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Abstract—Semiconductor quantum dot detectors as well as
semiconductor charge-sensitive infrared phototransistors are de-
scribed. They are the only detectors that can count single photons
in the terahertz region at present. In terms of the noise equiv-
alent power (NEP), the detectors realize experimental values on
the order of 10~2' W/Hz'/2, while theoretically expected values

are even much lower, on the order of 10~2* W/Hz'/2. These NEP
values are by several orders of magnitude lower than any other
state-of-the-art highly sensitive detectors. In addition to the out-
standing sensitivity, the detectors are featured by strong advantage
of huge current responsivity (10°~10'° A/W) and extremely large
dynamic range of response (10°-10%). The mechanism of detection
as well as application of the detectors is discussed.

Index Terms—Photon-counting detector, quantum dot (QD),
quantum well (QW), single-electron transistor (SET), terahertz
(THz).

I. INTRODUCTION

INGLE-PHOTON-COUNTING method has been estab-
S lished in the spectral regions of X-ray, UV, visible, and near
infrared for detecting extremely weak radiation. The technique
provides researchers with indispensable tools for the studies of
material science, biology, and astrophysics. In the wavelength
range up to A ~ 1.5 um, one has a variety of photon detectors
including photomultiplier tubes and semiconductor avalanche
diodes [1]. Superconducting hot electron bolometers (transition
edge sensors) are available up to A ~ 2.5 pym [2], [3].

In the long-wavelength range (A > 10 pm, frequencies lower
than 30 THz), called terahertz (THz) region, however, photon
energies are far smaller (hv < 124 meV for A > 10 pm) and
the single-photon detection is no longer trivial. Nevertheless,
the THz region is one of the richest areas of spectroscopy of
matters, encompassing the rotational spectra of molecules, vi-
brational spectra of molecules, liquids and solids, and the elec-
tron energy spectra in semiconductor nanostructures and super-
conducting energy gap in metals. Hence, sensitive microscopy
of matters with high spatial resolution in this spectral region
would provide a unique powerful tool for investigation of mat-
ters. Unprecedentedly, sensitive observation is also strongly de-
manded in astrophysics [4]. In the last decade, a variety of
novel detection schemes have been proposed [5]-[11]. Among
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them, only semiconductor quantum devices have demonstrated
single-photon detection [6]-[9]: The experimentally achieved
noise equivalent power (NEP), less than 1 x 102" W/Hz'/2, is
by several orders of magnitude lower than those of any other
detectors. A series of these THz-photon detectors have been
implemented in semiconductor nanostructures by introducing
ingenious schemes for respective wavelengths from 14 pm up
to 0.5 mm [6]-[9]. One of these detectors has been successfully
applied for photon-counting THz imaging of low-temperature
electron systems [12]-[14]. Another detector has been incorpo-
rated in microscopes to realize near-field passive microscopy
with subwavelength resolution [15], [16]. In addition, an on-
tip device of generating, propagating and detecting single-THz
photons has been explored [17]. New metrologies in terms of
single-THz photons are thus beginning to emerge.

The purpose of this paper is to describe semiconductor THz
single-photon detectors. They are divided into two groups. In
one group, called quantum dot (QD) detectors, a QD is electri-
cally polarized by photoexcitation and the induced polarization
is sensed by a nearby single-electron transistor (SET) [6]-[8].
In the other group, called charge-sensitive IR phototransistors
(CSIPs), an isolated quantum well (QW) island is charged up
by photoexcitation, and the induced charge is detected by a
conducting channel of 2-D electron gas (2DEG) [9], [18]. The
detection scheme is similar between the two groups of detectors;
namely, 1) excitation energy is stored in a nanoscale capacitor
in the form of a charging energy ., ~ 0.3 ~1 meV > kgT
(T, the detector temperature) and 2) the charged-up state is
sufficiently long lived (10 us to Is) to be detected by a con-
ductance change of a nearby charge-sensitive detector. The
charge-up state is not disturbed by thermal fluctuation because
€ch > kp T, and the induced current pulse is of sufficiently long
duration to be detected beyond the Johnson or the shot noise.

In this paper, fundamental mechanism of the semiconductor
THz single-photon counters is reviewed by highlighting the fun-
damental concept underlying these devices. Theoretical analysis
of sensitivity is also provided to discuss future potential devel-
opment of these detectors.

II. GENERAL SCHEME

Photo-induced current in a photoconductive detector is gen-
erally written as follows:

o NPine
Isu; = GPC ( hy ) € (1)

where P, is the radiation power incident on the detec-
tor, P,./hv is the incident photon flux, P,ns = Py, is the
absorbed power with 7 (<1) being the quantum efficiency of
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Fig.1. Schematic representation of the detection mechanism. (a) Conventional

scheme. (b) Novel scheme.

photon absorption, and Gpc is the number of electrons carried
from the source to the drain per one absorbed photon, referred
to as the photoconductive gain [19]. The photocurrent induced
by a unit incident power

]ﬂg = Gre (1) e @)

is called the current responsivity. In conventional photoconduc-
tive detectors, as shown in Fig. 1(a), one electron is excited
by one photon and is at best carried to the drain. Usually, it
follows that Gpc < 1 and the current responsivity is thereby
upperbound by Reyrrent = €/hv, which is ca. 8 A/W for hv =
124 meV (A = 10 pum). This imposes a stringent restriction to
the sensitivity of conventional detectors.

A series of THz singe-photon detectors, described in this
article, adopt a different detection scheme, as shown in Fig. 1(b).
A photon is absorbed by an isolated small semiconductor island
and an electron tunnels out of the island. Losing one electron,
the island is positively charged up by unit charge +e (hereafter
referred to as a “hole”). The excited electron outside the island
is separated from the hole by a potential barrier, yielding a
long-recombination lifetime 7y, of the excited electron hole
pair. A charge-sensitive device is placed nearby the island to
detect the charging-up of the island. If the current through the
device changes by A1, due to +e, one photon absorption drives
Tiite Al /e electrons from the source to the drain, so that

Tife AIe
76 .

Reurrent =

Gpc = 3)
In the detectors described in this paper, Gpc = 10°—10'? are
typically achieved, which are comparable to the carrier multi-
plication ratio of conventional photomultiplier tubes. It imme-
diately leads to an incredibly large R y;rent, ranging from 108
to 10" A/W.
It is important in the scheme of Fig. 1(b) that a charging
energy
Ne?

c “)
is stored by the charging up of the island (+e), where C' is the
capacitance of the island with respect to the environment, and
N is a number of excited charges stored in the isolated island,
which can be unity or more depending on the architecture.

The scheme of Fig. 1(b) is implemented in GaAs/AlGaAs
heterostructure crystals. The resultant detectors are divided into
two groups. Section III describes the first group, called the QD
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Fig. 2. Schematic representation of (a) SET and (b) QD detector. (c) Shift of
the conductance resonance.

detector. The wavelength range is so far A = 140-210 pm and
A =~ 600 pm. Section IV describes the second group, called the
CSIP. The detection wavelength range is so far limited to X ~
12-29 pm, and an attempt of expanding the range is now in
progress.

In the measurements described shortly, detectors are placed
in a closed metal can at the temperature equal to that of the
detector (7' =70 mK to 4.2 K). The detectors are thus protected
from warm thermal radiation.

III. QD DETECTORS

An excited charge on a QD is sensed by a SET. An SET
is known as an extremely low-noise electrical device with ex-
traordinarily high sensitivity to the electrostatic/electromagnetic
environment [20], [21]. It consists of a small conductive island
weakly tunnel coupled to two reservoirs (source and drain), as
schematically shown in Fig. 2(a). The source—drain tunnel cur-
rent through the SET I g is finite only when the electrochemical
potential of the island (QD1) aligns with the Fermi level of the
reservoirs (S and D). The control gate bias voltage Vi is used
to tune the electrochemical potential of the QD, so that Ipg
exhibits a sharp “conductance resonance” as V¢ is scanned, as
shown with a solid line in Fig. 2(c).

QD detectors are constructed by adding another QD (QD2) to
the SET, as shown in Fig. 2(b). When a unit charge +e is photo-
excited in QD2, the electrochemical potential of QD1 changes
(Ap) through the capacitive coupling C5 between QD1 and
QD2. The conductance resonance peak thereby shifts to lower
the value of V¢ by an amplitude AV proportional to Ay, as
shown with the broken line S(e). If two unit charges are excited
in QD2, the shift is doubled, as shown with the dotted line D(2¢).

The single-electron charging energy is defined as
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Echl = a (5)
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for QDi (i = 1, 2), where C; is the total capacitance of QD1
against the environment [20].

Three conditions are necessary for the QD detectors. First,
the number of electrons in each QD has to be well defined, so
that

kpT < €chl, 1=1,2. (6)

Second, the source—drain bias voltage Vs p should be so small
that an excess electron is not injected to QD1

eVsp < ecnt (7)

Third, a THz photon is able to add (remove) one electron to
(from) QD2, namely

Ech2 < hv. (8)

An implicit condition of the SET is that the tunnel coupling
of QD1 to the reservoirs (source and rain) be so weak that the
conductance at resonance gspt iS smaller than the quantized
conductance value, namely

2

2
gsET < % = 1/(12.6 kQ). )

The source—drain current through the SET Isp = gsgrVsp
is limited through relations (7) and (9) to

2e
ISD < ﬁ Echl-

From these relations, realistic experimental conditions are
such that 7" < 400 mK, Vsp < 40 uV, gsgr < 1/200 k€2, and
Isp <200 pA. Single-photon absorption can completely turns
on or off the SET conductance Al, = Igp = 200 pA in (3),
as will be shown later. This implies a huge photoconductive
gain of Gpc ~ 10% if 7;e = 1 ms. Since the single-photon
induced signal is large, the single event of photon absorption
can be readily recorded with a conventional current (or voltage)
amplifier operating at room temperature. It should also be noted
that Ay < hv in general.

The photon-detection scheme here should be distinguished
from the well-known “photon-assisted tunneling” of SET, in
which a photon of hv is absorbed by an SET, yielding a shifted
conductance resonance at AVog o< Apy = hv [20]. In this ef-
fect, one photon leads to one electron transfer, so that the sensi-
tivity is strictly limited as in conventional detectors (Gpc = 1).
Frequency tunability (AVeg o< Apy = hv), however, may be
an attractive feature [23]. Photon-assisted tunneling in normal-
metal superconductor normal-metal SETs was suggested to
yield Gpc ~ 100 for microwave photons [24]. Application of
this effect to high-sensitivity detection, however, has not been
explored.

(10)

A. Double QD Detector

The most straightforward realization of the QD detector is
a double QD (DQD) single-photon detector implemented in
a GaAs/Al, Ga;_, As heterostructure crystal [7], [22]. An ex-
ample is shown in Fig. 3(a), where the regions indicated by
light color are metal gates [cross gate (CG), FG, barrier gate
(BG), and antenna) deposited on top of the crystal surface. A

Antenna

)4 Er B
7 . C C, ?
QDI QD2 Reservoir = —:.

(0) (@

Fig. 3.  DQD detector [7]. (a) Top view. (b) Schematic representation includ-
ing antennas. (¢) Photo-induced ionization of QD2. (d) Equivalent capacitance
network.

heterointerface is located at about 100 nm below the crystal sur-
face, where a high-mobility 10-nm-thick 2DEG layer with an
electron sheet density of n, ~ 3 x 10'> m~? is formed. By neg-
atively biasing the gates, the 2DEG is depleted from the regions
below the gates, forming an SET (QD1) coupled with QD2. The
electrical diameter of each QD is D = 0.3 pm, and is far smaller
than the wavelength. Two electrodes defining QD2 extend over
0.1 mm, forming a planar dipole antenna to couple incident
radiation with QD2, as schematically shown in Fig. 3(b). The
mechanism of photon absorption is Kohn-mode plasma reso-
nance [22], [25], in which collective oscillation of electrons in
the confining potential of QD2 is excited.

In the detection experiment [22], cyclotron emission from a
high-mobility GaAs/Al, Ga;_, As Hall bar device at T' =2 K is
used as a tunable monochromatic radiation source, where narrow
cyclotron emission line is tuned magnetically over v = 70 GHz
to 2 THz. The radiation is guided through a cold 3.3 mm¢ metal
light pipe (cutoff frequency at v, = 65 GHz) and introduced
into the copper shield box of the detector through silicon filters
and black-polyethylene filters.

When an incident photon is absorbed in QD2, the collective
oscillation energy € = hv is rapidly transformed via electron—
electron interaction into the single-particle kinetic energy. As
illustrated in Fig. 3(c), the excited single electron in turn escapes
from QD2 to the electron reservoir I, where it rapidly releases
its excess energy. Once the electron relaxes to the Fermi level,
E'r, the potential barrier separating QD2 from R prevents the
electron from returning to QD2. This leads to a long lifetime
Tiife (reaching 100 s) of the ionized state of QD2. In effect, one-
photon absorption causes one electron to move from QD2 to the
reservoir, as schematically shown in Fig. 3(d): the number of
electrons on QD2 is reduced by 1, namely, No — Ny — 1 upon
the event of one photon absorption. An approximate expression

(71, [22]
C
AMI ~ — (Cg) Echl

is derived for the induced electrochemical potential change of
QD1 through a simple analysis of the capacitance network, as

(1)



KOMIYAMA: SINGLE-PHOTON DETECTORS IN THE TERAHERTZ RANGE

SMMW OFF SMMW ON ~8
AW "o [ 8
g %
()]
£ g
s §
3 )
2t fo
¥ v

465
Vg (mV)

465 468
Vg, (mV)

0 300 600
(c) f(GHz)

OFF ON

El

S21

Q 40 pW

{ ==

1 e
3 20 pW

0 2 4 6 8 10
(b) t(sec)

Fig. 4. DQD detector [7]. (a) Conductance peak obtained with (right) and
without (left) illumination of 0.5 THz waves. Dashed and solid lines represent
states with the number of electrons on QD2 differing by one. (b) Time traces of
conductance showing photon counting. (c) Excitation spectrum in terms of the
photon-count rate.

shown in Fig. 3(d), where C2 < C1,C2(C12/Cy = 0.05) in
the experiments. The change Ay in (11) causes the conduc-
tance resonance peak to shift toward the negative Vo direction
as has been described in Fig. 2(c).

The experimental data, as shown in Fig. 4, are taken at T' =
70 mK by using a 3He—4He dilution refrigerator. The two con-
ductance resonance lines in the left panel of Fig. 4(a) are taken
in the dark condition: the solid line and the broken line display
the two experimental curves for which the number of electrons
in QD2 differs by one to each other (No and Ny — 1). The two
resonance lines are not completely separated because the capac-
itive coupling between QD1 and QD2 in the geometry of lateral
double QDs is small (C}5/Cy < 1) and Apy is small. The ex-
perimental trace in the right panel is taken with extremely weak
illumination. The trace exhibits switching between the states of
Ny and N, — 1, reflecting individual events of electron exci-
tation due to photon absorption and recombination. When the
gate bias voltage (Vo) is fixed at the position marked by the
arrow in Fig. 4(a), telegraph-like switching shows up in the
time trace, as shown in Fig. 4(b), for tow levels of radiation
intensity. The radiation power incident on the detector is on the
order of 10~'® W. Note that each switching corresponds to the
absorption event of a single photon but not of more-than-one
photons: this is because the experimentally found amplitude of
the conductance peak shift (or Apq) exactly agrees to the value
expected from the unit charge (+e) change in QD2.

The photon count rate shows distinct resonance peak at v ~
0.5 THz (A = 600 um, hv ~2 meV,w ~ 17 cm’l), as shown in
Fig. 4(c). This spectral response is ascribed to the Kohn-mode
plasma resonance of QD2 [25]. The spectral region is expected
to shift in a range v = 0.4-0.6 THz (A = 500-750 pm, hy =
1.6-2.4 meV) when the dot size and the sheet electron density
are varied.

The minimum detectable photon flux is limited by the dark
switching of the detector, the rate of which is minimized to
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I" = 0.01/s at an optimum condition of the BG bias voltage at
T =70 mK. This implies that one photon in a time span of 100 s
can be distinguished. The NEP resulting from this extraordinary
sensitivity will be discussed in Section V.

The speed of detection can be influenced both by the in-
strumental time constant 7p and the recombination lifetime
of excitation 7j;r.. Namely, the QD detector is insensitive af-
ter a photon has been counted. This dead time lasts until the
electron—hole pair disappears via recombination. Since this re-
setting time is Tife, the maximum rate of photon counting is
given by min(1/7if, 1/7p ). Actually, however, the recombi-
nation lifetime 7;¢ can be made arbitrarily short by adjusting
the bias condition of BG. The maximum rate is hence deter-
mined practically by the instrumental time constant 7p. It is
7p ~ 1 ms, when a commercial current preamplifier operat-
ing at room temperature is used. As demonstrated by Ikushima
et al. [12]-[14], it can be reduced to 7p ~ 20 us if a volt-
age preamplifier (working at room temperature) is used and
the SET current is measured through the voltage drop across a
low-temperature series resistance (40 kS2). It will be possible to
realize 7p < 1 ps if a low-temperature RF-SET is applied [26],
[27]. The intrinsic speed limit of SET is supposed to be on the
order of 7p = 1 ns. The dynamic range of detection is hence
10°-105, when the preamplifier is placed at room temperature
and will be expanded to 10° if low-temperature RF-SET is
applied.

B. Single QD Detector

Historically, a single QD (SQD) detector, as shown in Fig. 5,
has been first developed [6], [22], [25], [28]. The detector utilizes
cyclotron resonance excitation in magnetic fields. The devices
are fabricated in GaAs/AlGaAs single heterostructure crystals
similarly to DQD detectors. The metal gates forming an SET
[the left panel of Fig. 5(a)] extend to the opposite directions,
serving as a bowtie antenna [the right panel of Fig. 5(a)] that
couples incident radiation to the QD.

Magnetic fields are applied normal to the plane of the QD,
quantizing the energy state of electrons in the QD into discrete
Landau levels (LLs), as schematically shown in Fig. 5(b). Each
orbital LL splits into opposite spin states, but the spin splitting
is ignored in the discussion shortly. In an appropriate range
of magnetic field strength, the lowest LL (LLO) is filled with
electrons, but the first excited LL (LL1) is occupied with only a
small number of electrons, as shown in Fig. 5(b).

Mechanically, the dot is a SQD. Effectively, however, it is
electrically split into the metallic “outer ring” (LLO) and the
metallic “inner core” (LL1), as shown in Fig. 5(c). These two
regions are spatially separated to each other, and in effect, func-
tion as capacitively coupled two separated QDs, QD1 (LLO) and
QD2 (LL1), as schematically illustrated in the upper panel of
Fig. 5(d).

When a THz photon is absorbed by the QD upon cyclotron
resonance, the excited electron and the hole rapidly give up
their excess energy within the QD, relaxing to the inner core
and the outer ring at the Fermi level, as schematically illustrated
in Fig. 5(b). It follows that the inner core and the outer ring are
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Fig. 5. SQD detector [6]. (a) Closed-up top view on the left, bird view on
the right. (b) Landau-level energy diagram. (c) Schematic representation of
polarized Landau levels. (d) Equivalent double QD structure (upper panel) and
photo-induced inter QD polarization (lower panel). (e) Equivalent capacitance
network.

charged by —e and +-e, respectively, which is equivalent to the
move of one electron from QD1 to QD2, as shown in Fig. 5(d)
and (e). The induced change in the electrochemical potential of
QD1 (outer ring) is approximately given by [6], [28]

C!
Apy =~ — <C_122) Echl

where in the experiment C12 > C, C2(Cy/C42 = 0.15) hold
in the capacitance network of Fig. 5(e).

Detection measurements are made by using a tunable cy-
clotron emission from a GaAs/AlGaAs Hall bar similar to the
measurements of DQD detectors. Fig. 6(a) compare the con-
ductance resonance curves with (lower panel) and without (up-
per panel) THz illumination. Since Ay in (12) is relatively
large, the ground-state (G) and the excited-state (S) conduc-
tance peaks are largely separated and single photons completely
turn on or off the SET conductance. Telegraph-like switching
between the nonexcited ((=) and the excited state (S) is obtained
when the gate bias voltage (Vo) is fixed at the peak position
of the ground-state conductance peak as marked by the arrow in
the upper panel of Fig. 6(a).

The spectral band of response shows a narrow resonance, as
shown in Fig. 7(a), and is tuned by applying different mag-
netic fields to the QD, as shown in Fig. 7(b). Strictly, the
response is not exactly at the cyclotron resonance frequency
wer = eB/m*(m* = 0/067 m,: the effective mass of conduc-
tion electrons in GaAs), but is shifted slightly due to coupling
with Kohn plasma resonance wy = 16 cm™! of the QD. The
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Fig. 6. SQD detector [6]. (a) Conductance peak without (upper panel) and
with (lower panel) THz illumination. (b) Photon-counting signal in time trace
of conductance.
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Fig. 7.  SQD detector. (a) Excitation spectrum in terms of the photon-count
rate [6]. (b) Resonance peak frequency against magnetic field [25].

coupling leads to the upper branch w* of the magnetoplasma
resonance [25]

13)

which agrees very well to the experimental values, as demon-
strated in Fig. 7(b). We should note that wy = 16 em™! s
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consistent with the detection frequency of the DQD detec-
tor [Fig. 4(c)]. Photon signal is not seen in the lower (edge-
magnetoplasma) branch w™ in Fig. 7 (a) and (b). This is because
this mode does not polarize QD, and the SET conductance is
insensitive to it.

The magnetic field range where photons are counted is

=3142T (w=48-62cm™ !, v = 1.44-1.87 THz) in
Fig. 7(b), which is determined by the sheet electron den-
sity n, = 2.4 x 10*® m~2 of the device. Since the magnetic
field range is nearly proportional to ng, SQD detectors may
be appropriately designed for a range of B = 1.3-6.1T
(w = 26-86 cm ™!, v = 0.8-2.6 THz) by choosing crystals with
ny = (1.0-3.5) x 10*> m2

The dark switching rate is extremely low such thatI" < 0.001/s
in appropriate magnetic fields at 7' = 70 mK. Resulting NEP is
hence even smaller than that of the DQD detectors, as will be
discussed in Section V.

Fig. 8 displays a few effects of elevating temperature. At T ~
400 mK, the conductance resonance line significantly broadens
but the photon-counting signal is still clearly visible, as shown
in Fig. 8(a), where the current is recorded at a detection speed
of 7p ~ 20 ps by using a low-T" resistor close to the SET.

When the incident photon flux increases so that the pho-
ton arrival rate exceeds the recombination rate of photo-excited
electron—hole pairs, two electrons (holes) are accumulated QD2
(QD1). Such doubly charged state, D(2e), as shown in Fig. 2(c),
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(b)

Fig.9. AI-SET/QD detector [8]. (a) SEM image. (b) Schematic representation.

is visible in Fig. 6(a) as several conductance spikes occurring at
the position shifted twice as large as that of the singly charged
state, S(e). At T' = 70 mK, the doubly charged state D(2e)
should be equally present. However, the resulting signal is in-
visible in the telegraph switching in Fig. 6(b), because both of
S(e) and D(2e) completely turn off the conductance. At elevated
T, S(e)-state does not completely turn off the SET conductance
but D(2e)-state does. It follows that the two excited states of the
QD are distinguished, as shown in Fig. 8(b) [22].

The recombination lifetime 7 (S — G) is substantially
longer than that of the QDD detectors, because spin-flip pro-
cess is involved [22]. The lifetime reaches 7j;¢. =~ 1000s at4.2 T
(the highest allowable magnetic field). As 7 is elevated up to
400 mK, ¢, is reduced by a factor around 300. Furthermore,
Tiite for D — S'is shorter than that for S—G roughly by a factor
about ~50. Similarly to the case of DQD detector, Tjito can be
made so small that the photon-counting rate is actually deter-
mined by the instrumental detection speed 1/7p. The detection
speed ranges from 7p = 1 ms to less than 1 us, as described
for the DQD detector. Since I' = 0.001/s, the dynamic range of
detection is even wider than the DQD detector by a factor of
ca.10.

The SQD detectors (1" = 300 mK) have been successfully ap-
plied by Ikushima et al. for the construction of a photon-counting
scanning passive THz microscope [12], [13]. The microscope
was used to image extremely weak THz radiation emitted by
nonequilibrium electrons in quantum Hall electron systems at
T = 4.2 K with a subwavelength resolution (50 x«m) via photon-
counting technique. More recently, on-chip manipulation of
THz photons has been demonstrated [14], i.e., generation, prop-
agation, and detection of single THz photons have been com-
pleted on-chip, where THz photons generated by a quantum Hall
Corbino device are coupled into a coplanar waveguide, trans-
mitted through the line and finally fed to a SQD detector. In this
experiment, THz photons are manipulated all the way in near-
field mode localized in super subwavelength narrow regions.
This may be a first step approaching an integrated THz-photon
lab or spectrometer on a chip.

C. Al-SET/QD Detector

The photon detector is constructed also by placing
aluminum—SET on top of a semiconductor QD, as shown in
Fig. 9 [8]. This type of detectors has been extensively studied at
the group of Royal Holloway University of London [29]-[32].
The device structure is similar to the one studied by Lu et al. [33]
and Chen et al. [34]. An Al-SET consists of a small Al island
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Fig. 10. AI-SET/QD detector [8]. Photon-count rate against V.. Lower inset
displays telegraph-like photon-counting signal.

connected to Al leads through Al oxide tunnel junctions [35].
The QD is formed in a GaAs/AlGaAs heterostructure crystal.
Detection scheme is similar to that of DQD detectors: an excited
electron escapes from the semiconductor QD, and the induced
charge on the QD is sensed by the AI-SET. Advantage of this
detector is a stronger capacitive coupling (C75) between the
AL-SET and the QD. Fig. 10 shows the induced telegraph-
like switching of the current through the AL-SET (7" = 0.3 K),
when the device is illuminated with an extremely weak thermal
radiation from a chip-resistor heated in a cryogenic condition.
Although accurate excitation spectrum has not been studied, the
excitation is supposed to be via Kohn-mode plasma resonance
as in the DQD detector (v < 500 GHz). Al-SET/QD detector
does not require accurate adjustment of potential barriers. This,
together with the fact that AI-SETSs can work at elevated temper-
atures, makes the AL-SET/QD detector potentially an attractive
THz-photon counting sensor.

D. Miscellaneous

The QD detectors aforementioned require ultralow tempera-
tures (<1 K). SETs formed by much smaller 1-D carbon nan-
otubes (CNT) [36] can be operated at higher temperatures pro-
viding attractive candidates of charge sensors. A CNT SET
formed on top of GaAs/AlGaAs heterostructure with a 2DEG
layer is shown to exhibit sensitive response to THz radiation
in magnetic fields at 7" = 2.5K [37]. In view of application,
however, significant elaboration of device fabrication technique
will be necessary.

The demand for ultralow temperatures is substantially relaxed
also by replacing the SET with a quantum point contact (QPC),
as shown in Fig. 11. A QPC is a saddle point potential barrier,
controlling the electron conduction through the narrow constric-
tion. The conduction through a QPC is known to be sensitive to a
charge on a nearby QD. Pelling et al. studied a QPC coupled to a
QD in a GaAs/AlGaAs heterosturcure and found high-sensitive
response to THz waves at 7' = 1.5 K [38].
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Fig. 11.  Point contact detector [37]. (a) SEM image. Schematic representa-
tions of (b) device and (¢) mechanism.
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IV. CHARGE-SENSITIVE IR PHOTOTRANSISTOR

Distinct advantage of QD detectors described in Section III
is the outstanding sensitivity. The application of these detectors,
however, might be restricted because 1) ultralow temperatures
(<1K) are necessary and 2) a certain device fabrication tech-
nique is required. The spectral range of detection may be also
limited to relatively long wavelengths if the excitation mech-
anism relies on Kohn-mode plasma resonance and magneto-
plasma resonance.

An attractive solution to the problem is given by the photo-
sensitive field-effect transistor fabricated in a double-quantum-
well (DQW) structure, called a CSIP [9], [39]-[43]. As shown
in Fig. 12(a)—(c), an electron in an isolated island of the up-
per QW is photo-excited via intersubband transition, tunnels
out of the QW and moves to the lower QW. Missing one elec-
tron, the isolated QW island is positively charged up by +e.
The resultant charge accumulated on the isolated upper QW
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Lis /Vsp in device (a) [39]. (e) Time traces of AG = I, /Vsp at different
radiation intensities, obtained in reset operation [40]. The inset elucidates the
mechanism of signal saturation.

island is sensed by the conduction channel in the lower QW.
The device is implemented in a GaAs/AlGaAs modulation-
doped heterostructure crystal containing two 2DEG layers.
The device can be designed in a wide range of scale size:
for instance, the photoactive region (the area of the upper
QW isolated island) in devices shown in Fig. 13(a)—(c) ranges
from L x W =~ 1.5 x 0.8 ﬂmZ [Fig. 13(a)] [40], 16 x 4 ,um2
[Fig. 13(b)] [41] to 130 x 120 pum? [Fig. 13(c)] [43] for a wave-
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length of 15 pum. The isolated island of the upper QW is formed
by negatively biasing isolation gates or CG and a reset gate (RG)
in respective devices, as shown in Fig. 13(a)—(c), and it serves as
a photosensitive floating gate for the lower conducting channel.

In each device, a metallic photocoupler is deposited on top of
the isolated QW island, so that alternating electric fields normal
to the plane of the QW are generated against normally incident
radiation.

A. Mechanism of Amplification

When one photon is absorbed in the upper QW island and
a photo-excited electron reaches the lower conducting channel,
it increases the conductance of the lower channel but rapidly
leaves the channel after the transit time

L

Ttrans —
uE

(14)

where L is the length of the isolated upper QW island, u is the
electron mobility of the lower conducting channel and

aVsp
L

is the electric field in the channel, where Vg p is the source—drain
bias voltage and a (not very far from unity) is a geometrical fac-
tor of the device considering voltage drops in the photoinactive
regions. The transit time is as short as 7i,,,s = 20 ps in a typical
experimental condition of L = 2 um, p = 10 m?/Vs, Vsp =
20mV,and o = 1.

A large photoconductive gain results from the current induced
after the excited electron has left the channel. Namely, so long
as the upper QW island is kept charged (+e), another electron
is introduced to the lower channel as soon as the excited elec-
tron leaves the channel. Hence, the number of electrons in the
lower channel is kept larger by 1. This is because the isolated
upper QW island forms a parallel plate capacitor with the lower
conducting channel. When small parasitic capacitance of the
isolated upper QW island is ignored, an opposite charge of the
same amplitude (—e) is induced in the lower conducting chan-
nel. Hence, the current through the conducting channel increases
by the amount of one additional electron

E = (15)

A loepB) _ (o®epVsp) _ ae

L L2
and the increment is maintained until +e disappears due to
recombination. This current increment is large enough to be
detected if the 2DEG conducting channel is of typical, and L is
relatively small, say, L < 15 pm. The photoconductive gain is
given by

(16)

Ttrans

TYAVE i
GPC _ Tlife e _ QTife ) (17)
€ Ttrans
Since eVsp < hv is required, A, is limited by
%
Al < 57 (18)

Remarkable advantage of the CSIP is that the recombination
lifetime i, of photo-induced charge is extremely long, say,
more than an hour. It follows that the photon-counting signal
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manifests itself as a stepwise current increase with the step
amplitude of AI,. This is demonstrated in Fig. 13(d), where a
time trace of the conductance G = I /Vsp in the CSIP for A =
14.7 pmwith L x W ~ 1.3 x 0.8 um? and p = 7.5 m*/Vs [see
Fig. 13(a)] is displayed [40]. The data are taken with Vgp =
2mV at7 =4.2 K. The conductance step AG ~ 0.05 uS (A, ~
100 pA) agrees with the value predicted by (16). The time trace
displayed in the lower panel of Fig. 13(b) shows that the piled up
charge on the isolated QW island slowly diminishes step wise by
e when the radiation is turned off. Also in a larger CSIP device
of L x W 2 16 x 4 ym?® and p = 0.43 m*/Vs [see Fig. 13(b)],
step-wise single-photon signal can be recognized (A, = 3 pA
with Vgp = 10 mV) [41].

Under constant radiation, the photocurrent increases at an
average rate of

% = nDipc Al

where ®;;,. is the photon flux incident on the photoactive area
and the quantum efficiency

19)

n="mn (20)

is the multiple of the fraction 7; of incident photons that are
absorbed to excite electrons via intersubband transition in the
upper QW, and the fraction 7y of excited electrons that reach
the lower 2DEG layer.

The rate of photocurrent increase is proportional to the in-
cident radiation intensity. As shown in Fig. 13(e) for different
radiation intensities [41], the increase levels off when the charge
accumulation reaches a given level Qy,: ~ (C'/e)hv, where the
electrostatic potential difference AU = eQ/C with C = ¢ LW/d
(e: the dielectric constant of GaAs) between the upper QW and
the lower 2DEG approaches the photon energy hv, as elucidated
in Fig. 13(e) (inset).

B. Reset Operation

For use as a detector, the accumulated charge is released to
the reservoir by applying a brief positive pulse (e.g., +0.3V,
1 ps) to the RG, and the CSIP is reset to the original highly
sensitive state [41]. Fig. 13(e) displays photo signals in the reset
operation. The reset pulse interval T,e50¢ can be chosen appro-
priately according to the incident radiation intensity. The overall
function of CSIPSs is thus similar to that of CMOS sensors [44].
While the intrinsic recombination lifetime is practically indef-
inite, effective lifetime can be externally defined by the reset
pulse. The recombination lifetime 7ii¢, in (3) and (17) should be
replaced by

Treset

2

Typically, Gpc = 10°-10'" and Reurrent = 107108 A/W
are obtained for 7,cset = 0.1 ms to 10s. The speed of de-
tection is also determined by Tieset- NEP of a device with
L xW ~ 16 x 4 um? [see Fig. 13(b)] is as low as NEP =
6.8 x 10719 w/Hz/ 2 and even distinctly lower values are the-
oretically expected as discussed in the next section. It should
be mentioned that photon energies are stored in the form of
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Fig. 14.  Photon-count rate against incident photon rate [9]. Dynamic range of
linear response is larger than 10°. The inset shows the spectral response.

electrostatic energy in the capacitor, C' = eLW/d. Letting ) =
Ne be the accumulated charge at the time of reset, the stored
electrostatic energy is Ex = Q*/(2 C) = (Ne)?/(2 C). The
“charging energy” necessary to add +e at the time of reset
is ey, = OEN JON = Ne?/C [see (4)]. The average fraction
of photon energies that is transformed to the electrostatic en-
ergy and is stored in the capacitor amounts to Ey /(Nhv) =

(1/2)Q/Qsat ~ 0.2,

C. Characteristics

Another important characteristic of CSIP is a large dynamic
range of linear response (>10°), as shown in Fig. 14 [9], where
normalized current signal (01/0t)/Al, is plotted against ®.
Here, absolute values of ® are determined by the temperature of
a calibrated blackbody emitter. The upperbound of the dynamic
range in Fig. 14 is restricted by the maximum radiation intensity
available in the experiment. A dynamic range of 10° may be
realized without too much technological demand.

Quantum efficiency 7 is an important parameter for the detec-
tor. High values of n (>30%) are reported in conventional QW
IR photodetectors, where photons are absorbed by more than 30
multiple QWs. High quantum efficiency is not trivial in CSIPs,
where photons are absorbed by only one QW. In most exper-
imental conditions of CSIP for A = 12-15 um, the efficiency
1 = M1 1e is primarily determined by the coupling strength of
electrons to the incident radiation, namely, & 1 (12 & 1). The
quantum efficiency has been experimentally studied by apply-
ing different metal photocouplers as displayed in the top panel
of Fig. 15 and compared with simulation results in Fig. 15(a)
and (b) [43]. In the experiments, an efficiency of n ~ 7% has
been achieved by utilizing the surface plasmon excitation in a
2-D metal hole array (inductive metal mesh) with cross-shaped
holes lining up at a lattice period of 4 um (~ wavelength in
GaAs). Other coupler geometries such as 2-D metal hole arrays
with square-shaped holes, 2-D metal patch arrays (capacitive
metal mesh), and patch antennas (microstrip antennas) have
yielded lower values of n =~ 1%-3% [9], [43]. The device used
for Fig. 14, for instance, utilizes a patch antenna coupler yield-
ing n =~ 2% [9]. Simulation calculation suggests that 7 ~ 7% is
not a highest achievable value but can be improved by a factor
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Acaas = 4.3 pm. E., is the electric field normal to the QW plane at the position
of upper QW (100 nm below the surface) and E is the electric field of incident
radiation. Theoretically, (E2)/(E2 ) = 2 gives roughly 1) = 7%, which agrees
with the experiment.

of ~3 (n =~ 20%) when a resonant cavity is formed by the metal
hole array and the n-type substrate [45]. Values of the current
responsivity and the NEP have been so far derived by assuming
1 = 2%. The figure-of-merits of the CSIP will be improved in
accord to 7.

Up to the present time CSIPs have been studied primarily
for wavelengths of A = 12 pm and 15 pum [see Fig. 14 (inset)].
Expansion to longer wavelengths has been attempted by modify-
ing the design of DQW structures, and the radiations of A =27,
29[46],and 45 um [47] have been detected at 7' = 4.2 K. The de-
tection sensitivity, however, is limited because of low-quantum
efficiency (12 < 1). Efforts are being made to elaborate crystal
quality and optimize the design of crystal structure as well as
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the device structure. A novel device design, in which excited
electrons escape “laterally” through the isolation-gate induced
potential barrier [48] might give a possible solution. Tempera-
ture dependence of detector performance has been studied (A =
15 pm) and the sensitivity is found to be maintained up to ~25 K
without substantial degradation [42]. The high temperature limit
is determined by a rapid reduction in 7y due to pronounced
recombination by thermally activated electrons.

A marked strength of CSIP is the coexistence of the high
sensitivity and an extremely large current responsivity. In ad-
dition very low output impedance Z = «L/(nepW), typically,
Z =10%-10* Q makes electrical measurements simple. Fur-
thermore, device structure of the CSIP is simple and does not
demand extensive fabrication technique. This may be beneficial
for integrating large-format 2-D array by processing channel
patterns and electrodes on a GaAs/AlGaAs wafer. Monolithic
integration of CSIPs with GaAs LSIs may be also expected,
where photosignal is easily multiplexed and buffered. It is also
mentioned that InP/InGaAsP heterostructure crystals are free
from oxygen-related defects and are promising host materials
for the architecture of CSIPs.

Outstanding sensitivity along with ease of use makes CSIPs
extremely promising detectors for versatile applications. In fact,
a sensitive scanning confocal microscope for the study of ther-
mal radiation of matters at room temperature has been devel-
oped by using CSIPs (A = 15 pum) [15]. More recently, benefiting
from unparalleled sensitivity, a novel near-field scanning micro-
scope has been successfully developed for the study of thermal
radiation with superwavelength resolution (without external il-
lumination) [16]. Extremely weak evanescent waves activated
by random thermal motion of conduction electrons or thermal
lattice vibrations are scattered by a tungsten probe tip controlled
by atomic force microscope (AFM) near the sample surface and
are guided to the CSIP. Thermally excited surface plasmons in
gold stripes are imaged with a spatial resolution ca., 150 nm
(A/100). It is highly probable that the range of application will
be largely expanded in the future.

V. SENSITIVITY

Sensitivity of the photon detectors described in this paper is
discussed in terms of NEP shortly. Different definitions of NEP
are occasionally applied in literatures. To avoid confusion and
to make comparison with other detectors meaningful, we first
pay attention to the physical implication of NEP.

The sensitivity of a given detector is expressed by the inverse
of

PiHC
{(S/N)Af12Y

where the second expression refers to the photon-counting mode
[22], [49]. Here, Py = Pinchv = ¢pAhv is the radiation power
incident on the photoactive area A of the detector with ¢ the
photon flux per unit area, S/N is the signal-to-noise ratio, A f is
the measurement bandwidth, and I is the rate of dark switching.
If the detector size D is comparable to or smaller than X, the
“photoactive area A” is not a trivial quantity: The area is not

1/2
or ((21“)77 hv) 22)

NEP; =
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TABLE I
SENSITIVITY OF QD DETECTORS AND CSIPS IN TERMS OF NEP [W/Hzl/ 2

QD detector (T=70mK) CSIP (T=4.2K)
DQD SQD LxW=16x4pm? LxW= 1.5x0.8p
hy=2meV hv=6meV  hv=84meV  hv=84meV
NEP, 4.5x1021  4.3x102 6.8x1019  ----
NEP, 4,5x1023 4.3x1023 1.4x1020 4.0 x1021
NEPg,, = 2.5x1021  3.2x10723
NEPJohnson ------- T e 4.6 X10-22 6. 1X10-24

NEP, and NEP, are determined by detection measurements.

determined merely by D alone but depends on the detailed
distribution of materials around the detector. In such a condition,
NEP; is difficult to determine in a straightforward way, and

szc
{(S/N) A2}

with P,,s = 1P, provides a convenient parameter. NEPs rep-
resents an NEP that would be attained if the detector were ideally
coupled to the radiation ( = 1). Noting Isi; = Gpc (Pabs/hv)e,
the first expression of (23) is rewritten as

NP, = () A0 ()

where (I2)'/2 is the noise current in the frequency bandwidth
Af.

In true physical devices, the noise current or the dark switch-
ing rate can be affected by device-specific imperfections. NEP;
and NEP, are hence device-specific parameters in general. It
is therefore meaningful to ask a device-independent theoreti-
cal NEPij¢0ry, Which would be realized if the device is free
from any imperfection. Such NEPyy,c..y can be derived by con-
sidering the noise arising from statistical fluctuations such as
Johnson noise, shot noise, and thermal-fluctuation noise etc. It
is self-evident that NEP; > NEPy > NEP; .,y .

Values of NEP are listed in Table I for QD detectors and
CSIPs. To evaluate NEP; and NEP,, dark switching rate was
studied experimentally. In a DQD detector (hv =2 meV) atT =
70 mK, I' = 0.01 /s was found, which with (23) yields an incred-
ible value NEP, = 4.5 x 10~2% W/Hz'/2. In a SQD detector at
T =70 mK, dark switching is even less frequent, for instance, it
was not observed at all for 1000sin B =4T (hv = 6 meV) [6].
The value in the table, NEPy = 4.3 x 10723 W/Hz!/?, is ob-
tained by assuming I' = 0.001/s. (True NEP, may be even
lower.) The quantum efficiency due to coupling of bowtie an-
tenna with QDs has not been systematically studied, and the
antenna structure of the devices is far from optimum. If n =
0.01 is assumed in (22), one has NEP; = 4.5 x 102! W/Hz'/?
(the DQD detector) and 4.3 x 10~2" W/Hz'/? (the SQD detec-
tor) [22]. It may not be difficult to achieve substantially lower
values of NEP; by improving antenna design.

The sensitivity of CSIPs (hv = 84 meV, A = 14.7 um) has
been studied experimentally by using a calibrated blackbody ra-

NEP, = or (212 hy (23)

(24)

diation emitter. In devices with L x W = 16 x 4 ym? and 1.5 x
0.8 qu, I'~ 0.5/s and 0.033/s were found, respectively, at T' =
42K, which yield NEP; = 1.4 x 1072 W/Hz!/? (L x W =16
x 4 pm?)and3.6 x 1072 W/Hz'"?(L x W = 1.5 x 0.8 um?).
The quantum efficiency was determined to be n = 2.0% in
the device (L x W = 16 x 4 ym?) with a microstrip antenna
coupler, leading to NEP; = 6.8 x 107 W/Hz'/?. No doubt a
substantially lower value (NEP; = 1.9 x 10~ W/Hz!/?) will
be achieved if an improved metal mesh coupler (n = 7.0%) is
adopted.

Johnson noise (1%, . V/Af=4kpT/Z = (4nepW/
L)kpT and shot noise (I3 . )/Af = 2el = 2ne* yWVsp /L,
with Boltzmann constant kp provide two dominant contribu-
tions to the noise current in CSIPs. By replacing (I2) in (24)
with the aforementioned expressions, theoretically expected
NEPs are derived as

W 1/2 hy
NEPjohnson = { (L) 77,6/14} <€GPC

W 1/2 hl/ 1/2
NEP., ot = {(L) neu} <€GPC> (2eVsp) (26)

where

) (4kpT)'* (25)

(QZ Treset Vs D )
202

from (14)-(17) and (21). Equations (25) and (26) show
that NEP o (W L?n/p)'/2. Assuming p = 10 m*/Vs,n = 2 x
10'%/m? and o = 1 and considering a measurement of 100-ms
time constant (Tyeset = 200 ms) with Vgp =20 mV at T' =
42K, one obtains NEPjhnson = 4.6 x 10722 W/Hz'/? and
NEP, 0t = 2.5 x 1072} W/Hz'/? for a device of L x W =
16 x 4 umz, and even still lower values NEP; nnson = 6.0 X
1072* W/Hz!/? and NEPy,,, = 3.2 x 1072* W/Hz!/2, for the
smaller device of L x W = 1.5 x 0.8 um?. It should be noted
that these surprisingly low values of theoretical NEPs are ex-
pected not for state-of-the-art 2DEG layer but for a standard one
(= 10m?/Vs and n = 2 x 10'°/m?). It is also not difficult to
fabricate a device smallerthan L x W = 1.5 x 0.8 qu, which
will give even smaller NEP. These results clearly demonstrate
the incomparable advantage of CSIPs as highly sensitive detec-
tors, and strongly suggest that the performance of real devices
will be significantly improved in the future.

Experimental NEP values in the table demonstrate incom-
parable sensitivity of these detectors, to which no other exist-
ing detectors may compete in corresponding wavelengths. In
a state-of-the-art superconducting hot-electron nanobolometer,
theoretical values of NEP;},.ory & (9-200) x 10721 W/Hz!/?
due to thermal energy fluctuation are suggested [11]. In the
QD detectors, however, even the experimentally achieved val-
ues are lower than those theoretically suggested NEP values.
Though not written in the table, theoretically expected NEP val-
ues of the QD detectors would be less than 1072 W/HZ!/2.
The large discrepancy between the experimental and theoreti-
cal values of NEP strongly suggest that crystal imperfections
like electron traps significantly affect the noise current or the
dark switching event in true devices. In other words, it is

Gpc =
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probable that the sensitivity be significantly improved via
material engineering.

It is to be mentioned for CSIPs that NEP o< 1/7ji¢ X 1/7Tveset
in general, and that the detection speed has to be sacrificed
to achieve highest sensitivity. Actually, however, this may not
substantially restrict applicability of the CSIP because high-
speed measurements are usually important in conditions where
the radiation is not too faint.

VI. SUMMARY

A series of semiconductor THz single-photon detectors have
been described. The detection sensitivity demonstrated in these
detectors is, in terms of NEP, more than orders of magnitude
superior to any other detectors. Another remarkable strength is
the huge signal amplitude, which is a consequence of a large-
current responsivity or the large-photoconductive gain. This,
together with the low output impedance of the detectors (Z ~
200 k€2: QD detectors, Z =~ 0.1-10 kQ2: CSIPs), makes these
devices truly unique detectors. That is, the signals are so robust
that they can be treated with extremely simple circuits. In fact,
a single-photon-induced current pulse (step) can be recorded
with a conventional voltage or current amplifier operating at
room temperature, where the signal is guided from the detector
to the amplifier by using an approximately 2-m-long twisted-
pair lead: all the experimental data shown in this paper have
been taken in such a scheme.

The theoretical limit of the sensitivity of both the QD de-
tectors and CSIPs lies still far beyond the experimentally real-
ized level. First, quantum efficiency for coupling with radiation
may be improved largely by exploring optimum antenna/coupler
structures. Second, higher quality crystals of GaAs/AlGaAs
DQW heterostructures will lead to less noise current and lower
rate of dark switching in CSIPs. In general, the sensitivity of
CSIPs is expected to increase sharply with decreasing the de-
tector size, namely, NEP oc W'/2L3/2_ For the design of small
submicrometer CSIPs, a scheme in which excited electrons
“laterally” escape from the isolated QW island [48] may be
beneficial.

Expansion of the wavelength range is being attempted in
CSIPs [46], [47]. The maximum operating temperature is ex-
pected to be roughly proportional to the photon energy. Noting
T ~ 25K for A = 15 pum (hr = 84 meV) [42], the tempera-
ture is expected to range from 7" ~ 50K for A = 8 ym (hv =
154 meV) toT ~4 K for A = 80 um (hv = 15.4 meV). Owing to
the simple device structure, CSIPs are promising for integration
to large-scale arrays. Monolithic integration with GaAs LSIs is
also expected.

The THz single-photon detectors have opened up a new field
of photon-counting THz imaging [12]-[14] as well as of sub-
wavelength high-resolution passive THz microscopy [16]. On-
chip manipulation of THz photons has also been demonstrated,
providing a preliminary step for approaching an integrated on-
chip THz-photon spectrometer [17]. An important potential ap-
plication of the THz single-photon detectors is certainly astro-
physics, especially for space observatory [50]. In addition to
what have been described earlier, the THz photon-counting de-

65

tectors will no doubt have further versatile applications in the
future.
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