
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
1 

13
4 

81
4

B
1

TEPZZ__¥48_4B_T
(11) EP 1 134 814 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
02.05.2018 Bulletin 2018/18

(21) Application number: 00944328.4

(22) Date of filing: 07.07.2000

(51) Int Cl.:
H01L 31/09 (2006.01) G01J 1/44 (2006.01)

G01J 1/02 (2006.01) H01L 29/76 (2006.01)

(86) International application number: 
PCT/JP2000/004540

(87) International publication number: 
WO 2001/006572 (25.01.2001 Gazette 2001/04)

(54) MILLIMETER WAVE AND FAR-INFRARED DETECTOR

DETEKTOR FÜR MILLIMETERWELLEN UND FERNES INFRAROT

DETECTEUR D’ONDE MILLIMETRIQUE ET D’INFRAROUGE LOINTAIN

(84) Designated Contracting States: 
DE FR GB NL

(30) Priority: 15.07.1999 JP 20226199
11.08.1999 JP 22803799
25.11.1999 JP 33419699

(43) Date of publication of application: 
19.09.2001 Bulletin 2001/38

(60) Divisional application: 
10007781.7 / 2 254 158

(73) Proprietor: Japan Science and Technology 
Agency
Kawaguchi-shi
Saitama (JP)

(72) Inventors:  
• KOMIYAMA, Susumu

Setagaya-ku, Tokyo 156-0045 (JP)
• OLEG, Astafiev

Tokyo 108-0073 (JP)
• VLADMIR, Antonov

Kawasaki-shi,
Kanagawa 214-0012 (JP)

• HIRAI, Hiroshi
Tokyo 151-0064 (JP)

• KUTSUWA, Takeshi,
Sanyo Haitsu No.17
Tokyo 157-0061 (JP)

(74) Representative: Henseler, Daniela et al
Sparing Röhl Henseler 
Patentanwälte 
Postfach 14 04 43
40074 Düsseldorf (DE)

(56) References cited:  
DE-A1- 19 522 351 GB-A- 2 306 772
JP-A- 8 051 232 JP-A- 11 004 017

• KOMIYAMA S ET AL: "Detection of single 
FIR-photon absorption using quantum dots" 
PHYS E; PHYSICA E: LOW-DIMENSIONAL 
SYSTEMS AND NANOSTRUCTURES 2000 
ELSEVIER SCI B.V., AMSTERDAM, 
NETHERLANDS, MSS9: THE 9TH 
INTERNATIONAL CONFERENCE ON 
MODULATED SEMICONDUCTOR STRUCTURES; 
FUKUOKA, JPN JUL 12-JUL 16 1999, vol. 7, no. 
3, 12 July 1999 (1999-07-12), pages 698-703, 
XP002465110

• R.J. SCHOELKOPF ET AL.: ’A concept for a 
supermillimeter-wave single photon counter’ 
IEEE TRANSACTIONS ON APPLIED 
SUPERCONDUCTIVITY vol. 9, no. 2, June 1999, 
pages 2935 - 2939, XP002930181

• A.N. CLELAND ET AL.: ’Very low noise 
photodetector based on the single electron 
transistor’ APPLIED PHYSICS LETTERS vol. 61, 
no. 23, 07 December 1992, pages 2820 - 2822, 
XP002930182



EP 1 134 814 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

Technical Field

[0001] This invention relates to MW(Millimeter Wave)/FIR(Far Infra Red) light detectors for detecting video signals in
the MW and FIR wavelength range using a MW/FIR measuring instrument, especially by controlling semiconductor
quantum dots.

Background Art

[0002] In general, detectors for electromagnetic waves include a frequency mixer that applies phase sensing wave
detection and a video signal detector that adopts incoherent wave detection, of which the latter is known to provide
higher sensitivity in detecting a feeble or weak light.
[0003] Of the conventional video signal detectors for such lights in an MW/FIR wavelength range, those that offer best
sensitivities are a germanium composite bolometer for use at a cryogenic temperature of 0.3 K or lower for a light of a
wavelength in the range of 0.1 to 1 mm, and a germanium doped photoconductive detector for use at a low temperature
around 2 K for a light of a wavelength in the range of 0.06 to 0.1 mm.
[0004] These detectors provide noise equivalent powers (NEP) that reach as high as 10-16 to 10-18 WHZ -1/2.
[0005] This as seen in terms of energy quanta of electromagnetic waves or photons means that the sensitivity of such
a detector is such that in one second of measurement the detector cannot detect a signal as more than a noise unless
photon packets of about one million or more in number are incident on the detector.
[0006] In addition, such a detector has a speed of response as very low as 100 millisecond. While slow response
detectors such as a superconducting bolometer, superconducting tunnel junction and hot electrons in a semiconductor
(InSb) have been utilized, their sensitivities fall below that of a germanium composite bolometer.
[0007] Apart from the detectors mentioned above, it has been known that irradiating a single-electron transistor with
a microwave gives rise to a signal by photon assisted tunneling effect. However, a detector that utilizes this effect is low
in sensitivity because between the electrodes no more than one electron moves by absorption of one electromagnetic-
wave photon.
[0008] GB 2 306 772 A describes a radiation detector that comprises a plurality of elements each of which comprises
an active region in which can be induced a two-dimensional electron or hole gas.
[0009] DE 195 22 351 A1 discloses a plurality of quantum dots in an array structure similar to that of GB 2 306 772 A.
[0010] From "Detection of single FIR-photon absorption using quantum dots" of S. Komiyama et al., PHYSICA E: Low-
dimensional systems and nanostructures 2000, Elsevier Sci. B.V., Amsterdam, Netherlands, MSS9: The 9th International
Conference on Modulated Semiconductor Structures; Fukuoka, Japan; July 12 to 16, 1999, vol. 7, no. 3, pages 698 -
703, single-photon detection in a range of sub-millimeter waves is known by using lateral semiconductor quantum dots
fabricated on a two-dimensional high-mobility GaAs/AlGaAs single heterostructure crystal.
[0011] Thus, there has so far been no detector that is excellent in both sensitivity and speed of response. This is for
the reasons that in any of the detectors, conduction electrons because of lying in a continuous energy band structure
are short in the life in which they remain excited by an electromagnetic wave; that since a detector detects an electro-
magnetic wave in terms of a change in electrical conductance by all the electrons in the detector, an effect brought about
by the excitation of a small number of electrons is weakened by the other electrons overwhelming in number; and further
that as in the photon assisted tunneling, between the electrodes no more than one electron moves by absorbing one
electromagnetic-wave photon.
[0012] It is accordingly an object of the present invention to circumvent resolving the problems encountered by the
conventional detectors and to provide MW/FIR light detectors predicated on principles or mechanisms totally different
from those mentioned above, which detectors have an extraordinary degree of sensitivity and are quick in response.

Disclosure of the Invention

[0013] This object is solved according to claim 1.
[0014] In order to achieve the object mentioned above, there is provided in accordance with the present invention an
MW(millimeter wave)/FIR(infra red) light detector that comprises an electromagnetic-wave coupling means for concen-
trating an electromagnetic wave in a small spatial region of a sub-micron size.
[0015] For the said electromagnetic-wave coupling means, use may be made of a standard or regular bow-tie antenna
for electrically coupling the said quantum dot and the said electromagnetic wave together.
[0016] For the said electromagnetic-wave, coupling means, use may also be made of an anomalous or irregular bow-
tie antenna having an node thereof short-circuited for magnetically coupling the said quantum dot and the said electro-
magnetic wave together.
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[0017] Preferably, the presence or absence of short circuit through a node of the said electromagnetic-wave coupling
means and the size of the said quantum dot are determined according to the wavelength of the said electromagnetic wave.
[0018] The said electromagnetic-wave coupling means may be used also to provide a gate electrode for the said
single-electron transistor.
[0019] The present invention provides an MW/FIR light detector, characterized in that the detector comprises: an
electromagnetic-wave coupling means for concentrating an electromagnetic wave in a small spatial region of a sub-
micron size; a first quantum dot for absorbing the electromagnetic wave concentrated by the said electromagnetic-wave
coupling means to bring about an ionization thereof; and a single-electron transistor including a second quantum dot
electrostatically coupled to the said first quantum dot, whereby the said electromagnetic wave is detected on the basis
of the fact that electric conductivity of the said single-electron transistor varies with a change in electrostatic state of the
said second quantum dot consequent upon an ionization of the said first quantum dot.
[0020] The above mentioned ionization of the said first quantum dot is brought about by excitation of an electron in a
quantized bound state of the said first quantum dot to a free electron state of an electron system outside of the said first
quantum dot.
[0021] The ionization energy of the said first quantum dot may be controllable variably by changing the magnitude of
a bias voltage applied to a gate of the said first quantum dot.
[0022] The said first quantum dot may have a life in a range between 1 microsecond and 1000 seconds in which it
remains in the ionization state before retuning to a neutral state.
[0023] The said first and second quantum dots preferably lie in an identical semiconductor structure and are isolated
from each other electrostatically by bias voltages applied to respective gates thereof, respectively.
[0024] The said first and second quantum dots may be formed adjacent to each other across a gap in a semiconductor.
[0025] Preferably, the said second quantum dot comprises a metal dot formed on the said first quantum dot and forms
the said single-electron transistor by having a tunnel junction with a metal lead wire formed on the said metal dot.
[0026] Then, the said second quantum dot preferably an aluminum metal dot and has a portion of a said tunnel junction
formed from aluminum oxide.
[0027] The said electromagnetic-wave coupling means may be a standard dipole antenna for electrically coupling the
said first quantum dot and the said electromagnetic wave together.
[0028] The said electromagnetic-wave coupling means may be used also to serve as a bias voltage applying gate
that forms the said first and second quantum dots.
[0029] The said electromagnetic-wave coupling means preferably has a lead portion oriented longitudinally in a direction
that is perpendicular to a direction of the axis of polarization of the said electromagnetic-wave coupling means.
[0030] The node of the said electromagnetic-wave coupling means preferably is substantially equal in size to a max-
imum size of a said quantum dot.
[0031] The said electromagnetic-wave coupling means may have an electrode diameter that is about one half less in
length than the wavelength of the said electromagnetic wave.
[0032] The said single-electron transistor may have a single hetero structure that forms a two-dimensional electron
system and a said quantum dot may be formed by electrically confining a two-dimensional electron gas by a gate
electrode of the said single-electron transistor.
[0033] The said single-electron transistor preferably comprises a single hetero structure that forms a two-dimensional
electron system, a gate electrode for controlling electrostatic potential of a said quantum dot tunnel coupled via to the
said two-dimensional electron system, and a source and a drain electrode that form a source and a drain region,
respectively, which are tunnel coupled to the said quantum dot.
[0034] The said single-electron transistor preferably includes a gate electrode for controlling source-drain electric
current and a gate electrode for forming a said quantum dot.
[0035] The source electrode and the drain electrode of the said single-electron transistor preferably are apart from
each other by a distance that is not less than the length of the said electromagnetic-wave coupling means in a direction
of its axis of polarization.
[0036] The said single-electron transistor comprises a compound semiconductor, especially a III-V group compound
semiconductor.
[0037] For the said single-electron transistor, preference is also given of a III-V group compound semiconductor
superlattice selection doped, single hetero structure.
[0038] The said single-electron transistor preferably has a aluminum-gallium arsenide/gallium arsenide selection
doped, single hetero structure.
[0039] The said single-electron transistor preferably comprises a IV group semiconductor.
[0040] The said single-electron transistor preferably is formed symmetrically about a said quantum dot.
[0041] An MW/FIR light detector according to the present invention preferably further includes a light introducing
means for guiding the said electromagnetic wave into the said electromagnetic-wave coupling means.
[0042] According to an MW/FIR light detector of the present invention constructed as mentioned above, an electro-
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magnetic wave to be detected is efficiently concentrated in a quantum dot by an electromagnetic-wave coupling means,
and a resonance excitation brought about between electron levels in the quantum dot by absorbing the electromagnetic
wave is detected upon amplification by a single-electron transistor.
[0043] If the detecting means is a standard or regular bow-tie antenna, an excitation is brought about electrically by
transition in the quantum dot. If it is an anomalous or irregular bow-tie antenna, an excitation is magnetically brought
about in the quantum dot.
[0044] Also, if the quantum dot of the single-electron transistor is with an aluminum-gallium arsenide/gallium arsenide
selection doped, single hetero structure crystal, it is a small dot having an effective diameter in a two-dimensional electron
system ranging from 0.02 mm to 0.6mm.
[0045] Serving the electromagnetic-wave coupling means as a gate electrode of the single-electrode transistor couples
the quantum dot weakly to a two-dimensional electron system in its outside via a tunnel junction.
[0046] In this way, the present invention enables the energy of an electromagnetic wave to be converged and absorbed
in a quantum dot of a size that is one hundredth or less smaller than the wavelength of the electromagnetic wave and
then the excited state brought about to be retained for 10 nanoseconds or more.
[0047] As a consequence, a change in electrical conductivity caused by absorption of one electromagnetic photon is
kept for 10 nanoseconds or more. Although the time constant of a single-electron transistor when operated is in actuality
circumscribed by an amplifier used, constructing a current amplifier circuit by combining a HEMT amplifier cooled to a
helium (liquefier, refrigerator or cooling) temperature and an LC tank circuit permits such a change in conductivity to be
measured in a time constant of three (3) nanoseconds. Therefore, detecting a single photon can be actualized under a
practical condition.
[0048] A pair of separate quantum dots, i.e., a first quantum dot for absorbing an electromagnetic wave and a second
quantum dot which is conductive, for detection are used, and a positive hole and an electron that are excited upon
absorbing an electromagnetic energy are created separately in the inside and outside of the first quantum dot. This
enables an extremely prolonged state of excitation, hence life of ionization to be established without the need to apply
a magnetic field. Therefore, a rise in sensitivity is achieved without the need to use a magnetic field while permitting a
single photon to be readily detected.
[0049] Further, in an electron system that constitutes the first quantum dot there exists a threshold value for utilizing
excitation from a discrete level to a continuous band level, to wit, a continuous wavelength range that possesses an
amount of energy in excess of the ionization energy and thus offers good detection sensitivity. The threshold wavelength,
to wit, the ionization energy can also be controlled directly through the adjustment of the height of the potential barrier
by the gate voltage.
[0050] It has further been found that reducing the second quantum dot in size permits the operating temperature to
be raised up to a maximum of 2 K.
[0051] An MW/FIR light detector according to the present invention makes uses of a single-electron transistor (here-
inafter referred to also as "SET") by a semiconductor quantum dot. A SET possesses a single hetero structure of a
semiconductor superlattice that forms a two-dimensional electron gas, for example. It is formed of a dot that is a very
small isolated conductive region weakly coupled through a tunnel junction to a source and a drain region by a source
and a drain electrode, and is provided with a control gate electrode for controlling the electrostatic potential of the dot.
[0052] It should be noted further that the SET may comprise a compound semiconductor, especially a compound
semiconductor of a III-V group compound, and may have a selection doped, single hetero structure with a III-V group
compound semiconductor superlattice. Further, in the case of a plurality of quantum dots used in forming an MW/FIR
light detector of the present invention, the SET may be a semiconductor of a compound of the IV group.
[0053] If the bias voltage of the control gate electrode is varied, the electrochemical potential of a conduction electron
in the dot will vary. Then, a source-drain current ISD will flow only under the condition that the same is equal to the Fermi
energy of the source and drain electrodes.
[0054] The conductivity of a SET in its such conductive state G=ISD/VSD in general becomes [100 - 400 KΩ]-1. Here,
VSD represents a source-drain voltage of the SET, which must be set at not more than 100 mV in the present invention.
[0055] If for the conductive dot, use is made of a semiconductor quantum dot whose effective size is 0.02 to 0.6 mm
in diameter, the energy level of its internal electron system will be quantized by its size effect and according to a magnetic
field applied externally. And its energy level spacing then corresponds to a light quantum in a MW/FIR light region. That
energy level spacing can be controlled by changing the size of the quantum dot, or externally applying a magnetic field
or a bias voltage. Accordingly, it becomes possible to excite electrons resonantly inside the quantum dot by irradiating
it with an MW/FIR light. However, as described later, the state excited varies depending on the way of excitation and
the presence or absence of a magnetic field applied.
[0056] In either the case, since the wave function of the excited electrons in their special symmetry and distribution
varies from the wave function of electrons in their ground state, the electrochemical potential of the quantum dot and
the intensity of its tunnel coupling to source and drain regions vary to a large extent. For this reason, the excitation of
one electron alone in the semiconductor quantum dot causes the conductivity of the SET to vary as largely as 20 to 99
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% and permits the state that the conductivity is varied to be retained until the excited state diminishes and returns to the
ground state, to wit, for the life of the states of excitation and its relaxation.
[0057] On the other hand, the excited quantum dot because of its structure of discrete energy levels has its life as
long as 10 nanoseconds to 1000 seconds before returning to its ground state and hence becomes a detector that is
extremely high in sensitivity. The changes in number of the electrons fed from the source electrode into the drain electrode,
N=GVSDT(X/100)/e, where a change X% in the conductivity lasts for T seconds, are as numerous as 106 under a typical
condition that G=1/300kΩ, X=50%, T=1mseconds and VSD=0.05mV. Thus, absorbing one photon can transport electrons
as many as one millions in number or more.
[0058] Moreover, the time constant CSD/G of operation of a SET in principle is as extremely short as several tens pico-
seconds, where CSD is an electrostatic capacitance between source and drain electrodes. It thus becomes possible to
detect a single MW/FIR photon by way of quick time splitting measurement of an electric current.

Brief Description of the Drawings

[0059] The present invention will better be understood from the following detailed description and the drawings attached
hereto showing certain illustrative forms of embodiment of the present invention. In this connection, it should be noted
that such forms of embodiment illustrated in the accompanying drawings hereof are intended in no way to limit the
present invention but to facilitate an explanation and understanding thereof.
[0060] In the drawings:

Fig. 1 is a cross sectional view diagrammatically illustrating the construction of an MW/FIR light detector according
to this invention, the detector including a condenser or light-condensing system;
Figs. 2A and 2B illustrate an MW/FIR light detector not being part of the present invention wherein Fig.2A is a plan
view of a single-electron transistor made of a bow-tie antenna and Fig. 2B is a partial diagrammatic view of a mesa
structure;
Figs. 3A, 3B and 3C diagrammatically illustrate each a planar structure of a bow-tie antenna in a region of its node
wherein Fig. 3A shows one for use in a detector operable with no magnetic field applied and for an MW/FIR light
having a wavelength of 0.5 to 10 mm, Fig. 3B shows one for use in a detector operable under a magnetic field of 1
to 7 T and for an MW/FIR light of a wavelength of 0.1 to 0.4 mm, and Fig. 3C shows one for use in a detector
operable under a magnetic field of 1 to 13 T and for an MW/FIR light of a wavelength of 0.35 to 10 mm;
Figs. 4A to 4D are conceptual views of electrical transitions (magnetoplasma resonance) illustrating the excitation
of an electron between states or levels by absorbing a single MW/FIR photon in a quantum dot under a magnetic
field according to one aspect of the present invention wherein Fig. 4A shows an excitation between Landau levels
by magnetoplasma resonance, Fig. 4B shows relaxation of an excited electron and positive hole into a stable state,
Fig. 4C shows polarization in the quantum dot, and Fig. 4D shows a change ΔU in electrostatic potential and a
change Δmo ↑ in electrochemical potential;
Figs. 5A to 5D are conceptual views of magnetic transitions (magnetic resonance) illustrating the excitation of an
electron between states or levels by absorbing a single MW/FIR photon in a quantum dot under a magnetic field
wherein Fig. 5A shows an excitation between spin states by magnetic resonance, Fig. 5B shows relaxation of an
excited electron and positive hole into a stable state, Fig. 5C shows polarization in the quantum dot, and Fig. 5D
shows a change ΔU in electrostatic potential;
Fig. 6 is a conceptual view illustrating the operating principles of a detector according to the present invention;
Figs. 7A and 7B illustrate an MW/FIR detector according to the present invention wherein Fig. A is a plan view
showing an A-type configuration and Fig. B is a plan view showing a B-type configuration;
Fig. 8A, 8A’ and 8B are views, with an essential portion enlarged, illustrating a nodal region of a dipole antenna
according to the present invention wherein Fig. 8A shows a configuration in which a second quantum dot of the A-
type configuration is isolated by a gate electrode from a first quantum dot, Fig. 8A’ shows a configuration in which
a first quantum dot of the A-type configuration and an electronic mesa structure forming a second quantum dot are
formed as isolated from each other, and Fig. 8B is a view, with an essential portion enlarged, showing the B-type
configuration;
Figs. 9A, 9B and 9C are graphs illustrating examples of measurement each for a single MW/FIR detection wherein
Fig. 9A, 9B and 9C show dependency of the conductivity of a SET from the voltage applied to its control gate
electrode, when there is no IFR light irradiated, when the electric current at a light emitting element is 2mA, and
when it is 3.5mA, respectively;
Figs. 10D to 10G are graphs illustrating examples of measurement each for a single MW/FIR detection and showing
switching operations of a SET that operates upon absorbing a single photon wherein Fig. 10D, 10E and 10F show
such switching operations when the electric current at a light emitting element is 2mA, 3mA and 4mA, respectively
and Fig. 10G shows dependency of probability of excitation from the current at the light emitting element;
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Fig. 11 is a graph illustrating an example of measurement for a single MW/FIR detection and showing dependency
of the life of an excited state from the intensity of a magnetic field applied; and
Fig.12 illustrates an example of measurement for a single MW/FIR detection and shows temperature dependency
of the switching operation of a SET that is operated by absorbing a single photon.

Best Modes for Carrying Out the Invention

[0061] Hereinafter, the present invention will be described in detail with reference to suitable forms of embodiment
thereof illustrated in the drawing figures.
[0062] A detailed description will first be given in respect of the construction of an MW/FIR light detector according to
the present invention.
[0063] Fig. 1 is a cross sectional view diagrammatically illustrating the construction of an MW/FIR light detector ac-
cording to this invention, the detector including a condenser or light-condensing system. As shown in Fig. 1, an MW/FIR
light detector according to this invention includes a MW/FIR light introducing section 1 for guiding an incident MW/FIR
light onto an antenna of the detector, a semiconductor substrate or board 4 formed thereon with a single-electron
transistor that controls electric current passing through a semiconductor quantum dot, and a bow-tie (V-type) antenna
6 for concentrating the MW/FIR light into the semiconductor quantum dot that is constituted by a small spatial area of a
sub-micros size formed in the single-electron transistor. The semiconductor board 4 is attached to a package 7 for IC
chips. The MW/FIR introducing section 1 includes a light guiding pipe 3 that guides the MW/FIR light 2, a dielectric lens
5 for condensing the MW/FIR light 2, and a dielectric objective lens 9 that assists condensing. For the dielectric objective
lens 9, use is made of a semi-spherical silicon lens. The dielectric objective lens 9 is fixed in position as spaced away
from the BOTAI antenna 6 and the surface of a semiconductor quantum dot to be described later so that it may not come
to contact them directly. Further shown in Fig. 1 as formed on the back surface of the semiconductor substrate 4 is a
back surface gate electrode 8 of the single-electrode transistor formed in the semiconductor substrate 4.
[0064] The MW/FIR light detector including the light introducing section 1 and indicated by reference character 10 in
Fig. 1 is held cooled to a temperature of 0. 3 K or lower. As required, a magnetic field B is applied to the semiconductor
substrate 4 (i.e., to the quantum dot) in a direction perpendicular thereto.
[0065] Figs. 2A and 2B illustrate an MW/FIR light detector not being part of the present invention wherein Fig.2A is a
plan view of a single-electron transistor made of a bow-tie antenna and Fig. 2B is a partial diagrammatic view of a mesa
structure. As shown in Fig. 2A, the MW/FIR light detector 10 has the bow-tie antenna 6, the semiconductor quantum
dot 12 and the single-electron transistor 14 including the semiconductor quantum dot formed unitarily on the semicon-
ductor substrate 4, and the single-electron transistor 14 is designed to draw a source-drain current therethrough under
a given condition by means of ohmic electrodes 16 and 17. Further, the semiconductor substrate 4 has a thin metallic
film vapor-deposited on a back surface thereof to provide an back surface gate electrode as mentioned previously.
[0066] The single-electron transistor 14 as shown in Fig. 2B structurally comprises the semiconductor substrate 4 of
semi-insulating GaAs single crystal and a modulation doped GaAs/Al0.3Ga0.7 As, single hetero structure stacked thereon,
and has a mesa structure of the single-electron transistor 14 as shown in Fig. 2A formed using a lithography technique.
[0067] For the GaAs/Al0.3Ga0.7 As single hetero structure, use is made of one having a two-dimensional electron
mobility of 60 m2/Vs or more at a temperature of 4.2 K, and an electron concentration of 2x1016/m2 to 2x1016/m2.
[0068] The hetero structure includes a GaAs layer 22 of a thickness of 10 nanometers with Si doped by 1018/cm3 from
the crystal surface, an Al0.3Ga0.7 As layer 24 having a thickness of 70 nanometers with Si doped by 1x1018/cm3, an
Al0.3Ga0.7 As spacer layer 26 having a thickness of 20 nanometers or more and a non-doped GaAs layer 28 having a
thickness of 100 nanometers, which layers are selection doped and laminated by a molecular beam epitaxy process
successively on the GaAs semiconductor substrate 4. A shaded portion 25 in Fig. 2B represents formation of an electron
system, which has a thickness of 10 nanometers. The semiconductor 4 is made of a standard semi-insulating GaAs
single crystal and has a total thickness of 0.5 mm and a planar size of 1 to 3 millimeters.
[0069] Mention is made in further detail of each of the components of an MW/FIR light detectorw. As shown in Fig.
2A, the single-electron transistor 14 including the semiconductor quantum dot 12 has a slender mesa structure of the
two-dimensional electron system formed on the GaAs semiconductor substrate 4. The mesa structure has a region of
its center formed to be as thin as 4 mm in width over a length of 200mm so as to prevent an MW/FIR light from being
excessively absorbed by a two-dimensional electron system outside of the semiconductor quantum dot 12 (as will be
later described in detail). Thus, this central region at which a quantum dot is formed is narrower than the opposite two
ends of the mesa structure. It is also desirable that the single transistor formed by a quantum dot be formed symmetrically
about a quantum dot formed in the central region.
[0070] The mesa structure has at its opposite end portions a source electrode 16 and a drain electrode 17 each of
which is formed as a standard ohmic electrode by alloying Au and Ge. The two electrodes are spaced apart from each
other by a distance that is approximately equal to the length of the bow-tie antenna 6 so as not to hinder an electromagnetic
wave condensing onto the semiconductor quantum dot 12. The bow-tie antenna 6 is formed of a vapor-deposited thin
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film of a metal and may, for example, be formed of Ti of 20 nanometers thick and Au of 60 nanometers thick. As shown
in Fig. 2A, the bow-tie antenna 6 comprises a pair of equilateral triangular sections extending in opposite sides across
the mesa structure formed to be as narrow as 4 mm in width of the single-electron transistor 14 and makes a node thereof
in the central region of the mesa structure. The bow-tie antenna 6 has a length, i.e., an electrode diameter H that is
about one half of the wavelength of the MW/FIR light to be measured. However, because lights are incident at various
incident angles in the light condensing process, the bow-tie antenna 6 is capable of detecting a light of the wavelength
equal to 2H but also MW/FIR lights in a wide band.
[0071] In order to provide gate electrodes 32 and 34 and a control gate electrode 36 required to form the semiconductor
quantum dot 12 as will be described later, the bow-tie antenna 6 has one of its vanes trisected. To allow a bias voltage
to be applied to the gate electrodes 32, 34 and 36 so divided, these electrodes 32, 34 and 36 are connected via lead
portions 33, 35 and 37, each of 5 to 10 mm in width, to metal pads 43, 45 and 47 (each formed of Ti of 20 nanometers
thick and Au of 150 nanometers thick), respectively, which are enough distantly located. The other vane constitutes a
gate electrode 30 that is connected to a metal pad 41 via a lead portion 31 of 5 to 10 mm in width.
[0072] To less affect the electromagnetic wave, the lengthwise direction of the lead portions 31, 33, 35 and 37 is
perpendicular to a direction of the axis of polarization of the bow-tie antenna 6. Each of the ohmic electrodes 16 and 17
and the gate electrodes 30, 32, 34 and 36 is wired to a terminal of the standard IC chip package by utilizing such a pad
portion and using a gold wire.
[0073] Mention is next made of the node of the bow-tie antenna described. Figs. 3A, 3B and 3C diagrammatically
illustrate a planar structure of a bow-tie antenna in a region of its node wherein Fig. 3A shows one for use in a detector
operable with no magnetic field applied and for an MW/FIR light having a wavelength of 0.5 to 10 mm, Fig. 3B shows
one for use in a detector operable under a magnetic field of 1 to 7 T and for an MW/FIR light of a wavelength of 0.1 to
0.4 mm, and Fig. 3C shows one for use in a detector operable under a magnetic field of 1 to 13 T and for an MW/FIR
light of a wavelength of 0.3 to 10 mm. It should be noted here that T as a unit of magnetic flux density represents tesla.
[0074] As shown in Figs. 3A, 3B and 3C, a quantum dot 12a, 12b, 12c is formed at the node of a bow-tie antenna 6a,
6b, 6c. For the presence or absence of a short circuit and the size of the quantum dot, it is desirable to use one of three
patterns described below according to particular use or working conditions and a particular range of wavelength of an
electromagnetic wave to be measured. It should be noted further in Figs. 3A, 3B and 3C that reference characters 14a,
14b and 14c each designate a two-dimensional electron system’s mesa structure.
[0075] First is the case of not using a magnetic field in which the range of wavelengths for detection is 0.5 to 10 mm,
the bow-tie antenna is of a standard electrical coupling, and the electrode size of a quantum dot (the effective diameter
of a two-dimensional electron system of the quantum dot) ranges between 0.2 and 0.4 mm (0.02 and 0.2 mm).
[0076] Second is the case of using a magnetic field in which a wavelength for detection lies in the range between 0.1
and 0.4 mm, the bow-tie antenna is of a standard electrical coupling, and the electrode size of a quantum dot (the
effective diameter of a two-dimensional electron system of the quantum dot) ranges between 0.6 and 0.8 mm (0.4 and
0.6 mm).
[0077] Third is the case of using a magnetic field in which a wave-length for detection lies in the range between 3 and
10 mm, the bow-tie antenna is of node short-circuit magnetic coupling, and the electrode size of a quantum dot (the
effective diameter of a two-dimensional electron system of the quantum dot) ranges between 0.6 and 0.8 mm (0.4 and
0.6 mm).
[0078] Figs. 3A, 3B and 3C diagrammatically illustrate each a planar structure of bow-tie antenna in a region of its
node, which applies to the first, second or third case mentioned above; respectively. It should be noted here that the
nodal region of the antenna forming the quantum dot determines the electrode size of the quantum dot mentioned above.
In the arrangement for the first case shown in Fig. 3A and for use with no magnetic field applied, the quantum dot 12a
is electrically coupled to an electromagnetic wave via the bow-tie antenna 6a. The wavelength of an electromagnetic
wave that can be measured ranges between 0.5 and 19 mm. With no magnetic field applied, the life of the quantum dot
12a in its excited state is as comparatively short as 10 nanoseconds to 1 microsecond, and use is then made of a current
amplifying circuit that as mentioned above comprises a HEMT amplifier cooled to a helium (liquefier, refrigerator or
cooling) temperature in combination with an LC tank circuit to detect a single photon.
[0079] On of the vanes of the bow-tie antenna 6a is trisected to provide gate electrodes 32a, 34a and 36a, and its
other vane is designed to provide a gate electrode 30a. The gate electrode 30a is formed at its forward end with a pair
of projections 52a and 52a each of which has a width of 0.15 mm. Likewise, the gate electrode 32a and 34a are formed
to have their respective projecting ends 54a and 54a each of which has a width of 0.15 mm. And, each pair of opposed
projections here are spaced apart from each other across a spacing 55a of 0.15 mm. Further in Fig. 3A, Wa, La and Ma
are set at 2 mm, 0.4 mm and 0.35 mm, respectively.
[0080] Biasing the three gate electrodes 32a, 34a and 30a with a negative voltage of -0.6 V and the gate electrode
36a with a negative voltage of -0.2 to -3 V depletes the two-dimensional electron system below the gate electrodes and
confines the two-dimensional electron system inside the square area of 0.3 mm side in the center, where the quantum
dot 12a is thereby formed. However, fine adjustment is here made of the bias voltages applied to the gate electrode 34a
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and 30a so that the quantum dot is weakly tunnel coupled to the two-dimensional electron system in its outside. And
with the gate electrode 36a used to act as a control gate electrode, there is now formed a single-electron transistor
constituted by a quantum dot. Changing the bias voltage to the control gate electrode VCG from -0.2 V to -3 V causes
the effective diameter of the two-dimensional electron system in the quantum dot to vary from about 0.2 mm to 0.02 mm.
[0081] Referring next Figs. 3B and 3C, mention is made of arrangements for use by applying magnetic fields of 1 to
7 T and 4 to 13 T, respectively. If a magnetic field is applied, the life of a quantum dot in its excited state is permitted to
reach as long as 1 milliseconds to 1000 seconds depending on the field value and the electron concentration in the
quantum dot, and it is made possible to detect a single photon without using the high speed amplifier circuit and with
extreme ease. In the arrangement for the above-mentioned second case shown in Fig. 3B, the quantum dot is electrically
coupled to an electromagnetic wave via the bow-tie antenna 6b, and the wavelength of an electromagnetic wave that
can be measured here ranges between 0.05 mm and 0.4 mm. The geometrical construction of gate electrodes that
make up the bow-tie antenna 6a and their respective roles are identical to those in the arrangement of Fig. 3A, but their
sizes differ as stated below. Thus, the two projections 52b and 52b of the gate electrode 30b are each formed to have
a width of 0.3 mm, and the respective projecting ends 54b and 54b of the gate electrodes 32b and 34b are each likewise
formed to have a width of 0.3 mm. And, each pair of opposed projections here are likewise spaced apart from each other
across a spacing 55b of 0.3 mm. Further in Fig. 3B, Wa, La and Ma are set at 4 mm, 0.7 mm and 0.7 m m, respectively.
With a two-dimensional electron system confined inside the square area of 0.7 mm side in the center, a quantum dot
having an effective diameter of 0.4 to 0.7 mm is formed. And with the gate electrode 36b serving as a control gate
electrode, there is now formed a single-electron transistor constituted by a quantum dot. And, the bias voltage VCG of
the control gate electrode is varied from -0.3 V to 1.5 V.
[0082] In the arrangement for the above-mentioned third case shown in Fig. 3C, the quantum dot is magnetically
coupled to an electromagnetic wave via the bow-tie antenna 6c, and the wavelength of an electromagnetic wave that
can be measured here ranges between 3 mm and 10 mm. The width of the mesa structural portions for the two-dimensional
electron system, Lc and Mc are each set at 0.7 mm. Further, a pair of constrictions 56 and 56 having each a width of
0.4 mm are formed each at a place that is spaced at a distance of 0.7 mm from each of these portions, respectively.
[0083] One of the vanes of the bow-tie antenna 6c are trisected to provide three gate electrodes 32c, 34c and 36c, of
which one gate electrode 36c is short circuited via a bridge of 0.2mm in width to a gate electrode 30c formed by the other
vane of the bow-tie antenna 6c. Biasing the gate electrode 32c and the gate electrode 34c each with a negative voltage
confines a two-dimensional electron system within an area of about 0.8mm side defined by the constrictions 56 and 56
and the gates electrodes 32c and 34c, thereby forming a quantum dot 12c having an effective diameter of 0.4 to 0.6mm.
And with gate electrode 36c used to serve as a control gate electrode, there is now formed a single-electron transistor
constituted by a quantum dot. The bias voltage VCG to the control gate electrode is here varied from +0.1 V to -0.1 V so
as not to change much the electron density in the quantum dot.
[0084] An explanation is next given in respect of operations of the MW/FIR light detector. The details of forms of
embodiments and their respective operations vary for the first, second third cases mentioned above.
[0085] Mention is first made of an operation of the arrangement for the first case shown in Fig. 3a. In the first case,
the quantum dot is small in size and contains as small in number as 10 (ten) to 50 (fifty) of conduction electrons, and
its electron’s energy level is therefore split into discrete energy levels εn as a result of its size effect and by exchange
interaction.
[0086] First, adjustment is made of the control gate voltage VCG so that the energy splitting in the neighborhood of
the Fermi level, Δ εnm = εn-εm, satisfies the following resonance conditions for an MW/FIR light to be measured: 

where ω is an angular frequency of the MW/FIR light to be measured, and h is the Plank’s constant.
[0087] In general, εnm is inversely proportional to the square of the effective diameter of the quantum dot. For example,
it follows therefore that VCG = -3 V to -2 V (the quantum dot’s effective diameter of about 0.02 mm) for the MW/FIR light
having a wavelength of 0.5 mm and VCG = - 0.5 V to -0.2 V (the quantum dot’s effective diameter of about 0.2 m m) for
the MW/FIR light having a wavelength of 10 mm.
[0088] Then, the SET is placed in a state that its conductivity is at maximum. That is to say, even if a source-drain
voltage VSD (100 mV or less) is applied across the two ohmic electrodes in Fig. 2, normally the Coulomb occlusion that
is created prevents current ISD from flowing between the source and drain electrodes. However, finely varying the bias
voltage VCG applied to the gate electrode 36a shown in Fig. 3A allows Coulomb oscillations to develop in which a finite
ISD with a sharp peak appears each time the VCG varies by from 3 mV to 20 mV.
[0089] The VCG is finely adjusted so as to meet with one peak position of the ISD and then fixed. Such fine adjustment
of the VCG does not materially affect the resonance conditions expressed by the equation (1). Then, making the MW/FIR
light for measurement incident in a peak state of the Coulomb oscillations causes the incident MR/FIR light by the bow-
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tie antenna to create an oscillating electric field in a region of the quantum dot and to bring about an electron resonance
excitation ε n → εm.
[0090] Since the state of excitation in general has a space symmetry of an electron’s wave function varying from that
in the bound state, both the tunnel coupling strength and the electrochemical potential of the quantum dot here change;
thus a change as large as 10 % to 90 % takes place in the conductivity G of the SET. Such a change in the conductivity
that lasts generally for a period of 10 nanoseconds to 1 microsecond until the excitation ceases to exist by phonon
emission is measured by the high-speed current amplifier.
[0091] Mention is next made of an operation of the arrangement for the second case shown in Fig. 3B. Figs. 4A to 4D
are conceptual views of electrical transitions (magnetoplasma resonance) illustrating the excitation of an electron between
states or levels by absorbing a single MW/FIR photon in a quantum dot under a magnetic field wherein Fig. 4A shows
an excitation between Landau levels by magnetoplasma resonance, Fig. 4B shows relaxation of an excited electron and
positive hole into a stable state, Fig. 4C shows polarization in the quantum dot, and Fig. 4D shows a change ΔU in
electrostatic potential and a change Δ mo ↑ in electrochemical potential. In Figs. 4A, numerals 2 and 1 indicate energy
levels, the arrow ↑ indicates an up spin and the arrow ↓ indicates a down spin.
[0092] In the case of the second case, while the quantum dot is large in size, contains conduction electrons that are
as large in number as 200 (two hundreds) to 400 (four hundreds) and thus have a small size effect Δ εnm on the electron
energy levels, applying a magnetic field thereto splits its energy structure into Landau levels with a spacing of (h/2π) ωc
6 (h/2π)eB/m*, where ωc represents an angular frequency taken when the energy splitting in the neighborhood of the
Fermi level satisfies the resonance conditions for an MW/FIR light to be measured, e is the quantum of electricity or
elementary charge that is equal to 1.6x10-19 Coulomb, B is a magnetic flux density, m* is the effective mass that is equal
to 0.068m, and m is the mass of an electron.
[0093] In the case of the second case, an magnetic filed is applied such that the angular frequency (ω) of the MW/FIR
light for measurement satisfied the resonant conditions including plasma oscillation, expressed by the following equation 

where ωP is an plasma angular frequency of the quantum dot, which can be expressed with a plasma wavelength λp =
2πc/ωp that becomes about 0.43 mm for the quantum dot shown in Fig. 3B, where c is the speed of a light.
[0094] A magnetic field that concretely satisfies the equation (2) becomes generally that of a field strength of B = 6 to
7 T for an MW/FIR having a wavelength of 0.1 mm and that of a field strength of B = 1 to 1.5 T for an MW/FIR light
having a wavelength of 0.4 mm, where T is a unit of magnetic fields and represents tesla.
[0095] Next, in the same manner as described for the aforementioned first case, the SET is placed in a peak state of
Coulomb oscillations and an MR/FIR light for measurement is made incident. The incident MR/FIR light then creates an
oscillatory electric field in the quantum dot via the bow-tie antenna and brings about resonant excitation of an electron
across the Landau levels as indicated by the arrow in Fig. 4A and thus magnetoplasma resonance. The electron excited
is shown in Fig. 4A as indicated by the black circle together with a positive hole excited as indicated by the blank circle.
They are relaxed in a time period of 10 nanoseconds as shown in FIG. 4B each by losing an excess energy in the lattice
system. Then, the electron and positive hole moving into the inside and to the outside of the quantum dot, respectively
under the influence of an electrostatic potential that makes up the quantum dot, and being thus spatially isolated from
each other, there is created an annular polarization in the inside of the quantum dot. As a result, the electrochemical
potential of the electron level of outermost shell of the quantum dot is caused to vary by a variation in the electrochemical
potential by polarization, viz. ΔU = 30 to 60meV.
[0096] This in turn changes the operating state of the SET from the state that its conductivity G is at maximum to the
Coulomb closure state, i.e., the state that G 6 0. The conduction blocking state lasts until the electron and positive hole
recombine in the quantum dot. The life before recombination here is long with the electron and positive hole spatially
isolated, in which time period a single photon can be detected with ease. In this case, it is possible to establish a
particularly long life of the state by adjusting the control bias voltage VCG and the bias voltage to the back surface gate
(see Figs. 1 and 3), thereby so controlling the mean electron concentration Nd in the quantum dot that the index of
occupation of a Landau level v takes values each in the neighborhood of an even number such as v = 2.4 to 1.9, 4.6 to
4.0, 6.6 to 6.0 and so on.
[0097] Here, the index of occupation of a Landau level can be expressed by the following equation: 

[0098] Next, mention is made of an operation of the arrangement for the third case shown in Fig. 3C. Figs. 5A to 5D
are conceptual views of magnetic transitions (magnetic resonance) illustrating the excitation of an electron between
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states or levels by absorbing a single MW/FIR photon in a quantum dot under a magnetic field wherein Fig. 5A shows
an excitation between spin states by magnetic resonance, Fig. 5B shows relaxation of an excited electron and positive
hole into a stable state, Fig. 5C shows polarization in the quantum dot, and Fig. 5D shows a change ΔU in electrostatic
potential
[0099] In the third case as in the second case, the quantum dot has a small size effect, and in addition to splitting into
a Landau level, the application of a magnetic field thereto brings about magnetic energy separation by taking spin states,
as expressed by Δ εM = g·B B as indicated in Fig. 5A, where g* is an effective g factor and mB is the Bohr magneton.
[0100] First, a magnetic field is applied such that the resonance conditions expressed by the following equation are
satisfied for an MW/FIR light to be detected. 

where the effective g factor is approximately g* = 0.44.
[0101] Next, as in the manner for the aforementioned first case, the SET is placed in a peak state of the Coulomb
oscillations, and the MW/FIR light is made incident. The incident MW/FIR light produces an oscillatory current in the
short-circuited nodal point of the BOTAI antenna and creates an oscillatory magnetic field in the quantum dot. As a
result, as indicated by the arrow in Fig. 5A a magnetic resonance excitation of an electron is brought about. The excited
electron and positive pole as shown in Fig. 5B are relaxed in a time period of 10 nanoseconds each by losing an excess
energy in the lattice system. Then, under the influence of an electrostatic potential that makes up the quantum dot, the
electron and the positive hole each in the quantum dot are spatially isolated from each other. As a result, the electro-
chemical potential of the electron level of outermost shell of the quantum dot is caused to vary by a variation in the
electrochemical potential by polarization, viz. ΔU = 10 to 50meV.
[0102] This in turn changes the operating state of the SET from the state that its conductivity G is at maximum to the
Coulomb closure state, i.e., the state that G 6 0. The conduction blocking state lasts until the electron and positive hole
recombine in the quantum dot. The life before recombination here is long with the electron and positive hole spatially
isolated, in which time period a single photon can be detected with ease.
[0103] Now, an explanation is given in respect of an embodiment of the present invention in which a plurality of quantum
dots are had.
[0104] As mentioned before, in case a single quantum dot is had, the life of the state of excitation is as relatively short
as 1 microsecond or less unless a magnetic filed is applied thereto. Accordingly, to enable detecting a single photon, it
is then necessary either to adopt a current amplifier that includes a HEMT amplifier cooled to a helium (liquefier, refrigerator
or cooling) temperature in combination with an LC tank circuit, or to utilize a magnetic field, in order to prolong the life
of the state of excitation to 1 millisecond or more. However, in this embodiment having more than one quantum dot, a
rise in sensitivity is achieved without using a magnetic field.
[0105] An MR/FIR light detector according to the embodiment comprises a first and a second conductive quantum dot
electrostatically coupled to each other, each of the quantum dots being a sub-micron size. The first quantum dot is
designed to absorb an electromagnetic wave and the second quantum dot is operable as a single-electron transistor
(SET), the SET detecting absorption of the electromagnetic wave by the first quantum dot.
[0106] Its operating principles are set forth below with reference to the conceptual view of Fig. 6. Fig. 6 is a conceptual
view illustrating the operating principles of a detector according to this embodiment of the present invention.
[0107] For the first quantum dot that is indicated at 61 and shown as characterized by an electrostatic potential Ua,
use may be made of a quantum dot having an effective size represented by a diameter of 0.02 mm to 0.3mm. This permits
as shown in Fig. 6 the state for an electron having an amount of energy lower than a threshold value of energy determined
by an applied gate voltage and hence than an ionization energy to be quantized, and discrete bound levels 59 to be
formed in the first quantum dot 61.
[0108] On the other hand, the states for electrons having amounts of energy greater than the threshold value assume
a continuous free energy level 58, the electrons being those of an electron system 63 spreading out externally of the
first quantum dot 1.
[0109] This ionization energy if converted into voltage, according to the height of a potential barrier 57 that forms the
first quantum dot 61, may take a value of 100mm to 20 mV. This height of the potential barrier 57 can be controlled by
a bias voltage applied to a gate electrode of the first quantum dot 61. Therefore, as indicated by the arrow in Fig. 6,
irradiating the first quantum dot 61 with an MW/FIR light having an amount of electromagnetic photon energy greater
than the ionization energy can excite an electron in the first quantum dot 61 from a discrete bound level 59 to a continuous
free level 58 of the electron system 63 outside of the potential barrier 57. Further, shown and indicated by a black and
a white circle are an electron and a positive hole or hole devoid of an electron, respectively.
[0110] The electron excited to the continuous free level 58 gets out of the potential barrier 57 of the first quantum dot
61 quickly into the external electron system 63 within a time period of 1 nanosecond. The first quantum dot 61 is then
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charged positively by an elementary charge of +e and is thus ionized.
[0111] On the other hand, the electron that comes out of the potential barrier 57 is relaxed quickly in a time period of
10 nanoseconds at the Fermi level of the electron system 63 on losing excess energy by reason of electron-electron
and electron-lattice interactions. Hindered by the potential barrier 57, it cannot return into the first quantum dot. Therefore,
the ionized state of the first quantum dot 61 lasts for long, e.g., for a time period of 10 microseconds to 1000 seconds.
[0112] The second quantum dot, indicated by 62 in Fig. 6, is disposed adjacent to the first quantum dot 61 and has
an electrostatic potential Ub that confines an electron at a discrete level, thus forming a SET. The second quantum 62
can be made of either semiconductor or metal quantum dot. Although the second quantum dot 62 is not electrically
conductive to the first quantum dot 61, they are adjacent to each other via the potential barrier and hence are electro-
statically coupled together. Thus, charging and hence ionizing the first quantum dot 61 causes the electrostatic potential
of the second quantum dot 62 and hence the conductivity of the SET to vary largely, for example as largely as 20 % to
99 %. In this case, the state that the conductivity has changed lasts until the first quantum dot 61 de-ionized and returns
to its neural sate.
[0113] On the other hand, the life of the ionized state of the first quantum dot 61 as long as 10 microseconds to 1000
seconds as mentioned above provides extremely high sensitivity for the detector. In particular, a single MW/FIR photon
can be detected through time resolution current measurement.
[0114] Next, mention is made of the construction of the present invention mentioned above. An MW/FIR light detector
according to this embodiment provides two suitable, further specific forms of embodiment. While the embodiment being
described is basically the same in construction as that shown in and described in connection with Figs. 1 and 2, it is
differentiated by including a pair of quantum dots isolated from each other, of which a first quantum dot for absorbing
an electromagnetic wave is formed in the nodal region of a dipole antenna that serves as a gate electrode, too, and a
second quantum dot that detects absorption of the electromagnetic wave by the first quantum dot and forms an SET.
[0115] Figs. 7A and 7B illustrate an MW/FIR detector according to this embodiment of the present invention wherein
Fig. A is a plan view showing an A-type configuration and Fig. B is a plan view showing a B-type configuration. In either
the structure, the first quantum dot is electrically coupled to an electromagnetic wave via the dipole antenna. Referring
to Figs. 7A and 7B, an MR/FIR light detector according to this embodiment as in that shown in Fig. 2B makes use of the
lithography technique applied on a modula tion doped GaAs/Al0.3Ga0.7As, single hetero structure, in forming either the
A-type or B-type configuration. Further, both the A-type and B-type configurations are each formed into a given sym-
metrical configuration by mesa-etching the hetero structure of the electron system. In this connection it should be noted
that an equivalent structure can also be prepared by applying the lithography technique to a IV group semiconductor,
for example to a Si substrate.
[0116] As will also be seen, one of the vanes 67a, 67b for the dipole antenna 65a, 65b and the other vane 68a, 68b
are connected via a metal lead wire 69a, 69b and a metal lead wire 69a’, 69b’ to a metal pad 71a, 71b and a metal pad
72a, 72b, respectively. As illustrated in this form of embodiment, each of the metal lead wires and the metal pads is
prepared by alloying together Ti of 20 nanometers thick and Au of 150 nanometers thick.
[0117] As shown in Fig. 7A, the A-type configuration is so formed that its mesa structure of electron system 63a is
constricted in a nodal region 70a of a dipole antenna 65a and a pair of further mesa structures of electron system 76a
and 77a are formed as bifurcated from the nodal region 70a. The electron system mesa structure 63a has its base end
formed with an ohmic electrode 66a and the bifurcated other ends formed with ohmic electrodes 81a and 82a, respectively,
which are to become a source and a gate electrode, respectively, of a SET 64a to be described later.
[0118] A first and a second quantum dot 61a and 62a are formed in the nodal zone of the dipole antenna 65a. The
dipole antenna 65a couples the first quantum dot 61a to an electromagnetic wave in its nodal zone 70a. Further, the
first quantum dot 61a is isolated from an electron system outsides of the quantum dot by an electrostatic potential barrier
that is formed by the forward ends of a gated electrode 67a served as one vane of the dipole antenna 65a and of a gate
electrode 68a served as the other vane.
[0119] The second quantum dot 62a lying in the electron system is formed adjacent to the first quantum dot 61a. The
second quantum dot 62a is so formed as to have a bias voltage applied thereto through a metal lead wire 73a, 74a, 75a
from a gate electrode 78a, 79a, 80a, respectively, and is weakly tunnel coupled to the respective electron systems of
the electron system mesa structures 76a and 77a.
[0120] The second quantum dot 62, the electron system mesa structures 76a and 77a, and the ohmic electrodes 81a
and 82a constitute the SET 64a.
[0121] It should further be noted that the metal lead wires 73a, 74a and 75a are connected to the gate electrodes 78a,
79a and 80a, respectively. Also in the form of embodiment illustrated, the ohmic electrodes 66a, 81a and 82a are formed
each by Au/Ge alloying.
[0122] Further, the electron system (electronic) mesa structure 63a (including the electronic mesa structures 76a and
77a) and the metal lead wires 69a, 69a’, 73a, 74a and 75a each for applying a bias voltage to a gate as described are
each formed to be 5mm or less in width so that they may not absorb an electromagnetic wave, and also each to be
longitudinally perpendicular to the direction of the axis of the dipole antenna 65a.
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[0123] Now, an MW/FIR light detector of the B-type configuration shown in Fig. 7B has an electronic mesa structure
63b a constricted end of which is located in a nodal region 70b of a dipole antenna 65b, and in that region 70b is there
formed a first quantum dot 61b. Here, the dipole antenna 65b and the first quantum dot 61b are each constructed in the
same manner as in the A-type configuration.
[0124] Further, the second quantum dot 62b in the MR/FIR light detector of the B-type configuration is formed from a
metal films provided on an upper surface of the first quantum dot 61b. The second quantum dot 62b is electrostatically
coupled to the first quantum dot 61b, but its electrical conduction (by tunnel junction) is cut off. The second quantum dot
62b formed by the metal film is weakly tunnel coupled to each of metal lead wires 76b and 77b, which are connected to
a source and drain electrode 81b and 82b, respectively. A SET 64b is thus provided.
[0125] Next, mention is made in detail of a dipole antenna, and a first and a second quantum dot. Fig. 8A, 8A’ and 8B
are views, with an essential portion enlarged, illustrating a nodal region of a dipole antenna according to the present
invention wherein Fig. 8A shows a configuration in which a second quantum dot of the A-type configuration is isolated
by a gate electrode from a first quantum dot, Fig. 8A’ shows a configuration in which a first quantum dot of the A-type
configuration and an electronic mesa structure forming a second quantum dot are formed as isolated from each other,
and Fig. 8B is a view, with an essential portion enlarged, showing the B-type configuration.
[0126] Referring to Fig. 8A, the first quantum dot 61a is established at a gap formed between a projection 83a of the
gate electrode 67a and a projection 84a of the gate electrode 68a when a bias voltage is applied across these electrodes.
This gap, indicated by L1a, is of a size of about 0.5mm. The electronic mesa structure 63a in the nodal region 70a has
a width Ma ranging from 0.4mm to 0.5mm.
[0127] The second quantum dot 62a is established at a gap formed between a projection 84a of the gate electrode
68a and a projection of each of the metal lead wires 73a, 74a and 75a extending from the other gate electrodes,
respectively, when a bias voltage is applied across them. The gap, indicated by L2a, is of a size ranging between 0.3mm
and 0.5mm.
[0128] The gate electrodes 67a and 68a also serving to form the two vanes of the dipole antenna 65a, respectively,
together play a role as well to couple an electromagnetic wave electrically to the first quantum dot 61a.
[0129] The projection 83a is 0.3mm wide and 0.7mm long and is so formed as to extend through the nodal region 70a,
while the projection 84a is 0.1mm wide and 0.3mm long is so formed as not to extend through but to partly extend into
the nodal region. This is to maintain electrostatic coupling of enough size between the first and second quantum dots
61a and 62a. However, applying a negative bias voltage to the gate electrode 68a (projection 84a) cuts off or blocks
electrical conduction (by tunnel junction) between the first and second quantum dots 61a and 62a.
[0130] In the present form of embodiment illustrated, the metal lead wires 73a, 74a and 75a extending from the gate
electrodes have their respective forward ends each of which is 0.1mm wide, and are mutually spaced apart by a spacing
of a size of 0.1mm.
[0131] Biasing the gate electrode 67a with a negative voltage of -0.3 V to -2 V and the gate electrode 68a with a
negative voltage of -0.7 V forms the first quantum dot 61a.
[0132] The second quantum dot 62a is formed by biasing the gate electrode metal lead wire 73a, 75a with a negative
voltage of -0.7 V and the gate electrode metal lead wire 74a with a negative voltage of -0.3 V to -0.7 V.
[0133] It should be noted here that it is the bias voltage to the gate electrode 67a (projection 83a) that determines the
ionization energy of the first quantum dot 61a in absorbing an electromagnetic wave. For example, the voltage of -0.3
V represents the ionization energy of 0.2 meV that corresponds to a threshold detection wavelength of 5 mm. The value
of ionization energy then varying continuously with changing negative voltage reaches 30 meV at -2 V, at which a
threshold detection wavelength of about 30mm is reached.
[0134] In order to enable the second quantum dot 62a to operate as the SET 64, fine adjustment is made of the bias
voltages to the metal lead wires 73a and 75a to cause the second quantum dot 62a to be weakly tunnel coupled to the
electron system of the electronic mesa structures 76a and 77a. The bias voltage to the gate electrode68a (projection
84a) is selected at a value in the neighborhood of the threshold voltage at which tunnel coupling between the first and
second quantum dots 61a and 62a disappears.
[0135] Next, the arrangement shown in Fig. 8A’ differs from that in Fig. 8A in that a second quantum dot 62a’ is formed
as isolated from a first quantum dot 61a’ by mesa etching and a gate electrode 68a’ is used having no projection. The
sizes Ma’, L1a’ and L2a’ for the corresponding sites and the bias voltages used are the same as in the arrangement of
Fig. 8A. The components corresponding to those in Fig. 8A are indicated by adding the mark "’" to the reference characters
for those components. In this form of embodiment, the first and second quantum dots 61a’ and 62a’ are spaced apart
across a gap of a size of about 0.1mm.
[0136] Next, an MW/FIR light detector shown in Fig. 8B has an electronic mesa structure 63b a constricted end of
which is located in the nodal region 70b, and in this region is there formed the first quantum dot 61b. The first quantum
dot 61b, the electronic mesa structure 63b outside of it and the gate electrodes 67b and 68b are identical in shape and
size to those shown in Fig. 8A’.
[0137] The SET offered by the second quantum dot 62b is prepared on the first quantum dot 61b by using the Dolan



EP 1 134 814 B1

13

5

10

15

20

25

30

35

40

45

50

55

bridge method. For literature describing the Dolan bridge method, reference is made to T. A. Fulton and G. J. Dolan,
Phys. Rev. Lett. 59, p. 109, 1987. To state specifically, using aluminum vapor deposition a second quantum dot 62b of
0.06mm thick, 0.1mm wide and 0.3mm long is first prepared, a surface of which is oxidized in an oxygen gas atmosphere
under a pressure of 10 mTorr and coated with a film of aluminum oxide. In this surface oxidation process, the time period
for oxidation is adjusted so that the electrical resistance at the room temperature between the metal lead wires 76b and
77b to be described below falls in the range between 100 and 400 k Ω.
[0138] Subsequently, using skew or oblique vapor deposition, the metal lead wires 76b and 77b are prepared from
aluminum vapor as applied onto a first quantum dot 61b. Each of these metal lead wires 76b and 77b is 0.06mm thick
and has a width of 0.1mm at its forward end. In the present form of embodiment, however, the spacing 85b between the
forward ends of the metal lead wires is set at 0.1mm. Then, the forward ends of the metal lead wires 76b and 77b are
formed to.overlap with the second quantum dot 62b by a distance of 0.5mm. Then, the metal lead wires 76b and 77b
have been connected to a source and a drain electrode 81b and 82b, respectively. Thus, a SET is made up in which
aluminum oxide interposed between each of the metal lead wires 76a and 77b and the second quantum dot 62b provides
a tunnel junction.
[0139] An explanation is now given in respect of an operation of an MW/FIR light detector according to the said
embodiment of the present invention. Mention is made of an operation of the MW/FIR light detector shown in Fig. 8A.
Referring to Figs. 7A and 8A, first of all, bias voltages are applied to the gate electrode 67a namely the projection 83a
and to the gate electrode 68a, namely the projection 84a to form the first quantum dot 61a.
[0140] Next, in that state, biasing the gate electrodes 78a, 79a and 80a, thus applying a bias voltage to each of the
metal lead wires 73a, 74a and 75a forms the second quantum dot 62a and renders the same operable as the SET. That
is, a source-drain voltage VSD of 100mV or less is applied across the electronic mesa structures 76a and 77a, and
measurement is made of current drawn between them. Fine measurement is made of the bias voltage applied to the
control gate electrode 79a, namely to the metal lead wire 74a so that when electromagnetic wave is incident to the dipole
antenna 65a, the SET has a maximum conductivity. Further, the electronic mesa structures 63a and 76a are made equal
to each other in electric potential.
[0141] Absorbing by the first quantum dot 61a an electromagnetic wave caught by the dipole antenna 65a ionizes the
first quantum dot 61a to +e, which changes the electrostatic potential of the second quantum dot 62a and decreases
the conductivity of the SET to a large extent. Detecting such change in conductivity by a current amplifier allows a single
electromagnetic photon to be detected. To mention further, an electron that upon ionization gets out of the first quantum
dot 61a into an external electronic mesa structure 63a is absorbed there.
[0142] Next, mention is made of an operation of the MW/FIR light detector of the structure shown in Fig. 8A’. Referring
to Fig. 8A’, first of all, the first quantum dot 61a’ is set up by applying a bias voltage to the gate electrode 67a’, namely
to the projection 83a’. And, the gate electrode 68a’ is made equal in electric potential to the electronic mesa structure 63a’.
[0143] Then in that state, the second quantum dot 62a’ is set up to operate as the SET by biasing the gate electrodes
78a’, 79a’ and 80a’, namely by applying bias voltage to the metal lead wires 73a’, 74a’ and 75a’. The operation otherwise
follows the description made of that of the structure shown in Fig. 8A.
[0144] Finally, mention is made of the MWS/FIR light detector of the arrangement shown in Fig. 8B. The first quantum
dot 61b is formed in the same manner as the first quantum dot 61a’ shown in and described in connection with Fig. 8A’.
The second quantum dot 62b has already been formed and set up to operate as the SET on the first quantum dot 61b.
Referring to Figs. 7B and 8B, a source-drain voltage VSD of 100m V or less is applied across the source electrode 81b,
namely the metal lead wire 76b and the drain electrode 82b, namely the metal lead wire 77b, and measurement is made
of current drawn between them. In addition, the electronic mesa structure 63b and the gate electrode 68b are made
equal in electric potential to each other, and fine adjustment is made of that electric potential in the range of 6 1 mV
with respect to that of the aluminum metal lead wire 76b so that the SET has a . maximum conductivity when no
electromagnetic wave is incident.
[0145] Ionization to +e of the first quantum dot 61b upon absorbing an electromagnetic wave changes the electrostatic
potential of the second quantum dot 62b, which decreases the conductivity of the SET to a large extent as mentioned
previously. Detecting such change in conductivity by a current amplifier allows a single electromagnetic photon absorption
to be detected. To mention further, an electron that upon ionization gets out of the first quantum dot 61b into an external
electronic mesa structure 63b is absorbed there.
[0146] In each of the three types of construction described, causing a positive hole and an electron that are excited
upon absorbing an electromagnetic energy to be created separately in the inside and outside of the first quantum dot
enables an extremely prolonged state of excitation, hence life of ionization to be established without the need to apply
a magnetic field. The life of the ionized state of the first quantum dot 61a, 61a’, 61b is 10 msec or longer, which enables
an electromagnetic photon to be detected with extreme ease. Therefore, an MW/FIR light detector according to the
aforementioned embodiment provides a further rise in sensitivity and brings to realization a detector that is operable at
a high temperature without the need to apply a magnetic filed.
[0147] Further, while in case excitation across discrete energy levels is utilized, wavelength selectivity develops in
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detecting an electromagnetic wave, on the other hand, the aforementioned embodiment that utilizes excitation from a
discrete to a continuous energy level permits detection with a detectable sensitivity in a continuous wavelength range
that has an amount of energy in excess of ionization energy.
[0148] Also, as regards the range of operating temperatures, the charging energy of the second quantum dot 62a,
62a’, 62b that forms the SET determines its upper limit, say up to about 1 K in the arrangement shown in Fig. 8B, up to
about 1.3 K in that shown in Fig. 8A’ and up to about 2 K in that shown in Fig. 8A. It follows therefore that the operating
temperature can be raised up to a maximum of 2 K by making the second quantum dot so small.
[0149] Further, the fact that the ionization energy can be directly controlled through adjustment of the height of the
potential barrier and in turn by the gate voltage to the first quantum dot enables the threshold wavelength for detection
determined by the ionization energy to be controlled. It follows therefore that in all of the type of construction mentioned
it is possible to set and determine the longest wavelength limit of detectable electromagnetic waves by the magnitudes
of the bias voltage to the gate electrode 67a, 67a’, 67b that forms the first quantum dot.
[0150] Referring next to Figs. 9, 10, 11 and 12, an explanation is given in respect of results of the measurement in
which single photons are actually detected using an MW/FIR light detector under the use conditions for the aforementioned
second case.
[0151] Figs. 9 to 12 show examples of measurement by an MW/FIR single photon detector fabricated into the geometry
shown in and described in connection with Fig. 3B, using a GaAs/Al0.3Ga0.7As hetero structure having an electron
concentration of 2.3x1015/m2 and a two-dimensional electron mobility of 80m2/Vs.
[0152] Figs. 9 and 10 show examples of measurement in which under the conditions of a measurement temperature
of 0.07 K, VSD = 25 mV, VCG = 0 V and B = 3.67 T, the conductivity of a SET was measured when an extremely weak
FIR light emission from a quantum Hall-effect device, of a FIR light having a wavelength of 0.19 mm was incident to the
detector where the light emitting element had current Iemit = 4mA and the light emission had power at the BOTAI antenna
of about 10-18 W. The time constant of measurement was 3 milliseconds.
[0153] Figs. 9A, 9B and 9C show dependency of the conductivity of a SET from the control gate electrode voltage
VCG. It is shown that a sharp peak of Coulomb oscillations that appears in a region of VCG = - 0.6881 V when the SET
has no FIR light irradiation (Fig. 9A) is disturbed when the SET is irradiated with such extremely weak light (Fig. 9B),
and with an increase in intensity of the light, the peak shifts to in a region of VCG = -0.886 V that corresponds to an
excited state.
[0154] Figs. 10D to 10F show change of the conductivity with time when the control gate voltage VCG is set at the
peak position where there is no irradiation that is VCG = -0.6881 V. It is shown that each time a single photon is absorbed,
the SET is switched on and off, and increasing the intensity of the FIR light causes the switching frequency (frequency
of photons incoming) to increase.
[0155] Fig. 11 shows strong dependency of the life of an excited state from a magnetic field applied. It is shown that
when the magnetic field B = 3.8 T, the life takes a maximum value in a region of v = 2, the value reaching the order of
1000 seconds. The fine structure of magnetic field dependency is found to be due to the fact the number of electrons
present in an upper Landau level changes one by one as the magnetic field is varied.
[0156] Fig. 12 indicates that if the temperature is raised to 0.37 K under the same conditions as in Figs. 9 and 10, a
single photon can be detected as well.
[0157] The MR/FIR light detector is designed to measure the resonance excitation across electron levels in the sem-
iconductor quantum dot through the amplifying effect of the single electron transistor. Therefore, an extremely weak
photon packet can be detected at a rate of one for 100 seconds. Considering a measurement time period of 100 seconds,
this degree of sensitivity corresponds to NEP = 10-23W/Hz1l2, that is as much as ten million times better than the maximum
degree of sensitivity attainable by the conventional detectors. It is also possible to make high-speed measurement in a
time constant as short as 3 nanoseconds, without loosing the sensitivity.

Industrial Applicability

[0158] As has been set forth in detail in the foregoing description, an MR/FIR light detector according to the present
invention offers the excellent effects and advantages that it provides a degree of sensitivity extraordinarily higher than
those attainable with the conventional MR/FIR light detectors and is operable at a high speed, and therefore is highly
useful.

Claims

1. An MW(millimeter wave)/FIR (Far Infra red) light detector comprising: an electromagnetic-wave coupling means for
concentrating an electromagnetic wave in a small spatial region of a sub-micron size; a first quantum dot for absorbing
the electromagnetic wave concentrated by said electromagnetic-wave coupling means to bring about an ionization
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thereof; and a single-electron transistor including a second quantum dot electrostatically coupled to said first quantum
dot, wherein the first and the second quantum dot are arranged such that if said electromagnetic wave of MW/FIR
light having an amount of electromagnetic photon energy greater than the ionization energy of said first quantum
dot is absorbed, a positive hole and an electron are created separately in the inside and outside of the first quantum
dot by excitation of an electron in a quantized bound state of said first quantum dot to a free electron state of an
electron system outside of said first quantum dot bringing about the ionization of said first quantum dot, and the
electric conductivity of said single-electron transistor is varied with a change in electrostatic potential of said second
quantum dot consequent upon the ionization of said first quantum dot, whereby said electromagnetic wave is de-
tectable.

2. An MW/FIR light detector as set forth in claim 1, characterized in that the ionization energy of said first quantum
dot is controllable variably through a height of a potential barrier that forms the first quantum dot by the magnitude
of a bias voltage applied to a gate of said first quantum dot.

3. An MW/FIR light detector as set forth in claim 2, characterized in that the potential barrier that forms the first
quantum dot is arranged such that the ionized state of said first quantum dot has a life in a range between 10
microseconds and 1000 seconds.

4. An MW/FIR light detector as set forth in any one of claim 1 to claim 3, characterized in that said first and second
quantum dots lie in an identical semiconductor structure and are isolated from each other electrostatically by bias
voltages applied to respective gate thereof, respectively.

5. An MW/FIR light detector as set forth in any one of claim 1 to claim 3, characterized in that said first and second
quantum dots are formed adjacent to each other across a gap in a semiconductor.

6. An MW/FIR light detector as set forth in any one of claim 1 to claim 3, characterized in that said second quantum
dot comprises a metal dot formed on said first quantum dot and forms said single-electron transistor by having a
tunnel junction with a metal lead wire formed on said metal dot.

7. An MW/FIR light detector as set forth in claim 6, characterized in that said second quantum dot is an aluminum
metal dot and has a portion of a said tunnel junction formed from aluminum oxide.

8. An MW/FIR light detector as set forth in claim 1, characterized in that said electromagnetic-wave coupling means
comprises a standard dipole antenna for electrically coupling said first quantum dot and said electromagnetic-wave
together.

9. An MW/FIR light detector as set forth in claim 1 or claim 8, characterized in that said electromagnetic-wave coupling
means serves as a bias voltage applying gate that forms said first and second quantum dots.

10. An MW/FIR light detector as set forth in any one of claim 1, claim 8 and claim 9, characterized in that said
electromagnetic-wave coupling means has a lead portion oriented longitudinally in a direction that is perpendicular
to a direction of the axis of polarization of said electromagnetic-wave coupling means.

11. An MW/FIR light detector as set forth in any one of claim 1, and claim 8 to claim 10, characterized in that the node
of said electromagnetic-wave coupling means is substantially equal in size to a maximum size of a said quantum dot.

12. An MW/FIR light detector as set forth in any one of claim 1, and claim 8 to claim 11, characterized in that said
electromagnetic-wave coupling means has an electrode diameter that is about one half less in length than the
wavelength of said electromagnetic wave.

13. An MW/FIR light detector as set forth in any one of claim 1, claim 4 and claim 5, characterized in that said single-
electron transistor has a single hetero structure forming a two-dimensional electron system and said second quantum
dot is formed by electrically confining a two-dimensional electron gas by a gate electrode of said single-electron
transistor.

14. An MW/FIR light detector as set forth in any one of claim 1, claim 4 and claim 5, characterized in that said single-
electron transistor comprises a single hetero structure forming a two-dimensional electron system, a gate electrode
for controlling electrostatic potential of said second quantum dot tunnel coupled to said two-dimensional electron
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system, and a source and a drain electrode that form a source and a drain region, respectively, which are tunnel
coupled to said second quantum dot.

15. An MW/FIR light detector as set forth in any one of claim 1, claim 4 and claim 5, characterized in that said single-
electron transistor includes a gate electrode for controlling source-drain electric current and a gate electrode for
forming said second quantum dot.

16. An MW/FIR light detector as set forth in any one of claim 1, and claim 4 to claim 10, characterized in that the
source electrode and the drain electrode of said single-electron transistor are spaced apart from each other by a
distance that is not less than the length of said electromagnetic-wave coupling means in a direction of its axis of
polarization.

17. An MW/FIR light detector as set forth in any one of claim 1, claim 4, claim 5 and claim 8 to claim 16, characterized
in that said single-electron transistor comprises a compound semiconductor.

18. An MW/FIR light detector as set forth in any one of claim 1, claim 4, claim 5 and claim 8 to claim 17, characterized
in that said single-electron transistor is a III-V group compound semiconductor.

19. An MW/FIR light detector as set forth in any one of claim 1, claim 4, claim 5 and claim 8 to claim 18, characterized
in that said single-electron transistor has a III-V group compound semiconductor superlattice selection doped, single
hetero structure.

20. An MW/FIR light detector as set forth in any one of claim 1, claim 4, claim 5 and claim 8 to claim 19 characterized
in that said single-electron transistor has a aluminum-gallium/gallium-arsenide selection doped, single hetero struc-
ture.

21. An MW/FIR light detector as set forth in any one of claim 1 to claim 5, and claim 8 to claim 16 characterized in that
said single-electron transistor is a IV group semiconductor.

22. An MW/FIR light detector as set forth in any one of claim 1, and claim 4 to claim 21 characterized in that said
single-electron transistor is formed symmetrically about said second quantum dot.

23. An MW/FIR light detector as set forth in any one of claim 1 to claim 22 characterized in that the detector further
includes a light introducing means for guiding said electromagnetic wave into said electromagnetic-wave coupling
means.

Patentansprüche

1. MW(Millimeterwellen)/FIR(Fern-Infrarot)-Lichtdetektor, umfassend: ein Kopplungsmittel für elektromagnetische
Wellen zum Bündeln einer elektromagnetischen Welle in einem kleinen räumlichen Bereich von Submicron-Größe;
einen ersten Quantenpunkt zum Absorbieren der durch das Kopplungsmittel für elektromagnetische Wellen gebün-
delten elektromagnetischen Welle, um dessen Ionisierung herbeizuführen; und einen Einzelelektronentransistor,
der einen zweiten Quantenpunkt enthält, der an den ersten Quantenpunkt elektrostatisch gekoppelt ist, wobei der
erste und der zweite Quantenpunkt dafür ausgelegt sind, dass dann, wenn die elektromagnetische Welle aus
MW/FIR-Licht, die einen Betrag elektromagnetischer Photonenenergie besitzt, der größer als die lonisierungsenergie
des ersten Quantenpunkts ist, absorbiert wird, ein positives Loch und ein Elektron getrennt innerhalb und außerhalb
des ersten Quantenpunkts durch Anregung eines Elektrons in einem quantisierten gebundenen Zustand des ersten
Quantenpunkts auf einen freien Elektronenzustand eines Elektronensystems außerhalb des ersten Quantenpunkts
erzeugt werden, wobei die Ionisierung des ersten Quantenpunkts herbeigeführt wird, und wobei sich bei der Ioni-
sierung des ersten Quantenpunkts die elektrische Leitfähigkeit des Einzelelektronentransistors verändert mit einer
Änderung des elektrostatischen Potenzials des zweiten Quantenpunkts, wodurch die elektromagnetische Welle
nachweisbar ist.

2. MW/FIR-Lichtdetektor nach Anspruch 1, dadurch gekennzeichnet, dass die lonisierungsenergie des ersten Quan-
tenpunkts über eine Höhe einer Potentialschwelle, die den ersten Quantenpunkt bildet, variabel steuerbar ist durch
die Größe einer Vorspannung, die an ein Gate des ersten Quantenpunkts angelegt wird.
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3. MW/FIR-Lichtdetektor nach Anspruch 2, dadurch gekennzeichnet, dass die Potentialschwelle, die den ersten
Quantenpunkt bildet, dafür ausgelegt ist, dass der ionisierte Zustand des ersten Quantenpunkts eine Lebensdauer
im Bereich von 10 Mikrosekunden bis 1000 Sekunden besitzt.

4. MW/FIR-Lichtdetektor nach einem der Ansprüche 1 bis 3, dadurch gekennzeichnet, dass der erste und der zweite
Quantenpunkt in einer identischen Halbleiterstruktur liegen und durch an ihre jeweiligen Gates angelegte Vorspan-
nungen elektrostatisch voneinander isoliert sind.

5. MW/FIR-Lichtdetektor nach einem der Ansprüche 1 bis 3, dadurch gekennzeichnet, dass der erste und der zweite
Quantenpunkt benachbart über einen Abstand in einem Halbleiter gebildet sind.

6. MW/FIR-Lichtdetektor nach einem der Ansprüche 1 bis 3, dadurch gekennzeichnet, dass der zweite Quantenpunkt
einen auf dem ersten Quantenpunkt gebildeten Metallpunkt umfasst und den Einzelelektronentransistor bildet, indem
er einen Tunnelübergang mit einem Metallleitungsdraht, der auf dem Metallpunkt gebildet ist, besitzt.

7. MW/FIR-Lichtdetektor nach Anspruch 6, dadurch gekennzeichnet, dass der zweite Quantenpunkt ein Alumini-
ummetallpunkt ist und einen Teil des Tunnelübergangs, der aus Aluminiumoxid gebildet ist, besitzt.

8. MW/FIR-Lichtdetektor nach Anspruch 1, dadurch gekennzeichnet, dass das Kopplungsmittel für elektromagne-
tische Wellen eine Standard-Dipolantenne zum elektrischen Koppeln des ersten Quantenpunkts und der elektro-
magnetischen Welle umfasst.

9. MW/FIR-Lichtdetektor nach Anspruch 1 oder 8, dadurch gekennzeichnet, dass das Kopplungsmittel für elektro-
magnetische Wellen als ein Gate zum Anlegen einer Vorspannung dient, das den ersten und den zweiten Quan-
tenpunkt bildet.

10. MW/FIR-Lichtdetektor nach einem der Ansprüche 1, 8 und 9, dadurch gekennzeichnet, dass das Kopplungsmittel
für elektromagnetische Wellen einen Zuleitungsabschnitt besitzt, der in Längsrichtung auf eine zu einer Richtung
der Polarisationsachse des Kopplungsmittels für elektromagnetische Wellen senkrechte Richtung ausgerichtet ist.

11. MW/FIR-Lichtdetektor nach einem der Ansprüche 1 und 8 bis 10, dadurch gekennzeichnet, dass der Knoten des
Kopplungsmittels für elektromagnetische Wellen im Wesentlichen gleich groß wie eine maximale Größe eines der
Quantenpunkte ist.

12. MW/FIR-Lichtdetektor nach einem der Ansprüche 1 und 8 bis 11, dadurch gekennzeichnet, dass das Kopplungs-
mittel für elektromagnetische Wellen einen Elektrodendurchmesser besitzt, der etwa um die Hälfte kürzer als die
Wellenlänge der elektromagnetischen Welle ist.

13. MW/FIR-Lichtdetektor nach einem der Ansprüche 1, 4 und 5, dadurch gekennzeichnet, dass der Einzelelektro-
nentransistor eine einzelne Heterostruktur besitzt, die ein zweidimensionales Elektronensystem bildet, und dass
der zweite Quantenpunkt durch elektrisches Einsperren eines zweidimensionalen Elektronengases durch eine Gate-
Elektrode des Einzelelektronentransistors gebildet ist.

14. MW/FIR-Lichtdetektor nach einem der Ansprüche 1, 4 und 5, dadurch gekennzeichnet, dass der Einzelelektro-
nentransistor eine einzelne Heterostruktur, die ein zweidimensionales Elektronensystem bildet, eine Gate-Elektrode
zum Steuern des elektrostatischen Potentials des zweiten Quantenpunkts, der mit dem zweidimensionalen Elek-
tronensystemtunnel gekoppelt ist, und eine Source- und eine Drain-Elektrode, die einen Source- oder entsprechend
einen Drain-Bereich bilden, die mit dem zweiten Quantenpunkt tunnelgekoppelt sind, umfasst.

15. MW/FIR-Lichtdetektor nach einem der Ansprüche 1, 4 und 5, dadurch gekennzeichnet, dass der Einzelelektro-
nentransistor eine Gate-Elektrode zum Steuern des elektrischen Source-Drain-Stroms und eine Gate-Elektrode
zum Bilden des zweiten Quantenpunkts enthält.

16. MW/FIR-Lichtdetektor nach einem der Ansprüche 1 und 4 bis 10, dadurch gekennzeichnet, dass die Source-
Elektrode und die Drain-Elektrode des Einzelelektronentransistors zueinander in einem Abstand angeordnet sind,
der nicht weniger als die Länge des Kopplungsmittels für elektromagnetische Wellen in einer Richtung seiner Po-
larisationsachse ist.
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17. MW/FIR-Lichtdetektor nach einem der Ansprüche 1, 4, 5 und 8 bis 16, dadurch gekennzeichnet, dass der Ein-
zelelektronentransistor einen Verbundhalbleiter umfasst.

18. MW/FIR-Lichtdetektor nach einem der Ansprüche 1, 4, 5 und 8 bis 17, dadurch gekennzeichnet, dass der Ein-
zelelektronentransistor ein III-V-Gruppen-Verbindungshalbleiter ist.

19. MW/FIR-Lichtdetektor nach einem der Ansprüche 1, 4, 5 und 8 bis 18, dadurch gekennzeichnet, dass der Ein-
zelelektronentransistor eine teildotierte einzelne Heterostruktur mit einem III-V-Gruppen-Verbindungshalbleiterü-
bergitter aufweist.

20. MW/FIR-Lichtdetektor nach einem der Ansprüche 1, 4, 5 und 8 bis 19, dadurch gekennzeichnet, dass der Ein-
zelelektronentransistor eine einzelne teildotierte Aluminium-Gallium/Galliumarsenid-Hetero-Struktur besitzt.

21. MW/FIR-Lichtdetektor nach einem der Ansprüche 1 bis 5 und 8 bis 16, dadurch gekennzeichnet, dass der Ein-
zelelektronentransistor ein Halbleiter aus der IV-Gruppe ist.

22. MW/FIR-Lichtdetektor nach einem der Ansprüche 1 und 4 bis 21, dadurch gekennzeichnet, dass der Einzelelek-
tronentransistor symmetrisch um den zweiten Quantenpunkt gebildet ist.

23. MW/FIR-Lichtdetektor nach einem der Ansprüche 1 bis 22, dadurch gekennzeichnet, dass der Detektor ferner
ein Lichteinleitungsmittel zum Leiten der elektromagnetischen Welle in das Kopplungsmittel für elektro magnetische
Wellen enthält.

Revendications

1. Détecteur d’onde millimétrique et d’infrarouge lointain comprenant: un moyen de couplage d’onde électromagnétique
pour concentrer une onde électromagnétique dans une petite région spatiale d’une taille sous-micrométrique; une
première boîte quantique pour absorber l’onde électromagnétique concentrée par ledit moyen de couplage d’onde
électromagnétique pour provoquer une ionisation de celle-ci; et un transistor à un seul électron incluant une seconde
boîte quantique couplée de manière électrostatique à ladite première boîte quantique, dans lequel la première et
la seconde boîte quantique sont agencées de sorte que, si ladite onde électromagnétique d’onde millimétrique/d’in-
frarouge lointain ayant une quantité d’énergie de photon électromagnétique supérieure à l’énergie d’ionisation de
ladite première boîte quantique est absorbée, un trou positif et un électron sont créés séparément à l’intérieur et à
l’extérieur de la première boîte quantique par excitation d’un électron dans un état lié quantifié de ladite première
boîte quantique à un état d’électron libre d’un système d’électrons en dehors de ladite première boîte quantique
provoquant l’ionisation de ladite première boîte quantique, et la conductivité électrique dudit transistor à un seul
électron est variée avec un changement de potentiel électrostatique de ladite seconde boîte quantique résultant de
l’ionisation de ladite première boîte quantique, moyennant quoi ladite onde électromagnétique est détectable.

2. Détecteur d’onde millimétrique/d’infrarouge lointain selon la revendication 1, caractérisé en ce que l’énergie d’io-
nisation de ladite première boîte quantique est commandable de manière variable par le biais d’une hauteur d’une
barrière de potentiel qui forme la première boîte quantique par l’amplitude d’une tension de polarisation appliquée
à une grille de ladite première boîte quantique.

3. Détecteur d’onde millimétrique/d’infrarouge lointain selon la revendication 2, caractérisé en ce que la barrière de
potentiel qui forme la première boîte quantique est agencée de sorte que l’état ionisé de ladite première boîte
quantique a une vie dans une plage entre 10 microsecondes et 1000 secondes.

4. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1 à la revendication
3, caractérisé en ce que lesdites première et seconde boîtes quantiques sont situées dans une structure semi-
conductrice identique et sont isolées respectivement l’une de l’autre de manière électrostatique par des tensions
de polarisation appliquées à leur grille respective.

5. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1 à la revendication
3, caractérisé en ce que les dites première et seconde boîtes quantiques sont formées adjacentes l’une à l’autre
par le biais d’une bande interdite dans un semiconducteur.



EP 1 134 814 B1

19

5

10

15

20

25

30

35

40

45

50

55

6. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1 à la revendication
3, caractérisé en ce que ladite seconde boîte quantique comprend une boîte métallique formée sur ladite première
boîte quantique et forme ledit transistor à un seul électron en ayant une jonction tunnel avec un fil conducteur
métallique formé sur ladite boîte métallique.

7. Détecteur d’onde millimétrique/d’infrarouge lointain selon la revendication 6, caractérisé en ce que ladite seconde
boîte quantique est une boîte métallique en aluminium et a une portion d’une dite jonction tunnel formée à partir
d’un oxyde d’aluminium.

8. Détecteur d’onde millimétrique/d’infrarouge lointain selon la revendication 1, caractérisé en ce que ledit moyen de
couplage d’onde électromagnétique comprend une antenne dipôle standard pour coupler ensemble de manière
électrique ladite première boîte quantique et ladite onde électromagnétique.

9. Détecteur d’onde millimétrique/d’infrarouge lointain selon la revendication 1 ou la revendication 8, caractérisé en
ce que ledit moyen de couplage d’onde électromagnétique sert de grille appliquant une tension de polarisation qui
forme lesdites première et seconde boîtes quantiques.

10. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1, la revendication
8 et la revendication 9, caractérisé en ce que ledit moyen de couplage d’onde électromagnétique a une portion
conductrice orientée longitudinalement dans une direction qui est perpendiculaire à une direction de l’axe de pola-
risation dudit moyen de couplage d’onde électromagnétique.

11. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1 et la revendication
8 à la revendication 10, caractérisé en ce que le noeud dudit moyen de couplage d’onde électromagnétique a une
taille sensiblement égale à une taille maximale d’une dite boîte quantique.

12. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1 et la revendication
8 à la revendication 11, caractérisé en ce que ledit moyen de couplage d’onde électromagnétique a un diamètre
d’électrode qui a une longueur inférieure environ à la moitié de la longueur d’onde de ladite onde électromagnétique.

13. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1, la revendication
4 et la revendication 5, caractérisé en ce que ledit transistor à un seul électron a une seule structure hétérogène
formant un système bidimensionnel d’électrons et ladite seconde boîte quantique est formée par un confinement
électrique d’un gaz bidimensionnel d’électrons par une électrode de grille dudit transistor à un seul électron.

14. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1, la revendication
4 et la revendication 5, caractérisé en ce que ledit transistor à un seul électron comprend une seule structure
hétérogène formant un système bidimensionnel d’électrons, une électrode de grille pour commander un potentiel
électrostatique du tunnel de ladite seconde boîte quantique couplé audit système bidimensionnel d’électrons, et
une électrode de source et une électrode de drain qui forment respectivement une région de source et une région
de drain qui sont couplées par un tunnel à ladite seconde boîte quantique.

15. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1, la revendication4
et la revendication 5, caractérisé en ce que ledit transistor à un seul électron inclut une électrode de grille pour
commander un courant électrique source-drain et une électrode de grille pour former ladite seconde boîte quantique.

16. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1 et la revendication
4 à la revendication 10, caractérisé en ce que l’électrode de source et l’électrode de drain dudit transistor à un
seul électron sont écartées l’une de l’autre d’une distance qui n’est pas inférieure à la longueur dudit moyen de
couplage d’onde électromagnétique dans une direction de son axe de polarisation.

17. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1, la revendication
4, la revendication 5 et la revendication 8 à la revendication 16, caractérisé en ce que ledit transistor à un seul
électron comprend un semi-conducteur composite.

18. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1, la revendication
4, la revendication 5 et la revendication 8 à la revendication 17, caractérisé en ce que ledit transistor à un seul
électron est un semi-conducteur composite des groupes III à V.



EP 1 134 814 B1

20

5

10

15

20

25

30

35

40

45

50

55

19. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1, la revendication
4, la revendication 5 et la revendication 8 à la revendication 18, caractérisé en ce que ledit transistor à un seul
électron a une seule structure hétérogène dopée par sélection de super-réseau de semi-conducteurs composites
des groupes III à V.

20. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1, la revendication
4, la revendication 5 et la revendication 8 à la revendication 19 caractérisé en ce que ledit transistor à un seul
électron a une seule structure hétérogène dopée par sélection d’aluminium-gallium/gallium-arséniure.

21. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1 à la revendication
5 et la revendication 8 à la revendication 16, caractérisé en ce que ledit transistor à un seul électron est un semi-
conducteur du groupe IV.

22. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque de la revendication 1 et la revendication
4 à la revendication 21, caractérisé en ce que ledit transistor à un seul électron est formé symétriquement autour
de ladite seconde boîte quantique.

23. Détecteur d’onde millimétrique/d’infrarouge lointain selon l’une quelconque la revendication 1 à la revendication 22,
caractérisé en ce que le détecteur inclut en outre un moyen d’introduction de lumière pour guider ladite onde
électromagnétique dans ledit moyen de couplage d’onde électromagnétique.
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