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ABSTRACT

Physically defined silicon triple quantum dots (TQDs) are fabricated on a silicon-on-insulator substrate by dry-etching. The fabrication
method enables us to realize a simple structure that does not require gates to create quantum dot confinement potentials and is highly advan-
tageous for integration. We observe the few-electron regime and resonant tunneling points in the TQDs by applying voltages to two plunger
gates at a temperature of 4.2 K. Moreover, we reproduce the measured charge stability diagram by simulation with an equivalent-circuit
model composed of capacitors and resistors. The equivalent-circuit simulation makes it clear that we realize three QDs in series within the
nanowire, as planned. This circuit model also elucidates the mechanism of resonant tunneling and identifies a quadruple point of TQDs.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010906

Quantum dots (QDs)"” and double quantum dots’° (DQDs)
have been thoroughly studied aiming to understand quantum mechan-
ical systems using electron spin states or charge states.” This effort was
recently applied to a solid-state-based quantum bit (qubit), demonstrat-
ing full control of a single spin-qubit in DQDs with an additional struc-
ture that generates the necessary magnetic field for electron spin
resonance (ESR).” ! Extending double QDs to triple QDs (TQDs) is
essential for controlling and understanding multi-spin properties. The
TQDs have their own unique physics. For example, a spin-spin inter-
action known as the Ruderman-Kittel-Kasuya-Yoshida interaction
was observed in the TQDs."” It is also believed that they can be
used to demonstrate quantum teleportation in spatially separated
spin-entangled electron currents.”” Furthermore, TQDs could be
used as an implementation for qubits'* because they provide a sim-
ple structure and scheme for single-qubit manipulation, which
removes the necessity for the additional structure for ESR.'™'°
Such qubits are called exchange-only-qubits, and their simple
structure is thought to be promising for integration in the future.
From a material perspective, silicon TQDs are ideal for qubits in
addition to understanding multi-spin physics. Electron spins in

silicon have a long coherence time that is attributed to its being
rich isotopes with zero nuclear spin.'” ' Furthermore, silicon is
compatible with classical CMOS processing. Thus, several studies
have been conducted to date on silicon TQDs,”” ** and universal
coherent control of a qubit in silicon TQDs has actually been
demonstrated.”

Silicon QDs, which were previously reported, were defined elec-
trically in heterostructures or metal-oxide-semiconductor (MOS)
structures with multi-layered fine gates. However, this fabrication
method may have integration limitations because electrically defined
TQDs need plunger gates as well as the gates defining the QDs, and a
lot of lines (from 10 to 15) are required in order to work as a single
qubit. These complicated gate patterns may prevent utilization of the
essential advantage of exchange-only-qubits, that is, their simply inte-
grable structure.

In this Letter, we report on an original fabrication technique to a
TQD configuration.”” This fabrication method enables us to realize
a simple structure. We obtained small QDs in TQDs tunnel-coupled
to reservoirs by improved techniques of electron-beam lithography,
dry-etching, and thermal oxidation. As a result, we demonstrated the
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operation of few-electron TQDs at a relatively high temperature of
4.2K. Both few-electron states and higher temperature operation are
important to integrate spin-based qubits in QDs. Furthermore, we
have analyzed the behavior of the TQDs with a universal equivalent
circuit agreement between the model and the experimental results of
serial TQDs. The model makes it clear that we obtained three tunnel-
coupled QDs in series as planned. We have also examined the trans-
port mechanisms of resonant tunneling and co-tunneling through
TQDs.

Scanning electron micrographs (SEMs) of the TQD device are
shown in Figs. 1(a)-1(c). TQDs are located in the nanowires and have
four intentionally constricted parts. A single electron transistor is used
as a charge sensor (CS), and two plunger side gates (SGR and SGL)
control the electrochemical potential in the TQDs. These plunger gates
can be used for full single qubit control and they do not need any other
gates such as those for forming the QD, which are necessary for the
electrically defined QD. Thus, these TQDs are highly advantageous for
integration. Figure 1(d) shows the schematic device structure. We fab-
ricated a metal-oxide-semiconductor (MOS) structure composed of a
gate insulator and a global top gate. We formed the gate insulator with
a combination of thermal oxidation (10 nm) and low-pressure chemi-
cal vapor deposition (~50 nm). Thermal oxidation is performed at
1000 °C for 5 min to passivate the surface states of the silicon-on-insu-
lator (SOI) layer and reduce the size of the QDs. Thus, the TQD device
dimensions shown in the SEM image of Fig. 1(c) are slightly larger
than the actual sizes of QDs in silicon. In order to show that the
dimensions of the TQDs are shrunken by thermal oxidation, we oxi-
dized the same patterns as in Fig. 1(c) with the same conditions and
removed the SiO, passivation layer in hydrofluoric acid. The patterns
before and after thermal oxidation and removing the passivation layer
are shown in Figs. 1(a) and 1(b), respectively. The actual diameter of
the QD after thermal oxidation is ~20 nm, which is much smaller
than that of the TQDs reported in Ref. 33. The small size of both the
QDs and the constricted parts is one of the important requirements
for obtaining the few-electron regime in QDs. This is because the
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FIG. 1. (a) Scanning electron microscope (SEM) image of physically defined
TQDs before thermal oxidation for passivation of the silicon on insulator (SOI)
surface. The dark (bright) region consists of SiO, (Si). (b) SEM image of physi-
cally defined TQDs after the removal of the SiO, passivation layer. The red
dashed lines indicate the shape of the TQDs in (a). It is clear that the TQDs
become smaller by thermal oxidation for passivation. [(c) and (d)] Schematic
measurement setups with the SEM image (c) and the schematic image (d) of the
device. The transport current through the TQD is indicated by lrqp and the
charge sensor current is indicated by Ics.

scitation.org/journal/apl

distance between the QDs is short, which can result in large inter-dot
tunnel coupling. The QD-reservoir coupling strength is also important
for finding the empty configuration. In our previous work reported in
Ref. 33, the tunnel barriers were too opaque to obtain the few-electron
regime. In this work, we improved the design of the side gates and the
reservoirs as shown in Fig. 1(c). Because of the short distance between
the QD and the gate, the side gate voltage Vs, controls the potential
of the left QD more efficiently and has less effect on the QD-reservoir
coupling. Also, the reservoirs have been changed wider. This strength-
ened the QD-reservoir coupling. Even if a large negative voltage is
applied to the side gate to expel electrons in the QD, the QD-reservoir
coupling can be kept high enough.

All measurements are performed at a temperature of 4.2 K with
voltages fixed at Vig=2.0V, V5 1qp=0.8mV, and Vg cs=3mV.
Figures 2(a)-2(c) show the charge stability diagram of the TQDs as
indicated by the CS signal dIs/dVsgy, as a function of Visgr and Vg
The charge state of the TQD is indicated by parentheses (n, m, 1),
where n, m, and 1 are the number of electrons confined in the left,
middle, and right dots, respectively. Blue and red stripes in Fig. 2(a)
indicate Coulomb oscillation of the CS. In the oscillation, feature lines
with three different slopes appear as expected. The slopes are deter-
mined by the coupling strength between each side gate and each QD
within the TQDs. Therefore, the nearly horizontal yellow (nearly
vertical purple) charging lines in Fig. 2(a) indicate charging events of
the right (left) QD in Fig. 1(c), and the red charging line in Fig. 2(a)
corresponding to the charging events of the middle QD has a slope of
dVsgr/dVsgr = —1. Furthermore, we observe the few-electron regime
in this stability diagram. The lack of charging lines in the lower left
corner of the diagram indicates that the TQD is completely uncharged.
Thus, this diagram enables us to determine an accurate number of
electrons confined in each of the QDs within the TQD as a function of
Vsgr and Vsgr. The charging lines indicated by the black arrows in
Fig. 2(a) seem to have a different slope from all the main charging
lines. These lines originally come from the charging lines of the middle
QD (black dashed lines). In this region, there are no electrons in both
the right and left QDs, and the tunneling barrier becomes very high.
This makes the charging process of the middle QD slow, followed by
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FIG. 2. [(a)-(c)] Transconductance dlcs/dVsg, of @ CS as a function of Vsgr and
VsgL. Several charge transition lines appear in the background, which is Coulomb
oscillation of the CS. The charge transition lines in (b) and (c) correspond to those
of lrqp plots shown in Figs. 3(a) and 3(b).
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breaking of the charging lines. The slope of the broken lines depends
on the sweep direction of Vg, during the measurements.”” All the
crossings of the two charging lines are avoided due to the electrostatic
inter-dot coupling. The spacing is determined by the inter-dot cou-
pling energy E,,. We represent E,, between the left-middle QD,
middle-right QD, and left-right QD as E,jm» Emmr, and Ep g, respec-
tively. The space of anti-crossings between (0,8,3)-(0,9,2)
[(0,9,2)-(1,8,2)] in Fig. 2(c) indicates the inter-dot coupling between
the left-middle QD (middle-right QD). Thus, E.,jp and Epugr are
nearly equal, and E,,; g can be ignored because the inter-dot coupling
between left-right QDs indicated by the anti-crossing between
(0,9,3)-(1,9,2) is negligible. These results are consistent with the geo-
metric features of serial TQDs.

We measure Itqp in Fig. 3(a) [Fig. 3(b)] simultaneously with a
charge stability diagram in Fig. 2(b) [Fig. 2(c)]. Several charging lines
in Fig. 3(a) [Fig. 3(b)] are traced from the charge stability diagram of
Fig. 2(b) [Fig. 2(c)]. We observe three types of resonant tunneling
points [such as points A, B, and C in Fig. 3(b)] in the Itqp plots. In
principle, the resonant tunneling transport of carriers in the TQDs is
observed only at the charge quadruple point, where four charge con-
figurations are degenerate; however, the transport can also be observed
at the triple points in the TQDs when a higher-order tunneling process
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FIG. 3. (a) lqp plot as a function of Vsgr and Vsg,. The measurement is per-
formed simultaneously with the charge stability diagram shown in Fig. 2(b). (b)
Magnified plot of (a), measured simultaneously with Fig. 2(c). (c) Schematic dia-
grams of electron transportation processes at the friple point of B in (b). (d)
Schematic diagrams of hole transportation processes at the triple point of C in (b).
(e) Schematic diagram of the hole transportation process at the quadruple point of
Ain (b).
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is permitted. Actually, the resonant tunneling points of B and C are
the pair of “electron” and “hole” charge triple points attributed to the
co-tunneling process.” The diagram in Fig. 3(c) represents resonant
tunneling transport at point B. At this point, the electrons are trans-
ported and the (0,8,2), (1,8,2), and (0,9,2) charge configurations are
degenerate due to the allowance of electron co-tunneling at the transi-
tion (0,9,2)-(0,8,2) in the right QD. At point C, hole current flows
with (1,9,2), (1,8,2), and (0,9,2) degenerate charge configurations and
co-tunneling occurs at the transition of (1,9,2)-(1,8,2) in the right QD,
as described in Fig. 3(d). Along the purple charging line representing
charging events of the left QD in Fig. 3(a), a pair of resonant transport
points appear when the charging lines cross the red charging lines.
The resonant transport mechanism of these pairs is the same as that of
pair B and C and is caused by the co-tunneling process in the right
QD. The remaining resonant tunneling transport at point A is a qua-
druple point, where (1,9,3)-(1,9,2)—(1,8,3)-(0,9,3) charging configura-
tions are degenerate, as shown in Fig. 3(e). Note that the charge
configuration of (1,8,3) is absent in the charge stability diagram. In the
TQDs, charge configurations are determined by the electrochemical
potentials of three QDs and a three-dimensional charge stability dia-
gram is necessary in order to obtain full charge configurations. Thus,
the absence of the specific charge configuration in the two-
dimensional charge stability diagram naturally occurs.

We have analyzed the behavior by applying a Monte Carlo tech-
nique to the universal equivalent circuit model of serial TQDs with
CS. The equivalent circuit model is composed of a capacitance and
resistance network [Fig. 4(a)] in which the tunneling junction Tj,pe
consists of the resistance R;,pe and the capacitance Cp,pe in parallel,
and the inter-dot coupling between middle and left (right) QDs is rep-
resented by the tunneling junction T}, (T;). Our model is designed to
simulate the total environment including the action of the CS. In other
words, we can simulate the charge stability diagram of the TQDs
by monitoring the CS current in the circuit model, ie., the model
performs a simulation under conditions that are closer to reality.
Figure 4(b) [Fig. 4(c)] shows the calculated charge stability diagram
with the same condition as that of Fig. 2(a) [Fig. 2(b)]. The calculated
results show an excellent agreement with our measurements. This cir-
cuit model is designed to represent a serial TQD, where there are
inter-dot couplings only between the middle and left (right) QDs, not
between the right and left QDs. Its agreement with the measured
results clearly shows that the left, middle, and right QDs are actually
located in series within the nanowire fabricated.

In our circuit model, the resonant co-tunneling process is simu-
lated by tunneling junctions (T,s and T,p) between the middle QD
and the two reservoirs. In the resonant co-tunneling process at points
B and C, where co-tunneling occurs in the right QD, current flows
when the electrochemical potentials in the left and middle QDs are
matched and act as if carriers are transported from the middle QD
directly to the right reservoir. Thus, we describe this current path
[PATHI in Fig. 4(a)] by connecting the middle QD and the right res-
ervoir using the tunneling junction T,s and we use the circuit model
to simulate the co-tunneling process of the right QD. In the simula-
tion, we can arbitrarily switch the co-tunneling allowance by tuning
the value of Rys in the tunneling junction T,s. Fig. 4(d) [Fig. 4(e)]
shows the calculated Itqp while co-tunneling events are permitted
(inhibited). Here, we observe that the resonant points indicated by the
white arrows are suppressed when the co-tunneling is inhibited.
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FIG. 4. (a) Equivalent circuit diagram for three tunnel-coupled QDs. The nodes DOT1, DOT2, and DOTS refer to the left, center, and right dots, respectively. Tunnel barriers
are modeled as resistors and capacitors in parallel. [(b) and (c)] Calculated transconductance dlcs/dVsg, of a CS from the equivalent circuit model. (d) Calculated lrqp with

co-tunneling events permitted. (e) Calculated /rqp with co-tunneling events inhibited.

This result clearly shows that these resonant points are the triple points
attributed to the co-tunneling process. On the other hand, in the reso-
nant point indicated by the yellow arrow, the current flows indepen-
dently of the allowance of co-tunneling. At this point, we can see that
the carriers are transported through PATH2 in Fig. 4(a) and we can
identify it as truly a quadruple point. From this simulation result, we
conclude that the resonant point of A in Fig. 3(b) is a hole quadruple
point where the (1,9,3)-(1,9,2)-(1,8,3)-(0,9,3) charging configurations
are degenerate. Note that co-tunneling is either elastic or inelastic,
simultaneous tunneling of two or more electrons, although in our
model it is simulated with the non-quantal equivalent-circuit by just
adding the tunneling junction T,s. In our model, we are not able to
discriminate between either elastic or inelastic contributions; however,
it is a simple method to reproduce the transport properties in TQDs
including resonant tunneling and co-tunneling.

Toward the exchange-only qubits, the tunability of the tunnel cou-
plings is important. We can tune the tunnel coupling strength by con-
trolling the size of the constricted parts in the fabrication, but in situ
control is also necessary for operation of qubits. By applying the bias
voltage between the source and drain contacts, the side gate voltages,
and the top gate voltage, the tunnel coupling can be controlled. In order
to obtain more tunability, it is desirable to attach the metal fine gates
with high dielectric constant gate oxide on the constricted parts.

In conclusion, we have demonstrated the few-electron-regime in
silicon TQDs at a temperature of 4.2 K. Key to this achievement is the
fabrication technique, which enables us to form highly scaled-down
QDs. Furthermore, modeling the TQDs with a capacitance network
that includes the CS action, we have shown good agreement between
the simulation and the experimental results. We have also examined
the resonant tunneling transport of the TQDs and found the quadru-
ple point. This study is the first step toward the realization of the
exchange-only qubits using a physically defined silicon TQD, which is
highly advantageous for integration.

This work was financially supported by JST-CREST (No.
JPMJCR 1675), JSPS-KAKENHI Grants-in-Aid (No. 20H00237),

and Quantum Leap Flagship Program (Q-LEAP) Grant No. JPMXS
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