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Single-photon detection in a range of submillimeter waves (λ =
0.17-0.20 mm) is demonstrated by using lateral semiconductor quantum
dots fabricated on a high-mobility GaAs/AlGaAs single heterostructure crys-
tal. When a submillimeter photon is absorbed by the quantum dot while it
is operated as a single-electron transistor, it switches on (or off) the con-
ductance through the quantum dot. An incident flux of 0.1 photons/s on an
effective detector area, (0.1 mm) 2 , is detected with a 1 ms time resolution.
The effective noise equivalent power is roughly estimated to reach on the
order of 10 -22 W/Hz 1 / 2 , a value superior to the ever reported best values of
conventional detectors by a factor more than 10 4 .

PACS numbers: 72.20.Ht, 73.40.Hm, 76.40.-+kb

1. Introduction

Direct detection of extremely weak submillimeter waves has been a nontrivial
challenge for experimentalists due to limited sensitivities of available detectors. In
terms of the noise equivalent power (NEP), best reported values of conventional
detectors have been on the order of 10 -18 W/Hz 1 / 2 [1-3], which implies that one
needs an incident flux of 10 4 photons/s for the detection with a signal-to-noise ratio
of unity in 1 s integration time. The effective sensitivity further degrades seriously
at high modulation speeds, say, at 1 kHz. Increasing demand for more sensitive and
faster submillimeter-wave detectors in the broad range of science and technology
has given impetus to improvement of conventional detectors [1-3] as well as to
innovation of device concept [4]. Nevertheless, sensitivity on a level of single photon
detection has not been achieved. Here, we demonstrate single-photon detection in
the submillimeter-wave range [5-7]. In our detection scheme, an incident flux of
10 -1 photons/s on an effective detector area, (0.1 mm) 2 , is detected with a 1 ms
time resolution.
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2. Background

A single-electron transistor (SET) is a device consisting of a small conducting
island that is weakly coupled to outside reservoirs through tunneling [8]. The
conduction through the island is usually blocked because adding one electron to the
island costs additional electrostatic energy (the charging energy). Finite conduction
is possible only if the electrochemical potential of the island lines up with that of
the reservoirs. This is called the conductance resonance, which yields a series of
conductance peaks as the electrochemical potential of the island is scanned by
controlling an appropriate external parameter, say, the gate voltage.

In our SET, a relatively large semiconductor quantum dot (QD) serves as
the conducting island. As shown in the scanning electron microscopy (SEM) pho-
tograph of Fig. la, the sample is fabricated on a high-mobility GaAs/AlGaAs sin-
gle heterostructure crystal (j = 80 m 2/(V s) and ns = 2.4 x 10 15 /m 2 ). A QD is
formed by negatively biasing all the metal gates and depleting the two-dimensional
electron ga8 (2DEG) from the regions underneath the gates. The QD is weakly
coupled to the larger 2DEG regions outside the QD through tunnel barriers formed
between the upper gate and the lower-left and the lower-right gates. The lower gate
at the middle is used to control the electrochemical potential of the QD.

Fig. 1. (a) SEM micrograph of the QD. (b) Schematic view of the QD. The dark regions
indicate metallic "inner-core" and "outer-ring" formed by the lowest two LLs.

To make the QD an effIcient absorber of submillimeter waves and to achieve
efficient photon-to-charge conversion, we apply strong magnetic fields B normal to
the plane of the QD. The resulting quantization of electron energy states into the
Landau levels with energy spacing ωc makes the electron system a strong absorber
of submillimeter waves with photon energy nearly equal to ω c . We specifically
chose the strength of the magnetic field so that the lowest orbital Landau level,
LL1 (with two opposite spin polarizations), is filled while the first excited Łandau
level, LL2, is lightly occupied with a small number of electrons as schematically
shown . in Fig. 1b and Fig. 2a. In this condition, the LL1 and the ŁL2 form two
compressible metallic regions, which correspond, respectively, to an "outer ring"
and an "inner core" of the QD [8, 9]. The two metallic regions are separated by
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Fig. 2. Energy spectra of the lowest two orbital LLs in the QD. (a) Inter LL excita-
tion due to absorption of a submillimeter photon. (b) The relaxed excited state with
polarization.

an incompressible insulating strip. Accordingly, the tunnel probability of electrons
between these two regions are strongly suppressed. It follows that the two metallic
regions have different electrochemical potentials.

In our SET, the conductance resonance occurs when the electrochemical
potential of the outer metallic ring lines up with that of the reservoirs. The QD
functions as a strong absorber of submillimeter-waves if the photon energy is equal
to the plasma-shifted cyclotron resonance (CR) energy. Upon the absorption of
such a photon, as shown in Fig. 2a, the excited electron and the hole rapidly
give up their excess energies to the lattice system and relax, respectively, into the
inner core and the outer ring as shown in Fig. 2b. Thus the core and the ring are
charged, respectively, by —e and +e. This internal polarization leads to a reduction
of the electrochemical potential of the outer ring by Δμ = (C2/C12)ε with the
charging energy ε = e 2 /(C1 + C2 ) , where C12 is the capacitance formed between
the core and the ring, and C2 (C1) is the capacitance formed between the core
(ring) and the surroundings of the QD. The reduction —Dµ —(C2/C12)ε causes
the conductance peak to shift towards the negative direction of the control gate
voltage, Vg . The ratio of the 8hift to the fundamental spacing between adjacent
conductance resonance peaks (in the sweep of Vg) is C2/C12 N 0.17. Hence, the
charge polarization induced by the single-photon absorption suffices to switch on
(or off) the conductance resonance at a fixed Vg . The switched-on (-off) state
is maintained until the excited electron—hole pair recombines within the QD. In
effect, this is equivalent to the amplification of a single photon to many electrons,
the number of electrons being given by α = I DS τL/e with „DS - the current
transmitted through the SET (the QD), — the recombination lifetime of an
electron—hole pair and e — the unit charge. The lifetime n, is very long, ranging
from 10 -3 s to 103 s in the experiments, because the tunneling of an electron from
the inner core region to the ring region is strongly suppressed as mentioned in
the above. The "amplification coefficient α" in the experiments („DS ~ 100 pA)
reaches 10 6 to 10 12 , which is comparable to or higher than that of photomultiplier
tubes available in the visible range.

3. Experimental methods

The metal gates alóng with their leads serve as a dipole antenna that couples
submillimeter waves to the QD. The QD sample is installed in a 3He-4 He mixing
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Fig. 3. Schematic view of the QD sample, the emitter, and the optical system.

chamber of a dilution refrigerator. As schematically shown in Fig. 3, a GaAs Hall
bar is placed in the same mixing chamber to serve as a well-defined source of
submillimeter waves [10): when a current „emit is passed through the Hall bar,
it emits a narrow-band cyclotron radiation at the frequency ω e = eB/m*, where
m* = 0.068m0 with the free electron mass m 0 is the effective electron mass. The
emitted wave is guided through a 23 mm long silicon rod and illuminates the
antenna for the QD. Unwanted radiation in the visible or near-infrared spectral
range is completely eliminated by the silicon rod and black polyethylene filters.
The submillimeter-wave power incident on the effective antenna area, (0.1 mm) 2 ,
is smaller than 0.003 fW at „emit = 3.5 A: in terms of the photon flux, it is
less than 10 4 photons/s.

4. Experimental results

Single submillimeter-wave photons were detected in a B range of 3.4-4.15 T,
where the inner LL2 contains from twenty to one electrons. Figures 4a—c exemplify
the effect of illuminating the QD for one conductance peak at T = 0.07 K and
B = 3.67 T. The time constant of measurements is 1 ms and the gate voltage is
scanned over three minutes for each curve. The conductance resonance located at
Vg = —688.05 mV in the absence of illumination (Fig. 4a) is occasionally switched
off when very weak submillimeter waves are turned on („emit = 2 μA) as shown
in Fig. 4b. Complementarily, finite conductance occasionally shows up forming a
few spikes distributed over a more negative Vg range. When the submillimeter
wave is intensified („emit = 3.5 A), the original peak at Vg = —688.05 mV almost
vanishes leaving only a small number of narrow spikes, and is replaced by a dense
array of conductance spikes that form a distinct envelope of another resonance
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Fig. 4. Conductance through the QD as a function of Vg at B = 3.67 T and T = 70 mK.
The scales of the conductance and Vg are the same for (a)—(c). (a) A regular conductance
resonance in the absence of FIR illumination. (b) Under extremely weak illumination of
submillimeter waves (λ ≈ 0.2 mm). (c) Under weak illumination (but stronger than (b)).

line at Vg = —688.65 mV. The amplitude of the shift, ΔVg = —0.6 mV, is about
17% of the fundamental spacing of the conductance oscillations. The amplitude
(C2/C12 = 0.17) as well as the direction of the shift show that the switching of
the conductance occurs due to the CR of the QD as expected.

When the gate voltage is fixed at the original peak position, the effect is
seen as telegraph-like switches between two conductance states, as shown in Fig. 5
for „emit = 3.5 μA. Each switching-off event corresponds to individual process of
photon absorption by the QD, while each recovering process (switching-on event)
corresponds to individual recombination process of an excited electron—hole pair
within the QD. Although not shown here, the rate of switches increases with in-
creasing the radiation intensity if the intensity is extremely weak („emit < 2.5 A).
It levels off and starts decreasing at stronger illumination intensities („emit >
3.5 A), where the average time interval between successive arrivals of incident
photons (that are absorbed) becomes comparable to or shorter than the recombi-
nation lifetime of the electron—hole pair.
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Fig. 5. Telegraph-like switches of conductance induced by a weak submillimeter illumi-
nation. Vg is fixed at the original peak position (-688.05 mV). The other experimental
conditions are the same as those of Fig. 4.

Compelling evidence that the conductance switches do indeed arise from CR
of the QD (B = 3.60 T) is shown in Fig. 6, where results of additional experi-
ments are displayed [5]. Here submillimeter wave sources (a GaAs 2DEG Hall bar
as well as an n-InSb device [11]) are installed in another superconducting solenoid
placed outside the mixing chamber. This allows for independent tuning of the sub-
millimeter wavelength. Figure 6 definitely shows that the emitter magnetic field,
BeΨm , which yields the largest count of switching corresponds to the "magneto-
plasma resonance" frequency of the QD [12] that is slightly higher than the CR
frequency of the bulk 2DEG (by about 3%).

Fig. 6. Excitation spectra of the QD. The number of switching-off events of conduc-
tance over ten seconds, occurring when Vg is fixed at the original peak position, is shown
against the magnetic field B ern for the emitters.
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5. Detector performance

In the present work, single submillimeter wave photons were detected in
the wavelength range of 0.17-0.2 mm, which is restricted by the magnetic-field
range (3.4-4.15 T) where the recombination lifetime of excited electron—hole pairs
exceeds the time constant of measurements (1 ms). Faster measurements will def-
initely expand the spectral range. The expansion of the spectrum may be done
also by incorporating a back-gate structure into the QD, which facilitates control
of the optimal range of magnetic field.

We have confirmed that the conductance switches due to single photon ab-
sorption is sustained up to T = 0.4 K, the upper bound being limited by the charg-
ing energy of the QD. Fabricating QDs on a narrow 2DEG mesa structure with
minimum use of nearby metal gates may expand the upper bound to T ≈0.8 K,
making possible the use of more convenient 3 He refrigerators.

Very few conductance switches were seen if the device was not illuminated.
The "dark signal" in terms of the switch rate was smaller than 0.001/s at
T = 0.07 K in an optimal B range.

The quantum yield of the present QD detector, or the ratio of the photon
count to the incident photon flux falling on the effective antenna area, is roughly
estimated to be one per cent. The quantum yield, which crucially depends on the
architecture of optics, may be improved significantly in the future.

The effective NEP in the present non-optimized scheme is roughly on the
order of 10 -22 W/Hz 1 / 2 , which is superior to any other conventional detectors
reported in the literature [1-4] by a factor more than 10 4 .

6. Discussion and conclusion

The outstanding sensitivity of our QD detector may be understood in the
following way. The inner core of the QD can be regarded as a built-in floating
gate for the SET. One extra electron is added to this "inner-core gate" upon CR.
Single extra electron on the "inner-core gate" suffices to switch off (or on) the
SET, and it survives in the "inner-core gate" for such a long time as to allow for
direct detection of this switching event. In fact, the recombination lifetime of an
electron excited in the inner core exceeds 1 ms and reaches as long as 1300 s in an
optimal B range [6]. It follows that one absorbed photon in our QD detector leads
to a current of 10 6 -10 12 electrons. This is in marked contrast to other mechanisms
of conventional detectors [1-4] or to the well-known photon-assisted tunneling in
SSTs [5], in which one photon only transfers, at most, a few electrons.
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