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Abstract By growing two layers of InAs quantum dots on
a substrate and processing the substrate to form mesa struc-
tures, we successfully fabricated for the first time nanopho-
tonic devices that operate at room temperature. We fabri-
cated two types of two-dimensional mesa arrays. The mesa
dimensions of the individual arrays were 300 nm × 300 nm
× 85 nm and 200 nm × 200 nm × 85 nm, and the areal den-
sity was 1 × 108 cm−2. By adjusting the characteristics of
energy transfer via dressed photons between two InAs quan-
tum dots in the upper and lower layers of the mesa struc-
tures, we implemented devices that operate as AND gates
and NOT gates. We fabricated 133 devices (with mesa di-
mensions of 300 nm on each side), of which 53 devices op-
erated as AND gates and 50 devices operated as NOT gates.
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1 Introduction

New nanoscale photonic devices [1–6] and nanoscale fab-
rication methods [7–10] based on near-field optical in-
teractions through exchange of dressed photons between
nanoscale matter have been realized. Dressed photons are
virtual quasi-particles representing quantum states in which
light is combined with an elementary excitation of mat-
ter [1]. A nanoscale optical device that uses dressed pho-
tons as signal carriers, i.e., a nanophotonic device, has the
following features: (i) The device dimensions are consid-
erably smaller than the wavelength of light. (ii) Since it is
possible to utilize electric dipole-forbidden transitions, the
loss due to recombination of the elementary excitation is re-
duced [11]. (iii) Energy consumption is drastically reduced
compared with conventional devices [6].

Various types of nanophotonic devices have been pro-
posed, and their operations have been verified, such as AND
gates [2, 3], NOT gates [4], XOR gates [12], and opti-
cal nanofountains [13] implemented by using quantum dots
(QDs) of CuCl, ZnO, or InGaAs. However, these devices
were only able to operate at low temperatures below the tem-
perature of liquid nitrogen.

In this research, in order to overcome this shortcoming,
we processed two layers of InAs QDs having a low areal
density into mesa structures to fabricate AND gates and
NOT gates. As a result, of 133 devices (with mesa dimen-
sions of 300 nm on each side) we fabricated, 53 AND gates
and 50 NOT gates successfully operated at room tempera-
ture.

2 Structure and principles of the devices

Figure 1(a) shows the cross-sectional structure of a nanopho-
tonic device formed of two InAs QDs (QD1, QD2) aligned
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Fig. 1 The structure of a
nanophotonic device.
(a) A nanophotonic device
formed of two quantum dots
QD1 and QD2 having different
sizes. (b) AND gate. (c) NOT
gate

Fig. 2 Energy diagram of QD1
and QD2 that operate as an
AND gate by resonance
between E(QD1:E1,e–E1,h)

and E(QD2:E0,e–E0,h). E.T.
denotes energy transfer via
dressed photons. Red circles
represent electrons, and black
circles represent holes. (a) Low
state (Pout = 0; Pin1 �= 0,
Pin2 = 0), (b) low state
(Pout = 0; Pin1 = 0, Pin2 �= 0),
and (c) high state (Pout �= 0;
Pin1 �= 0, Pin2 �= 0)

vertically and having different sizes. These QDs are located
in barrier layers in a mesa structure. The barrier layers are
thick enough that the wave functions representing the elec-
tronic states of the two QDs do not overlap but are thin
enough that dressed photons can be exchanged [1]. Fig-
ures 2(a) and 3(a) show the quantized energy levels En,e

and En,h (n = 0,1) of electrons and holes in the two QDs.
An electronic transition between En,e and En,h will be re-
ferred to as an En,e–En,h transition. The energies that are ab-
sorbed or released with the En,e–En,h transition of QD1 and
QD2 (transition energies) will be denoted as E(QD1:En,e–
En,h) and E(QD2:En,e–En,h), respectively. Electric dipole-
allowed transitions in QD1 and QD2 are the E0,e–E0,h

transition and the E1,e–E1,h transition [14–16]. An AND
gate operation is achieved by controlling the energy levels
(En,e,En,h) such that the transition energies E(QD1:E1,e–
E1,h) and E(QD2:E0,e–E0,h) of the two QDs are resonant
with each other. On the other hand, in the case where the
transition energies E(QD1:E1,e–E1,h) and E(QD2:E0,e–
E0,h) are slightly off-resonant, if the difference between
these energies is not so large, the energy linewidths increase

by the many-body effect [4], causing these energies to be-
come resonant with each other. Thus, a NOT gate operation
is achieved in this case. In short, it is possible to implement
two types of nanophotonic devices that operate in different
ways by controlling the energy levels (En,e, En,h).

1. Resonant case: The device operates as an AND gate [2, 4]
(Figs. 1(b) and 2). Two input light signals (whose powers
are denoted by Pin1 and Pin2) generate electron–hole pairs
(e–h pairs) in the barrier layer and QD1 serving as input ter-
minals, respectively. The e–h pairs generated in the barrier
layer undergo intraband relaxation and then reach the E0,h–
E0,e level of QD1 or QD2. QD2 serves as an output terminal.
The wavy arrows E.T. in the figures represent energy transfer
from QD2 to QD1 via dressed photons. At QD2 serving as
an output terminal, electrons and holes recombine through
the E0,e–E0,h transition in QD2 to generate an output light
signal (whose power is denoted by Pout).

(i) Pin1 �= 0, Pin2 = 0 (Fig. 2(b)): The electrons and holes
generated in the barrier layer undergo intraband relaxation
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while moving to QD1 or QD2. Then, the electrons and holes
relax to the levels E0,e and E0,h of QD2, respectively. The
E0,e–E0,h transition energy E(QD2:E0,e–E0,h) of the e–h
pairs is transferred to QD1 by resonance via dressed photons
(E.T. in Fig. 2(b)). Furthermore, the electrons and holes of
the e–h pairs undergo inter-sublevel relaxation to the levels
E0,e and E0,h of QD1, respectively, and the e–h pairs vanish
by recombination of the electrons and holes, whereby the
energy input to the device as Pin1 is dissipated from QD1.
Thus, no output signal is generated (Pout = 0: low state).

(ii) Pin1 = 0,Pin2 �= 0 (Fig. 2(c)): The e–h pairs generated
in QD1 vanish by the E0,e–E0,h transition, so that no output
signal is generated (Pout = 0: low state).

(iii) Pin1 �= 0, Pin2 �= 0 (Fig. 2(d)): The e–h pairs generated
in the barrier layer move to QD1 or QD2 and undergo inter-
sublevel relaxation. Of the e–h pairs, the transition energy
E(QD2:E0,e–E0,h) of the e–h pairs in QD2 is prohibited
from transferring to QD1. This is because the energy lev-
els of electrons and holes in QD1 are already occupied by
electrons and holes generated by Pin1. The transition energy
E(QD2:E0,e–E0,h) of QD2, which is prohibited from trans-
ferring, is released by recombination of electrons and holes
through the E0,e–E0,h transition. As a result, an output sig-
nal is generated (Pout �= 0: high state).

2. Slightly off-resonant case: The device operates as a NOT
gate [4] (Figs. 1(c) and 3). Light, as the energy source, en-
ters the NOT gate. This light energy is supplied to the barrier
layer (same as Pin1 in case 1, denoted by Pes here). QD1
serves as an input terminal. An input signal (same as Pin2

in case 1, denoted by Pin here) generates e–h pairs through
the E0,e–E0,h transition in QD1. QD2 serves as an output
terminal, where electrons and holes recombine through the
E0,e–E0,h transition in QD2 to generate an output light sig-
nal (Pout).

(i) Pin = 0 (Fig. 3(b)): The electrons and holes generated
in the barrier layer by the light (Pes) serving as an energy
source move to QD1 and QD2 while undergoing intraband
relaxation. The electrons and holes moved to QD1 undergo
inter-sublevel relaxation to the levels E0,e and E0,h in QD1,
respectively, and then the e–h pairs vanish through the E0,e–
E0,h transition. Since E(QD2:E0,e–E0,h) is not resonant
with E(QD1:E1,e–E1,h), the e–h pairs moved to QD2 are
prohibited from moving to QD1 and vanish by recombina-
tion of the electrons and holes. Thus, an output signal is gen-
erated (Pout �= 0: high state).

(ii) Pin �= 0 (Fig. 3(c)): Since the linewidths of energy levels
of QD1 increase by the many-body effect [4], E(QD1:E1,e–
E1,h) and E(QD2:E0,e–E0,h) come to be resonant with each
other. At this time, the e–h pairs generated in the barrier
layer by the light serving as an energy source move to QD2

Fig. 3 Energy diagram of QD1 and QD2 in the case where
E(QD1:E1,e–E1,h) and E(QD2:E0,e–E0,h) are slightly off-resonant,
and QD1 and QD2 operate as a NOT gate. (a) High state (Pout �= 0;
Pin = 0) and (b) low state (Pout = 0; Pin �= 0)

while undergoing intraband relaxation. The transition en-
ergy E(QD2:E0,e–E0,h) of the e–h pairs can transfer to QD1
by resonance (E.T. in Fig. 3(c)). As a result, the e–h pairs in
QD2 vanish, so that no output signal is generated (Pout = 0:
low state).

3 Fabrication and evaluation

We used a GaAs wafer as a substrate and grew InAs QDs on
the substrate by molecular beam epitaxy (MBE). Figure 4(a)
shows the cross-sectional structures of a buffer layer, barrier
layers, wetting layers, and QDs grown on the GaAs sub-
strate. The requirements for realizing room-temperature op-
eration and a method we discovered for satisfying the re-
quirements are as follows: (i) Ability to precisely control
the distances between QDs (the distance between two QDs
constituting a device should be less than or equal to the di-
ameter of a QD, and distances with respect to the other QDs
should be greater than the diameter of a QD): By utilizing
the phenomenon in which QDs align vertically as a result of
growth in the Stranski–Krastanov mode [17], only QDs in
the upper layer and the lower layer were placed in proxim-
ity to each other. We adjusted the distance between the QDs
by controlling the thickness of the barrier layers. Further-
more, we made the areal density of QDs in each layer low by
controlling the growth rate. (ii) Satisfying the resonant and
slightly off-resonant device operating conditions, described
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Fig. 4 Mesa structure
fabricated by using two layers
of InAs QDs. (a) The structure
of two layers of InAs QDs used
for mesa processing.
(b) A cross-section of the mesa
structure. (c) Image of the entire
two-dimensional array of mesa
structures, taken with an optical
microscope. (d) Cross-sectional
image of a mesa, taken with a
scanning transmission electron
microscope (S-TEM)

in 1 and 2 above, by controlling the quantized energy levels
of QD1 and QD2: We controlled the growth rate and de-
position thickness of QDs. (iii) Sufficiently high quantum
efficiency of photoluminescence at room temperature: We
controlled the heating rate under As-source irradiation and
the growth temperature of the barrier layers.

The fabrication process satisfying the above require-
ments (i) to (iii) is as follows. First, we grew a GaAs buffer
layer having a thickness of 150 nm on the substrate. Then,
we grew 1.8 monolayers of QD2 on the buffer layer (growth
temperature, 510◦C). Then, we grew a GaAs layer (bar-
rier layer) having a thickness of 24 nm (growth tempera-
ture, 475◦C) and then grew 1.8 monolayers of QD1 (growth
temperature, 510◦C). Finally, we grew a GaAs layer (bar-
rier layer) having a thickness of 24 nm (growth temperature,
440◦C).

Figure 4(b) shows the cross-sectional structure of the
two-dimensional mesa array we fabricated. After fabricating
a Ti mask on the quantum dots fabricated as described above
by the lift-off method using electron-beam lithography, we
formed two-dimensional arrays of two types of mesa de-
vices by Ar-ion milling. The dimensions of the bottom of
each mesa structure were 300 nm × 300 nm (Fig. 4(b)) and
200 nm × 200 nm, and the height was 85 nm. The average
number of pairs of QD1 and QD2 in each mesa structure, es-
timated on the basis of the areal density of QDs mentioned
earlier, was 4.0 for the 300 nm-size mesa structures and 1.5
for the 200 nm-size mesa structures. We arrayed 20 × 20
mesa devices two-dimensionally at intervals of 1 µm (areal
density of 1×108 cm−2). Figure 4(c) shows an image of the
two-dimensional array, taken with an optical microscope.

Figure 4(d) shows a cross-sectional image of the device,
taken with a scanning transmission electron microscope
(S-TEM). It will be understood that QD1 is located directly
above QD2 and that the distance between QD1 and QD2
is controlled by the thickness of the barrier layer. As will
be understood from the image, QD1 and QD2 are aligned
vertically, separated by a barrier layer having a thickness of
24 nm. The average dimensions of QD1 were 42 nm in di-
ameter and 11 nm in height. The average dimensions of QD2
were 38 nm in diameter and 10 nm in height. The areal den-
sity of QDs was 1.0×1010 cm−2. Since the average in-plane
interval was 100 nm, requirement (i) was satisfied. Further-
more, as is shown in the image, an Au nanoparticle having
a diameter of 50 nm and a height of 30 nm was provided
on top of the mesa structure. The Au nanoparticle on the
mesa structure was also fabricated by Ar-ion milling using
a Ti mask. The Au nanoparticle has the role of improving
the efficiency of outputting propagating light as an output
signal of the device. That is, since GaAs constituting the
barrier layer has a large refractive index, light signals emit-
ted by the device are scattered backward in the direction of
the substrate [18]. At this time, the Au nanoparticle serves
to discharge a greater portion of the scattered light to the
outside of the device.

The white squares in Fig. 5 represent measured values
of the spectrum of light emitted by the fabricated QD1
and QD2 at room temperature (300 K). The solid curve is
composed of multiple Gaussian curves, representing the re-
sult of fitting the measured values. As an excitation light
source, we used second harmonic generation (SHG) light of
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Fig. 5 Spectra of light emitted by the two layers of InAs QDs used
for device fabrication. The curve A represents the spectrum of light
emitted by recombination of electrons and holes through the transi-
tion E0,e–E0,h in QD1. The curve B represents the spectrum in which
the spectra of light emitted by recombination of electrons and holes
through the transition E1,e–E1,h in QD1 and the transition E0,e–E0,h
in QD2 overlap each other. The curve C represents the spectrum of
light emitted from wetting layers

an Nd:YAG laser that emits light having a wavelength of
532 nm and an excitation intensity of 20 W/cm2. We fitted
the spectral component of light emitted by recombination
of electrons and holes through the E0,e–E0,h transition of
QD1 with a Gaussian curve A. The peak energy of the spec-
trum (E(QD1:E0,e–E0,h)) was 0.974 eV, and the inhomoge-
neous linewidth of the spectrum was 28 meV. Furthermore,
the spectra of light emitted by recombination of electrons
and holes through the E1,e–E1,h transition of QD1 and the
E0,e–E0,h transition of QD2 overlapped each other, and we
fitted the spectra with a Gaussian curve B . The peak energy
of the spectra (E(QD1:E1,e–E1,h) and E(QD2:E0,e–E0,h))

was 1.027 eV, and the inhomogeneous linewidth of the spec-
tra was 31 meV. Furthermore, the curve C represents a broad
spectrum of light emitted from the wetting layers. The in-
homogeneous linewidth of the spectrum was 119 meV. The
sources of these spectra were estimated from the spectra of
light emitted from samples in which only QD2 were fabri-
cated and samples in which only QD1 were fabricated and
the results of measurement of dependency of these sam-
ples on the excitation intensity. The average value of the
full width at half maximum (FWHM) of the spectrum of
light emitted from a single QD at room temperature, mea-
sured by the microscopic photoluminescence method (µ-PL
method), was 16 meV. The photoluminescence linewidth ob-
tained from this spectrum substantially coincided with re-
sults obtained through other measurements of emitted light
[19] and hole burning spectroscopy [20] and can be regarded
as the homogeneous linewidth.

Based on the homogeneous linewidth and inhomoge-
neous linewidth, it is possible to obtain the probability

of existence of QD pairs in which E(QD1:E1,e–E1,h)

and E(QD2:E0,e–E0,h) are resonant with each other. We
assumed that E(QD1:E1,e–E1,h) and E(QD2:E0,e–E0,h)

were resonant with each other when the overlapping area
of the homogeneous spectral broadenings of these transition
energies was greater than half the area of the homogeneous
spectral broadening of each one individually. Since the ho-
mogeneously broadened spectral shapes of light emitted
from E(QD1:E1,e–E1,h) and E(QD2:E0,e–E0,h) of a sin-
gle QD are represented by Lorentzian curves, E(QD1:E1,e–
E1,h) and E(QD2:E0,e–E0,h) are considered as resonant
if the distance between the positions of the spectral peaks
of these energies is less than the FWHM (16 meV). On
the other hand, since the Gaussian linewidth of the inho-
mogeneously broadened photoluminescence generated with
E(QD1:E1,e–E1,h) and E(QD2:E0,e–E0,h) as described
above is 31 meV, the probability of existence of a QD pair in
which E(QD1:E1,e–E1,h) and E(QD2:E0,e–E0,h) are reso-
nant with each other is expressed by

P(δxc, xh) =
∫ ∞

0

∫ xc+δxc

xc

exp

{
− (x + xc)

2

x2
h

}
dx dxc

/

∫ ∞

0

∫ ∞

xc

exp

{
− (x + xc)

2

x2
h

}
dx dxc. (1)

In this equation, the integration variables x and xc represent
photon energies, δxc represents the homogeneous linewidth,
and xh represents the inhomogeneous linewidth. Assigning
the above values, i.e., δxc = 16 meV and xh = 31 meV,
the value of (1) is P1 ≡ P(16 meV, 31 meV) = 39%. Fur-
thermore, we observed the dependency of the spectrum of
light emitted by a single QD on the excitation intensity and
confirmed that the homogeneous linewidth increased by 2.2
times or more by the many-body effect. Thus, if e–h pairs
exist in a QD, the homogeneous linewidth would increase to
at least 16 meV × 2.2 = 35 meV. At this time, by assign-
ing δxc = 16 meV and xh = 31 meV in (1), it is found that
the probability of existence of a resonant QD pair increases
to P2 ≡ P(35 meV, 31 meV) = 74%. This indicates that
QD pairs corresponding to the 35% difference from P1 ex-
perienced a change from the off-resonant to resonant condi-
tion by excitation of E(QD1:E1,e–E1,h) and E(QD2:E0,e–
E0,h). That is, this indicates that 35% of the QD pairs are
slightly off-resonant and thus can operate as NOT gates.
From the above discussion, it will be understood that re-
quirement (ii) is satisfied by using the fabricated InAs QDs
and that at least 74% of the QD pairs operate as AND gates
or NOT gates.

When growing the barrier layer after growing quantum
dots by MBE, we raised the temperature of the growth sub-
strate to the growth temperature of the barrier layer under As
irradiation. We suppressed diffusion of In by controlling the
heating rate and the growth temperature of the barrier layer.
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As a result, formation of nonradiative recombination cen-
ters due to diffusion of In was suppressed, and the intensity
of light emitted from QDs at room temperature increased
about tenfold compared with the case without this control.
Thus, requirement (iii) was satisfied.

4 Device operation

We verified the device operation at room temperature
(300 K) by the µ-PL method. Since the photon energy
needed to generate e–h pairs in the GaAs barrier layer is
1.44 eV, we used a cw semiconductor laser with a photon
energy of 1.91 eV as a light source for Pin1 of the AND
gates and Pes of the NOT gates. The power of input light
was 80 µW. Furthermore, we used an optical parametric os-
cillator (photon energy of 0.965 eV, pulse width of 100 fs,
repetition frequency of 80 MHz, and input power of 40 µW)
pumped by a Ti:sapphire laser and tuned to E(QD1:E0,h–
E0,e) of QD1 as a light source for Pin2 of the AND gates and
Pin of the NOT gates. The numerical aperture of the objec-
tive lens used for the µ-PL method was 0.6, and the spatial
resolution was 500 nm.

Light (Pin1, Pes) from the cw semiconductor laser was
made to enter the two-dimensional mesa array, and we
measured the spatial distribution of the value of the ratio
R(=Pout/P

′
out) of the output signal power Pout in the case

where the input signal (Pin2, Pin) was applied and the out-
put signal power P ′

out in the case where the input signal was
not applied. According to [21], the contrast ratio C of a
logic gate is defined as C(dB) = 10 log(Pout,h/Pout,l) using
Pout in a high state (Pout,h) and Pout in a low state (Pout,l).
Thus, R described above is R = 10C/10 for AND gates and
R = 10−C/10 for NOT gates. Figures 6(a) and (b) show the
results of measurement of mesa structures having dimen-
sions of 300 nm and 200 nm on each side, respectively. Here,
Pout represents a value obtained by integrating the range of
photon energy of 1.0533 to 1.0120 eV in the spectrum of the
output signal. Spots of yellow to red represent the values of
R for AND gates. On the other hand, darker spots of blue to
black represent the values of R for NOT gates. Mesa struc-
tures having particularly distinct values of R are surrounded
by white rings.

Since the values of R fluctuated by as much as 2.2% due
to the background noise caused by deep level emission from
the GaAs substrate, devices whose average value of C of
mesa structures was greater than 10 log(1.025) = 0.11 dB
were defined as AND gates and NOT gates. At this time,
in the case of the 300 nm × 300 nm mesa structures, of
133 mesa structures observed, 53 mesa structures operated
as AND gates, 50 mesa structures operated as NOT gates,
and there were 30 others. In the case of the 200 nm ×
200 nm mesa structures, of 126 mesa structures observed,

36 mesa structures operated as AND gates, 36 mesa struc-
tures operated as NOT gates, and there were 54 others.

We verified experimentally that the enhancement factor
of Pout by the 40 nm Au nanoparticle was 3. Furthermore,
we excited all the mesa structures in the two-dimensional
array with second harmonic generation (SHG) of the mode-
locked Ti:sapphire laser and measured the relaxation life-
time of light emission with an avalanche photodiode. As a
result, we confirmed that a fast relaxation component hav-
ing a time constant of 50 ps appeared due to the 40 nm Au
nanoparticle. This result suggests that the maximum opera-
tion frequency of the device with the Au nanoparticle dis-
posed on the mesa structures is 1/50 ps (=20 GHz). This
point will be published in detail on some other occasion.

5 Discussion

First, C of the device will be discussed. As will be under-
stood from Figs. 6(a) and (b), the maximum value in the
spatial distribution of C in the two-dimensional array was
10 log(1.15) = 0.61 dB for AND gates and 10 log(0.85) =
0.71 dB for NOT gates. However, these values are underes-
timated for two reasons: (i) The value obtained by integrat-
ing over the range of photon energy of 1.0533–1.0120 eV
is used; (ii) Light in the form of short pulses having a low
duty ratio and a low repetition frequency (100 fs, 80 MHz)
is used as the input signals (Pin2, Pin).

Fig. 6 Spatial distribution of the values of ratio R regarding the
two-dimensional mesa array. (a) Mesa dimensions 300 nm × 300 nm
and (b) mesa dimensions 200 nm × 200 nm
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Now, reason (i) will be discussed in the context of the
AND gate with ring number 1 and the NOT gate with
ring number 2 in Fig. 6(a). Figure 7(a) shows the spectra
of output light signals of the AND gate at the center of
ring number 1 in a high state and a low state by a solid
curve and a dashed curve, respectively. C becomes great-
est at the position of the arrow in the figure, with a value
of 10 log(2.0) = 3.0 dB. Furthermore, Fig. 7(b) shows the
spectra of output light signals of the NOT gate with ring
number 2 in Fig. 6(a) in a high state and a low state by
a solid curve and a dashed curve, respectively. C becomes
greatest at the position of the arrow in the figure, again with
a value of 10 log(2.0) = 3.0 dB. Thus, by choosing the pho-
ton energy of Pout of each device so that C becomes great-
est, C of AND gates and C of NOT gates increase by 2.4
(=3.0 − 0.61) dB and 2.3 (=3.0 − 0.71) dB, respectively.

Next, reason (ii) will be discussed. In the case where
light having a high duty ratio is used as the input signals
(Pin2, Pin), the values of C become greater. In the experi-
ment described above, pulse signals are generated both in
a high state and a low state. Since Pout occurs by recom-
bination of electrons and holes in QD2, the time duration of
the pulsed light signals is substantially equal to the recombi-
nation lifetime (measured value is 0.38 ns) of the electrons
and holes in the device. Furthermore, the pulse repetition
time is 12.5 ns (=1/80 MHz). That is, since the duty ratio
is 0.38 ns/12.5 ns = 0.03, by using a light source with a
pulse repetition time of 0.38 ns in the experiment and ne-
glecting the effects of saturation, C of AND gates and NOT
gates becomes 15 (=10 log(1/0.03)) dB greater compared
with (i) above. From the discussion of reasons (i) and (ii),
C of AND gates and NOT gates obtained as results of the
experiment were both 18 (=3 + 15) dB.

Next, the relationship between the transition energy be-
tween quantized energy levels of QDs constituting the de-
vice and the reproducibility of the device operation will be
discussed. For this purpose, we fitted the spectrum of light
emitted from QDs in each mesa structure with a Lorentzian

curve and obtained the median of the transition energies
of the individual QDs. Figures 8(a) to (c) show the results
for AND gates, NOT gates, and other mesa structures, re-
spectively. In Fig. 8(a), the red curve is a fitting curve for
the spectrum of light emitted by recombination of elec-
trons and holes through the E0,e–E0,h transition in QD1.
The blue curve is a fitting curve for the spectrum of light
emitted by recombination of electrons and holes through the
E1,e–E1,h transition in QD1 and the E0,e–E0,h transition in
QD2 (corresponding to Pout). Furthermore, in Fig. 8(b), the
red, green, and blue curves are fitting curves for the spec-
tra of light emitted by recombination of electrons and holes
through the E0,e–E0,h transition in QD1, the E1,e–E1,h tran-
sition in QD1, and the E0,e–E0,h transition in QD2 (corre-
sponding to Pout). The FWHM of the green curve is wider
than that of the red curve. This is because the E1,e–E1,h tran-
sition is fourfold degenerate, causing quick phase relaxation
between degenerate levels, and because inter-sublevel relax-
ation of electrons and holes to the E0,e and the E0,h lev-
els occurs quickly, whereby the FWHM of the spectrum of
emitted light increases [14–16]. Figure 8(c) shows the spec-
trum of light emitted from the other mesa structures. We
fitted the spectrum with multiple Lorentzian curves having
different center positions.

Figure 9 shows the results of plotting the photon ener-
gies at the center positions of the Lorentzian curves ob-
tained by the fitting described above as a function of R.
The white triangles, white circles, and black squares in the
figure correspond to AND gates (R = 10C/10), NOT gates
(R = 10−C/10), and the other mesa structures, respectively.
The white triangles and circles distributed in the vicinity of
the red curve A represent the photon energies of light emis-
sion by recombination of electrons and holes through the
E1,e–E1,h transition in QD1. On the other hand, white trian-
gles and circles distributed in the vicinity of the red curve B

represent the photon energies of light emission by recombi-
nation of electrons and holes through the E1,e–E1,h transi-
tion in QD1 and the E0,e–E0,h transition in QD2.

Fig. 7 Spectra of output
signals. (a) Spectra of Pout of
the AND gate with ring number
1 (dashed curve for low state
(Pout = 0; Pin1 �= 0, Pin2 = 0),
solid curve for high state
(Pout �= 0; Pin1 �= 0, Pin2 �= 0)).
(b) Spectra of Pout of the NOT
gate with ring number 2 (dashed
curve for low state (Pout = 0;
Pin �= 0), solid curve for high
state (Pout �= 0; Pin = 0))
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Fig. 8 Spectra of light emitted by different mesa structures. The solid curves represent the results of fitting with Lorentzian curves. (a) Mesa
structures that operate as AND gates. (b) Mesa structures that operate as NOT gates. (c) Other mesa structures

Fig. 9 Result of plotting the photon energies at the center positions of
the Lorentzian curves obtained by the fitting shown in Fig. 8 as a func-
tion of R of individual mesa structures, together with the values of C.
The white triangles, white circles, and black squares represent results
obtained from the spectra of light emitted by AND gates, NOT gates,
and the other mesa structures, respectively. The curve A represents the
photon energy of E(QD1:E0,e–E0,h), and the curve B represents the
photon energy in which E(QD1:E1,e–E1,h) and E(QD2:E0,e–E0,h)

overlap

As indicated by the black squares, mesa structures other
than AND gates and NOT gates have a large number of
peaks in the emitted light spectra, with the center positions
of the Lorentzian curves considerably deviated from the red
curves A and B . That is, the transition energies of two QDs
in these mesa structures are not resonant or slightly off-
resonant, and do not satisfy the operating conditions of AND
gates or NOT gates. The differences in photon energy at the
peaks were large, averaging at 42 meV. The probability of
existence of a QD having a peak of light emission at such a
photon energy position is greater than the probability of ex-
istence obtained from the value of the inhomogeneous width
(31 meV) of the quantized energy level of QDs before the

processing into mesa structures. That is, according to (1), the
probability of existence of such a QD is estimated as 17%
before the processing; whereas the measured value after the
mesa processing was 30%. This is presumably attributable
to changes in the quantized energy levels of QDs through
the mesa processing. The changes presumably occur mainly
in the periphery of mesa structures, where damage is likely
to occur. Thus, by alleviating damage to QDs by adding a
passivation regime in the mesa periphery, improvement in
the device fabrication yield can be expected [22].

Finally, the meanings of “resonant” and “slightly off-
resonant” device operation conditions described in Sect. 2
will be clarified, and it will be pointed out that the de-
vice operates by way of energy transfer via dressed pho-
tons instead of the ordinary Förster mechanism. Light emis-
sion by recombination of electrons and holes through the
E1,e–E1,h transition in QD1 and the E0,e–E0,h transition
in QD2 contribute to the white triangles and circles in the
vicinity of the red curve B in Fig. 9. Thus, two Lorentzian
curves overlap. Figure 10 shows the results of plotting the
energy difference E(QD2:E0,e–E0,h)−E(QD1:E1,e–E1,h)

between the peaks of the two Lorentzian curves for AND
gates and NOT gates. White circles in the figure are dis-
tributed in a range of the absolute value of E(QD2:E0,e–
E0,h) − E(QD1:E1,e–E1,h) between 10 and 20 meV. Thus,
it is understood that “slightly off-resonant,” which is to be
satisfied by E(QD1:E1,e–E1,h) and E(QD2:E0,e–E0,h) of
two QDs constituting a NOT gate, refers to a state of de-
tuning from resonance by approximately 10 to 20 meV. On
the other hand, as for AND gates, as indicated by white tri-
angles in the figure, of 14 devices examined, E(QD2:E0,e–
E0,h) − E(QD1:E1,e–E1,h) = 0 (i.e., separation by fitting
was not possible due to their homogeneous broadening) for
11 devices. By comparing these values, it is understood
that E(QD1:E1,e–E1,h) and E(QD2:E0,e–E0,h) are reso-
nant with each other and QD1 and QD2 operate as an AND
gate if E(QD1:E1,e–E1,h) and E(QD2:E0,e–E0,h) are close
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Fig. 10 Result of plotting the energy difference E(QD2:E0,e–E0,h)−
E(QD1:E1,e–E1,h) of peaks of light emission along the curve B in
Fig. 9 as a function of R of individual mesa structures, together with the
values of C. The white triangles represent AND gates, and the white
circles represent NOT gates

enough to each other that these energies are inseparable due
to their homogeneous broadenings.

The devices indicated by three white triangles in a bro-
ken ellipse in Fig. 10 are considered to operate as AND
gates by resonance between the energy E(QD1:E1,e–E0,h)

of the electric dipole-forbidden transition (E1,e–E0,h transi-
tion) in QD1 and the energy E(QD2:E0,e–E0,h) of the elec-
tric dipole-allowed transition (E0,e–E0,h transition) in QD2
instead of the operation condition E(QD2:E0,e–E0,h) −
E(QD1:E1,e–E1,h) = 0. This is because of the following
two reasons: (i) The photon energy of E(QD1:E1,e–E0,h)

of the electric dipole-forbidden transition estimated on the
basis of the band offset of InAs and GaAs [23] is 11 meV
lower than that of E(QD1:E1,h–E1,e). This value substan-
tially coincides with the value of E(QD2:E0,e–E0,h) −
E(QD1:E1,e–E1,h) of the devices indicated by the three
white triangles in the broken ellipse in Fig. 10. (ii) We
were unable to find AND gates in the region where elec-
tric dipole-forbidden transitions as in (i) above are absent
(E(QD2:E0,e–E0,h) − E(QD1:E1,e–E1,h) > 0; the dotted
rectangular region at the upper right part of Fig. 10). The
occurrence of energy transfer via electric dipole-forbidden
transitions indicates that the device operates through energy
transfer between QDs via exchange of dressed photons in-
stead of the ordinary Förster mechanism [1, 11].

6 Conclusions

By using mesa structures of InAs QDs, we succeeded for
the first time in fabricating nanophotonic logic gates that

operated at room temperature. The mesa dimensions were
300 nm × 300 nm × 85 nm and 200 nm × 200 nm × 85 nm,
and the mesa structures were arrayed two-dimensionally on
a GaAs substrate at an areal density of 1 × 108 cm−2. A de-
vice is formed of two quantum dots vertically aligned in
a mesa structure. Of 133 mesa structures having dimen-
sions of 300 nm on each side, 53 operated as AND gates
and 50 operated as NOT gates. Of 126 devices having di-
mensions of 200 nm on each side, 36 operated as AND
gates and 36 operated as NOT gates. In order to fabricate
a NOT gate, the absolute value of the energy difference be-
tween E(QD2:E0,e–E0,h) and E(QD1:E1,e–E1,h) must be
10 to 20 meV. On the other hand, an AND gate operates
if E(QD2:E0,e–E0,h) = E(QD1:E1,e–E1,h), and also op-
erates if the condition E(QD2:E0,e–E0,h) = E(QD1:E1,e–
E0,h) is satisfied, even in the condition of an electric dipole-
forbidden transition. By precisely controlling the quantized
energy levels of QDs through optimization of the mesa
processing and use of the photo-assisted size-controlled
growth [24], the device fabrication yield is expected to im-
prove even further.
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ics components development project” which OITDA contracted with
The New Energy and Industrial Technology Development Organiza-
tion (NEDO) since 2006.
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G. Mezősi, A.C. Bryce, J. Vac. Sci. Technol. B 28, 882 (2010)

23. D.J. Arent, K. Deneffe, C. Van Hoof, J. De Boeck, G. Borghs,
J. Appl. Phys. 66, 1739 (1989)

24. T. Yatsui, M. Ohtsu, Appl. Phys. Lett. 95, 043104 (2009)


	Two-dimensional array of room-temperature nanophotonic logic gates using InAs quantum dots in mesa structures
	Abstract
	Introduction
	Structure and principles of the devices
	Fabrication and evaluation
	Device operation
	Discussion
	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


