bias,
the SET current exhibits Coulomb oscillations as a function
of any of the voltages applied to the three gates (at small
negative voltage settings). Fig. 2 shows gray-scale plots of the
SET current as a function of the cross-gate voltage and one of
the split-gate voltages. The split-gate voltage is varied within
one line of the scan: the cross-gate voltage from line to line.
The difference between Fig. 2(a) and (b) is due to the direc-
tion of the variation of the split-gate voltage, as indicated by
the arrows.

At cross-gate voltages below —4.1 V, a boundary is reached
as the split-gate voltage is reduced below —1.3 V [Fig. 2(a)].
At this point, the periodicity of the Coulomb oscillation with
respect to the split gate in region I is reduced by a factor
of about 4.6 in region II. As the split-gate voltage is further
reduced, a second diagonal boundary is crossed, at which the
periodicity seems to disappear (region III). Closer inspection
of the data reveals, however, that in fact, Coulomb oscillations
are still underlying this part of the plot but are obscured by a
series of discrete shifts in gate voltage. The plot in Fig. 2(b)
shows that when the scan direction is reversed, the boundary
of the nonperiodic region has changed. Furthermore, when the
scan direction is changed by 90°, i.e., the roles of split gate
and cross gate are reversed, the nonperiodic region is adjacent
to the boundary given by the split-gate-one voltage reaching
—1.3V,i.e., regions II and III roughly swap places (not shown).

We attribute this difference in the plots, with respect to the
scan direction to a nonadiabatic behavior of the QD, when it
is manipulated by varying the gate potentials. It is important
to note that the applied voltage is not an absolute measure of
barrier height and that the voltage scale for a particular gate can
change upon temperature cycling of the sample. The behavior
of the QD is illustrated in Fig. 3: The QD is formed at the
boundary between regions I and II, resulting in an increase in
the effective capacitance between the gates and the SET island
[5]. This was confirmed in previous measurements, where the
conductance of the mesa was measured as a function of gate
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Boundary between Region II Region Il
Region I and Il
Fig.3. Energy diagram of the QD for a scan in which the split-gate potential is

decreased resulting in a metastable state of the QD in region III, where electrons
tunnel through the cross-gate barrier.

potentials [6]. As the split-gate voltage is reduced further,
toward region III in Fig. 2(a), the potential barrier due to this
gate increases. At the same time, the QD is squeezed so that
the chemical potential is increased, and at the boundary to
region III, the barrier formed by the cross gate becomes trans-
parent to tunneling of electrons from the QD to the 2-DEG. As
this process is not correlated to the speed of the scan, discrete
changes in charge appear randomly in this part of the graph. The
same process takes place when the scan direction is changed by
90°, with the roles of the split gate and the cross gate reversed.
When the scan direction is reversed (split-gate voltage starting
from the most negative value), it is important to notice that
in each line of the scan the split-gate potential prior to data
acquisition had to be ramped to this value. Hence, the QD starts
off partially depleted at the beginning of each line of the scan.
As the split gate is made less negative during the scan, initially,
no change in QD charge occurs and periodicity is observed.
However, at some point, the chemical potential of the QD will
be reduced below the Fermi level of the 2-DEG and tunneling
into the QD becomes possible, probably through the cross-gate
barrier, resulting again in a region with nonperiodic appearance.

IV. TERAHERTZ DETECTION

In order to demonstrate operation of the detector at 300 mK,
initially the 5-k{2 resistor at the 1-K stage was used as a source
of radiation. By applying a voltage to the resistor, dissipating
up to 10 mW, its temperature was increased above 1 K. Even
though it is difficult to estimate the number of photons emitted,
the resistor functions as a simple and useful source of terahertz
radiation.

The highest sensitivity to this radiation is found when the
detector is operated in region III near the boundary to region I.
An absorbed photon causes an electronic excitation over the
cross-gate barrier. In the time trace in the inset of Fig. 4, this can
be seen as a sequence of switching of the SET conductance. The
top trace was taken with the emitter switched off, showing only
one switching event due to background-charge fluctuations. In
the lower trace, the emitter is switched on, and the incident
radiation causes switching at a rate beyond the time resolution
of the experimental setup. The switching events in this trace
correspond to electronic excitations due to photon absorption
and subsequent relaxation. Time traces such as in Fig. 4 can
be analyzed by counting the number of switching events, but
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Fig. 4. Photon count rate as a function of the cross-gate voltage. Circles are
without illumination, triangles are with 10-mW dissipation in emitter, with
increasing (decreasing) cross-gate voltage for triangles upwards (downwards).
Vsa1 = Vsgz = —1.4 V. Inset: Time trace of SET conductance with emit-
ter off (upper trace) and emitter dissipating 10 mW (lower trace). Vog =
—3.85V,and Vgg1 = Vgge = —1.4 V.

quantitative analysis is limited to count rates below about
30 per second due to the speed of the SET readout.

The count rate of time traces, with the cross-gate voltage as
a parameter, is shown in Fig. 4. Without illumination, there
is a small peak in the count rate at this boundary where
the cross-gate barrier is low enough for thermal excitations
to cause switching events in the QD. The count rate rapidly
drops off as the cross-gate voltage is further decreased such
that these events are strongly suppressed. When the device
is illuminated by radiation from the black-body emitter, the
count rate increases drastically at cross-gate voltages within
200 mV from the boundary of region III. In Fig. 4, this is shown
for both increasing and decreasing cross-gate voltage, with no
significant difference between these two data sets. It might be
expected that a similar region of high sensitivity should also
be found near the boundary between regions I and II, where
excitations across the split-gate potential barrier should be
possible. However, our measurements did not show comparable
sensitivity in this region, probably because the pinch-off due to
the potential barrier of the split gate, which occurs at a point
where only a small constriction in the 2-DEG exists between
the split gates, is much more sudden than in the case of the
cross gate.

The NEP of a single-photon detector at a photon frequency v
is determined by the dark switching rate N and the quantum
efficiency 7 (which is the fraction of photons detected per
number of photons incident on the detector) so that NEP =
(2N)Y2hv /1 [1]. The dark switching rate N in the quantum-
dot-type detector is given by the switching events caused by
background-charge fluctuations at the bias point with the high-
est count rate under illumination; in our case, N ~ 1/10 s.
The quantum efficiency of the detector, which depends on the
coupling of the radiation into the antenna and the coupling
between antenna and QD, neither of which was optimized in
the device used here, is estimated as  ~ 0.1% [4]. This results
in NEP ~ 10719 W/Hz'/? at a frequency of 0.5 THz. The dark
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Fig. 5. Photon count rate as a function of the cross-gate voltage with a

stainless-steel tube to room temperature and window at the top of tube
open/covered (triangles upwards/downwards). Vsag; = Vgge = —1.6 V.

count rate could effectively be reduced if one can discriminate
between background-charge fluctuations and charge excita-
tions due to photon absorption. This would be achievable by
operating the SET in a charge-locked loop, resulting in an
output signal proportional to the charge.

Higher order excitations have been observed in QD-type
detectors [3], but these are not time-resolved in our setup.
By improving the readout of the signal from the SET using a
cold amplifier (eliminating cable capacitances) or operating the
SET in a tank circuit (RF-SET) [9], these would be accessible,
greatly improving the speed and the dynamic range of our
detector.

The second set of photosensitive measurements was focused
on detecting terahertz radiation from room temperature. For this
purpose, the stainless-steel tube was extended to the top of the
probe, with three filters inserted at the 1-K stage of the cryostat.
In the subsequent measurements, the same device was used, but
the sample had undergone a temperature cycle and this resulted
in a different cross-gate capacitance, changing the periodicity
and boundary with respect to the voltage applied to this gate.
However, taking the different capacitance into account, it was
easy to bias the device at the same point as previously and
to measure the photon count as a function of the cross-gate
voltage. The result is shown in Fig. 5 and is quite similar to the
previous graph with the emitter at full power where the readout
limits the count rate. Hence, it appears that radiation from the
warmer parts of the system saturates the detection system. As
an additional feature, there are two peaks at voltages of about
—0.925 and —0.935 V, which are not present in the previous
plot where only a slight enhancement of the count rate is visible
at the corresponding points. The main purpose of this paper
was to be able to detect radiation originating from a thermal
source outside the cryostat, but as the detector was saturated
with background radiation, we observed no contrast between
the measurements with an open window at the top of the probe
and with the window covered with black polyethylene. An
ac technique using a chopper was also attempted but did not
provide an improvement to the detection scheme. Ultimately,
the background from the warmer parts of the system needs to

be reduced below the saturation limit of the detector by adding
more filter stages or using cooled optics for this experiment to
succeed.

V. CONCLUSION

We have demonstrated operation of a photon detector at
terahertz frequencies with simplified system requirements as
compared to previous QD-type detectors. Detection at a device
temperature of 300 mK has been achieved, at a level exceeding
most sensitive detectors operating in similar conditions. The
QD has a range of sensitivity of about 200 mV so that by
adjusting the gate voltages, the spacing of the energy levels
in the QD could be controlled. In combination with a lin-
earized charge readout, this could enable frequency tuneability
of the detector. Radiation from the warm parts of the apparatus
presently prevents detection from an ambient source. This could
be eliminated by using cooled components for the coupling of
radiation into the detector. In addition, narrowband filtering or
an ac technique could be used to reduce the thermal background
and the dynamic range could be increased, enabling detection
from an ambient source.

REFERENCES

[1] P. L. Richards, “Bolometers for infrared and millimeter waves,” J. Appl.
Phys., vol. 76, no. 1, pp. 1-24, Jul. 1994.

[2] L. Kuzmin, “Ultimate cold-electron bolometer with strong electrothermal
feedback,” Proc. SPIE, vol. 5498, pp. 349-361, 2004.

[3] S. Komiyama, O. Astafiev, V. Antonov, T. Kutsuwa, and H. Hirai,
“A single-photon detector in the far-infrared range,” Nature, vol. 403,
no. 6768, pp. 405407, Jan. 2000.

[4] O. Astafiev, S. Komiyama, T. Kutsuwa, V. Antonov, Y. Kawaguchi, and
K. Hirakawa, “Single-photon detector in the microwave range,” Appl. Phys.
Lett., vol. 80, no. 22, pp. 4250-4252, Jun. 2002.

[5] H. Hashiba, V. Antonov, L. Kulik, A. Tzalenchuk, P. Kleinschmidt,
S. Giblin, and S. Komiyama, “Isolated quantum dot in application to
terahertz photon counting,” Phys. Rev. B, Condens. Matter, vol. 73, no. 8,
p- 081 310(R), Feb. 2006.

[6] H. Hashiba, V. Antonov, L. Kulik, S. Komiyama, and C. Stanley, “Highly
sensitive detector for submillimeter wavelength range,” Appl. Phys. Lett.,
vol. 85, no. 24, pp. 6036-6038, Dec. 2004.

[71 H. Grabert and M. H. Devoret, Single Charge Tunneling. NewYork:
Plenum, 1992.

[8] P. A. Maksym and T. Chakraborty, “Quantum dots in magnetic field:
Role of electron-electron interaction,” Phys. Rev. Lett., vol. 65, no. 1,
pp. 108-111, Jul. 1990.

[9] A. Aassime, D. Gunnarsson, K. Bladh, P. Delsing, and R. Schoelkopf,
“Radio-frequency single-electron transistor: Toward the shot-noise limit,”
Appl. Phys. Lett., vol. 79, no. 24, pp. 4031-4033, Dec. 2001.

Peter Kleinschmidt was born in Liineburg,
Germany, on February 5, 1969. He studied physics
at the University of Massachusetts, Amherst, and at
the University of Heidelberg, Heidelberg, Germany,
from which he received the M.S. degree in 1996.

In 1997, he joined with the National Physical
Laboratory, Teddington, U.K. Since then, he has
been working in electrical metrology using low-
temperature techniques. He is currently involved
in research on single-electron transport and on
quantum-dot terahertz detectors.



KLEINSCHMIDT et al.: HIGHLY SENSITIVE DETECTOR FOR RADIATION IN THE TERAHERTZ REGION 467

Stephen P. Giblin was born in Liverpool, UK., in
May 1972. He received the Ph.D. degree from the
University of Bristol, Bristol, U.K., in 1997.

He joined the National Physical Laboratory,
Teddington, U.K., in 1997 and has worked on ac and
dc quantum Hall effects, dc measurement of current
and resistance, ac bridge systems, and research on
current standards based on single-electron transport.
His current research interests include quantum Hall
effect devices made from novel semiconductors and
single-electron transport in tunable-barrier silicon
structures.

Vladimir Antonov received the M.S. degree in ex-
perimental physics from Moscow Institute of Physics
and Technology, Moscow, Russia, in 1988 and the
Ph.D. degree in solid state physics from the Insti-
tute of Microelectronic Technology, Russian Acad-
emy of Sciences University, Chernogolovka, Russia,
in 1994.

He is currently a Reader in nanophysics with
the Royal Holloway, University of London, Egham,
U.K. He has published more than 30 papers in
reviewed scientific journals. His primary scientific
research during the past 15 years has been in the areas of solid-state
nanophysics: weak localization; Andreev reflection in mesoscopic systems; and
quantum dots.

Hideomi Hashiba received the Ph.D. degree in
physics from the Royal Holloway, University of
London, Egham, U.K., in 2006.

He worked on the development and measure-
ment of a unique far-infrared single-photon detec-
tor. He is currently a Researcher at the Spintronics
Research Group, NTT Basic Research Laborato-
ries, Nippon Telegraph and Telephone Corporation,
Atsugi, Japan.

Leonid Kulik received the M.Sc. degree in physics
and electronics from the Moscow Physical-Technical
University, Moscow, Russia, in 1992, and the Ph.D.
and Dr.Sci. degrees in physics and mathematics from
the Institute of Solid State Physics of the Russian
Academy of Sciences, Chernogolovka, Russia, in
1995 and 2006, respectively.

Since 2003, he has been a Senior Scientific
Researcher with the Institute of Solid State Physics,
Russian Academy of Sciences, where he studies the
excitation and magnetoexcitation spectra of single-
and double-electron layers. His research interests include far-infrared spec-
troscopy and transport study of single-electron transistors based on Al and
GaAs/AlGaAs technologies.

Dr. Kulik received the Humboldt fellowship in 2000.

Alexander Tzalenchuk received the B.A. degree in
electronics engineering from the Chair of Crystal
Physics, Faculty of Electronic Materials and De-
vices, Moscow Steel and Alloys Institute, Moscow,
Russia and the Ph.D. degree in physics and mathe-
matics from A. V. Shubnikov Institute of Crystallog-
raphy, Russian Academy of Sciences, Moscow.

In his early days in Moscow, he studied the charge
transport in semiconducting and fast-ion conduct-
ing bicrystals. Later, he spent about ten years at
Chalmers University of Technology, Gothenburg,
Sweden, investigating Josephson devices in high-T¢ superconductors (HTS).
In particular, he worked on the development of submicron technology for HTS
materials and studied a range of mesoscopic effects in ultrasmall HTS Joseph-
son junctions. In February 2002, he joined the National Physical Laboratory,
Teddington, U.K. At present, he is involved in a number of projects concerning
entanglement-enhanced metrology, macroscopic quantum systems, and single-
particle detection.

Susumu Komiyama received the Ph.D. degree from
the University of Tokyo, Tokyo, Japan, in 1976.

He started his career as an experimentalist of
basic solid-state physics, with research on nonlinear-
transport phenomena of polarons in ionic crystals
and semiconductors, from 1976 to 1982. Since 1982,
he has been working on the quantum Hall effect in
2-D electron gas systems and semiconductor quan-
tum dots. He developed p-type germanium terahertz
lasers from 1982 to 1992, as well as single-terahertz
photon detectors since 2000. He is currently a Pro-
fessor with the Department of Basic Science, University of Tokyo. Currently,
he is devoted to establishing passive terahertz microscopy.



