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Scaling up spin qubits in silicon-based quantum dots is one of the pivotal challenges in achieving large-scale semi-
conductor quantum computation. To satisfy the connectivity requirements and reduce the lithographic complexity, utilizing
the qubit array structure and the circuit quantum electrodynamics (cQED) architecture together is expected to be a feasible
scaling scheme. A triple-quantum dot (TQD) coupled with a superconducting resonator is regarded as a basic cell to demon-
strate this extension scheme. In this article, we investigate a system consisting of a silicon TQD and a high-impedance TiN
coplanar waveguide (CPW) resonator. The TQD can couple to the resonator via the right double-quantum dot (RDQD),
which reaches the strong coupling regime with a charge—photon coupling strength of go/(27) = 175 MHz. Moreover, we
illustrate the high tunability of the TQD through the characterization of stability diagrams, quadruple points (QPs), and
the quantum cellular automata (QCA) process. Our results contribute to fostering the exploration of silicon-based qubit

integration.

Keywords: triple-quantum dot, strong coupling, circuit quantum electrodynamics (cQED), scalable silicon-

based cQED architectures
PACS: 03.67.Lx, 42.50.Wk, 68.65.Hb, 42.60.Da

1. Introduction

The exceptional desirability of silicon quantum dots
arises from their impressive characteristics, including long
coherence time and high operation fidelity,!'=3] which make
them promising candidates for quantum computation ap-
plications.  Considering that single- and two-qubit gates
have been achieved with fidelity exceeding the surface code
threshold in silicon,[*©! there is increasing interest in qubit
scaling architecture.!”-'"!" Circuit quantum electrodynamics
(cQED) provides a leading platform for coupling qubits at a
distance.!'>~2%) In such a system, microwave photons can me-
diate long-range qubit interactions, which requires strong cou-
pling for efficient information exchange between photons and

23,24

qubits.[?3241 By virtue of the high-impedance superconduct-

ing resonator,?>>! previous works have successfully achieved
strong coupling between photons and charge qubits.[>324]
Furthermore, the charge—spin hybridization achieved through
spin—orbit coupling or micromagnets offers an approach to
coupling spin qubits to photons. In this context, a flopping
mode qubit is proposed, encoded in a double-quantum dot
(DQD), and has achieved indirect coupling between the spin

[ [26-31

qubit and the resonato ! In addition, long-range qubit in-

teractions mediated by both real!'®! and virtual photons!%-3]

fCorresponding author. E-mail: gcao@ustc.edu.cn
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have also been demonstrated.

Connecting separated qubit arrays through a resonator is
an attractive approach for further qubit extension, which al-
lows coherent information exchange between these arrays. In
a quantum dot array, with the help of the flopping mode qubit,
the DQD can be used to couple microwave photons with large
coupling strength. And each of the remaining quantum dots
can encode a single spin Loss—DiVincenzo (LD) qubit.[3]
Considering that a triple-quantum dot (TQD) can form an LD
and a flopping mode qubit, thus a resonator-coupled TQD sys-
tem is the minimum cell for constructing a large-scale archi-
tecture based on cQED. This approach offers the advantage
of allowing qubit arrays to be separated over a long distance,
enabling a more efficient electrode arrangement and reducing
unwanted thermal dissipation.!”) However, due to the difficulty
of device fabrication, such systems have rarely been studied in
silicon.

In this work, we fabricate a hybrid device consisting of
the Si/SiGe TQD and a high-impedance coplanar waveguide
(CPW) superconducting TiN resonator. Strong coupling be-
tween the charge qubit in the right quantum dot (RDQD) and
the resonator photons is observed in the single electron regime.
To demonstrate the tunability of the TQD, we tune the electro-
chemical potential of each quantum dot specifically, and ob-
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serve two quadruple points (QPs) and quantum cellular au-
tomata (QCA) phenomena. With the Hubbard model®* and

[33] the simulation diagram is provided

the input—output theory,
and agrees well with the experimental data. These results in-
dicate the potential of a qubit array coupled with resonator for

scaling-up qubits.

2. Resonator-coupled triple-quantum dot device

The hybrid device investigated in our experiments is de-
picted in Fig. 1(a), comprising a high-impedance CPW res-
onator and two TQDs fabricated on a Si/SiGe heterostructure.
The device is cooled to a base temperature of approximately
12 mK in a dilution refrigerator, and all experiments are per-
formed in the left TQD (LTQD). As shown in Fig. 1(b), with
different colors, three layers of Al electrodes are patterned
using standard electron beam lithography (EBL). Each layer
of the electrodes is insulated through a thermal process with
oxygen plasma in atomic layer deposition (ALD). These elec-
trodes are employed to construct the overlapping gate struc-
ture, defining the three quantum dots that are formed below
the plunger gates P1, P2 and P3. They are labeled QD1, QD2
and QD3, respectively. For convenience, QD1 combined with
QD2 is denoted as the left DQD (LDQD), while QD2 with
QD3 is denoted as the right DQD (RDQD) in the following
text. Here, the plunger gate P3 is connected to the anti-node
of the resonator and DC biased via a pad to control its voltage.

4.992
£, (GHz)

Fig. 1. Device structure in our experiment. (a) Optical image of the super-
conducting microwave resonator and two TQDs system. The inset shows
the scanning electron microscope (SEM) image of a segment of the TiN
resonator, of which the slot and center conductor width are 20 um and
250 nm, respectively. (b) False-color SEM of the TQD. Electrodes are
labeled SCU, Llead, SCD, B1, P1, B2, P2, B3, P3, B4 and Rlead. P1, P2
and P3 are plunger gates to control chemical potentials of each dot; B1,
B2, B3 and B4 are barrier gates used to control the tunnel coupling be-
tween neighboring quantum dots or between the quantum dot and its ad-
jacent reservoir. (c) Normalized resonator transmission amplitude A /A
as a function of probe frequency f,, before inducing any electrons to the
TQD. The red dot-line shows the experimental data of the resonator, and
the black line is the fitting result, from which an external background has
been subtracted.

The resonator is fabricated with a 10 nm high kinetic-
inductance TiN material thin film.*%! A vector network an-
alyzer (VNA) is used to measure the transmission signal of
the resonator. Fitting the transmission data in Fig. 1(c) to the
Lorentzian curve corrected by the Fano effect,37-81 we de-
termine that center frequency f;. = 4.993 GHz and the decay
rate of the resonator k/(27) = 2.2 MHz. The characteristic
impedance is then estimated to be Z; ~ 3.5 kQ. In the fol-
lowing, the resonator is driven by a probe tone at frequency
Jp = f: to detect the TQD charge states.

3. Strong coupling of the charge qubit and res-
onator

The strong coupling regime is a hallmark of the cQED
system, where the coherent coupling rate 2go/(27) between
the qubit and the resonator photon exceeds both the qubit de-
coherence rate y/(27) and the photon loss rate k/(27).1]
In this section, we focus on the single-electron regime in the
RDQD and characterize the coupling strength between the
charge qubit and photons in the high-impedance resonator. In
the following, we fix the probe power to the resonator at P ~
—130 dBm, corresponding to approximately two photons, "]
which enhances the signal-to-noise ratio compared to single
photon. By setting the voltage of the B2 gate at 300 mV,
the DQD stability diagram is clearly shown in Fig. 2(a), in
which the normalized resonator transmission amplitude A /A
is plotted as a function of the gate voltages Vp, and Vp3. In
this diagram, the charge states are labeled (N,, N3), where N,
(N3) represents the electron number in QD2 (QD3). When
electrons tunnel between different charge states, the resonator
transmission amplitude A/Ag is reduced. Then, by tuning the
B2 gate voltage to 90 mV, an obvious inter-dot transition line
is depicted in Fig. 2(b), corresponding to the (1,0) «> (0,1)
transition, and these two states facilitate a charge qubit. The
€2+ (21.)*, where € and 2z, are
qubit detuning and tunneling coupling of the quantum dots,

qubit frequency is @q =

respectively. As indicated by the yellow arrow in Fig. 2(b),
the qubit detuning € can be adjusted as a function of Vp, and
Vp3. Subsequently, we slightly adjust the B2 gate voltage to
100 mV, with a tunneling coupling strength fitted approxi-
mately 27, ~ 2.7 GHz. By scanning the detuning (we only
adjust Vp, to simplify the experiment) and monitoring the res-
onator transmission spectrum, the vacuum Rabi splitting is il-
lustrated in Fig. 2(c), proving the achievement of strong cou-
pling.

To quantitatively determine the coupling strength and the
qubit decoherence rate, we extract the resonance frequency @
and linewidth kK for different qubit detunings by fitting with
the Lorentzian line shape. The data are presented in Figs. 2(d)
and 2(e) with red dots. According to the Jaynes—Cummings
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model, the resonance frequency and linewidth satisfy the fol-

lowing equations: (23411

1
O: = 0t /48 + (0 —a)’,
Ky = }’+ng (}'— g) cos 6,

where @; is the resonator frequency, g = gg%g is the effective

coupling strength, y/(27) represents the qubit decoherence
- 2
rateand 6 = (1/2)tan™"! (wqfwr
tions, we obtain the coupling strength go/(27) = 175 MHz
and the qubit decoherence rate y/(27) = 99 MHz. Addi-

tionally, using the input—output theory,!?>! the simulation of

. Fitting the data to the equa-

vacuum Rabi splitting in Fig. 2(f) corresponds well to that in
Fig. 2(c).
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Fig. 2. DQD properties and the vacuum Rabi splitting. (a) Stability diagrams of RDQD with the left quantum dot QD1 served as an extended
reservoir. The electron numbers are labeled in the figure. (b) Resonator transmission in the vicinity of the (0,1) <+ (1,0) interdot charge
transition. A small background is subtracted from each horizontal line of the data set in (a) and (b). (c) Resonator transmission spectrum as a
function of f, and Vp. The vacuum Rabi splitting, as a hallmark of strong coupling, is observed for charge qubit in the RDQD. (d) and (e) The
extracted frequency @ and the linewidth K as a function of the voltage Vp,, respectively (red dots). The black dashed line curves in panels (d) and
(e) are fitted by the Jaynes—Cummings model. (f) Simulation of the vacuum Rabi splitting using the input—output theory.3>! In this simulation,
g0/(2m) = 175 MHz, y/(2m) = 99 MHz, 2t /(27) = 2.67 GHz and lever arm o = 150 meV/V.

4. Characterization of triple-quantum dot

To demonstrate that the TQD is a qualified local mod-
ule, verifying the tunability of each quantum dot is of great
importance.[*?) By investigating the specific transport phe-
nomena (QCA and QPs), we characterize the tunability of our
TQD and demonstrate it as a well-controlled quantum dot ar-
ray. The electron tunneling in the TQD is detected by monitor-
ing the resonator response while scanning the voltage of gates
P1 and P3, with the voltage of gate P2 fixed at Vp, = 840 mV.
By operating in the dispersive region, the stability diagram of
the TQD, characterized by the resonator phase shift, is clearly
shown in Fig. 3(a). The electron occupation state in the TQD
is labeled (N;, N>, N3), where N, N> and N3 are the electron
numbers in QD1, QD2 and QD3, respectively. Three charging
lines with different negative slopes emerge, corresponding to

the processes in which electrons in three different dots tunnel
through the source/drain reservoir. In Fig. 3(a), a particular re-
gion where three different charging lines converge is observed
in the upper right corner (black dashed rectangle). To analyze
the evolution of this region more precisely, we keep the volt-
age of gate P2 constant, slightly adjust the barrier voltage, and
perform measurement with smaller scan interval, as shown in
Fig. 3(b). In this region, eight triple points labeled A—H are
observed, which are the degenerate points of three different
electron states,[*3! and these triple points form a quadrilateral
(area I in Fig. 3(b)) and a hexagon (area II) in the stability
diagram. The energy levels of the triple points are shown in
Fig. 3(c), and we find that there are four types of them. For
example, at triple point B, the energy level of the source reser-
voir is aligned with that of QD1, and the energy level of QD2 is
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aligned with that of QD3, corresponding to the intersection of
three charge states (1,4,4), (1,5,3) and (2,4,4) in Fig. 3(b).

In the TQD system, the sequential tunneling process only
occurs at QPs,[**! where four charge configuration states are
energy degenerate. By carefully tuning the voltage of P2 to
Vp2 = 842 mV and slightly adjusting the voltages of B3 and
B4, triple points B (D) and E (F) merge into QP o (f), as
shown in Fig. 3(d). These QPs contain the following degener-
ate charge states:

o:(1,4,4) < (2,4,4) < (1,5,4) + (1,5,3),
B:(1,5,3) < (2,5,3) < (2,4,4) < (2,4,3).

The energy levels of the QPs are shown in Fig. 3(f), of which

a b
(a) (b) w4, 0 0.5
S S
£ £
;E :;E
670 690
Vp, (mV)
(d) (e)
S S
g £
;E ;E

675

690
V,, (mV)

705

690
Vo (mV)

all the quantum dots are matched to the source and drain reser-
voirs. Thus, sequential tunneling processes can occur in these
configurations. Additionally, in Fig. 3(d), a negative slope line
connecting & and f is located between two charge-stable ar-
eas (1,5,3) and (2,4,4), indicating a joint process. This is a
second order co-tunneling process, in which an electron from
an outside quantum dot is added to or removed from a reser-
voir, and another electron tunnels between the other two dots
automatically, this is called the QCA process.*>*] Utilizing
the Hubbard model to characterize the transport processes of
the TQD!*! and the input—output theory to describe the res-
onator responses, 1> we simulate the result in Fig. 3(e), which
matches the experimental data quite well.

1 (o)
QD1]QD2] QD3 QD1]QD2J QD3
S D S D
A\G\H C\E\F
QD1]QD2] QD3 QD1]1QD2J QD3
S D S D
710 B D
Triple points
®
QD1 QD2 QD3
S D
Quadruple points

705

Fig. 3. Tunability of the TQD properties. (a) The typical TQD charge stability diagram. For a given voltage of gate P2, three charging lines
with different slopes can be obtained by scanning the voltages of gates P1 and P3. The black/yellow dashed line here means the transition line
between QD1/QD2 and the reservoir. (b) The TQD charge stability diagram with 8 triple points, which are indicated by black circle with A-H.
(c) The energy levels sketch of eight triple points of the TQD, where S and D are source and drain reservoirs of the TQD, respectively. (d) The
TQD charge stability diagram with QPs o and f3, indicated by stars where four charging lines intersect. (e) Simulation result for (d). (f) The

energy level sketch of the TQD in the case of quadruple points.

5. Conclusion

In summary, we investigate the hybrid system of a
Si/SiGe TQD coupled with a microwave resonator and suc-
cessfully illustrate the strong coupling of a charge qubit in the
RDQD and the microwave photon. In addition, we explore the
transport characteristics of the TQD system using a resonator.
Our study demonstrates the evolution from a basic stability
diagram to two unique transport phenomena: QP and QCA.
These results suggest that we have achieved coupling between
the quantum dot array and the resonator.

In such highly tunable TQD, a flopping mode spin qubit
can be encoded in the DQD connected to the resonator, and
an LD spin qubit will be encoded in the third quantum dot.
The flopping mode qubit can act as a mediator, facilitating
the coupling of the single spin qubit to the resonator. This
capability holds considerable potential, as long-distance quan-
tum information exchange between quantum dot arrays could
be enabled by combining the spin exchange interactions and
spin-shuttling technique.*”) Our work makes a step towards

scalable quantum computing architectures.
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