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TOPICAL REVIEW — Solid-state quantum information processing

Qubits based on semiconductor quantum dots*

Xin Zhang(5K#%), Hai-Ou Li(Z=¥#FKK)", Ke Wang(F41), Gang Cao(E ),
Ming Xiao(I4 #), and Guo-Ping Guo(} [ F)*

Key Laboratory of Quantum Information, Chinese Academy of Sciences, University of Science and Technology of China, Hefei 230026, China
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Semiconductor quantum dots are promising hosts for qubits to build a quantum processor. In the last twenty years, in-
tensive researches have been carried out and diverse kinds of qubits based on different types of semiconductor quantum dots
were developed. Recent advances prove high fidelity single and two qubit gates, and even prototype quantum algorithms.
These breakthroughs motivate further research on realizing a fault tolerant quantum computer. In this paper we review the
main principles of various semiconductor quantum dot based qubits and the latest associated experimental results. Finally

the future trends of those qubits will be discussed.

Keywords: semiconductor quantum dot, qubit, quantum computing, cavity quantum electrodynamics

PACS: 03.67.Lx, 03.67.—a, 68.65.Hb, 78.67.Hc

1. Introduction

Quantum computers that directly use the principles of
quantum mechanics to perform operations on data are believed
to have great potential across a vast range of applications,
from cryptography, big data, scientific simulation to even ma-
chine learning and artificial intelligence. In these fields, quan-
tum computers would crack problems inaccessible to even
the largest classical supercomputer today (such as China’s
Sunway TaihuLight), which is called ‘quantum supremacy’.
Therefore, to master the new technology in the foreseeable fu-
ture, building a quantum computer becomes one core issue in
today’s research.

The basic difference between quantum computers and
their classical counterparts is that quantum computers are built
on qubits rather than bits. Up to now, many different phys-
ical realizations of qubits have been proposed experimen-

tally, including superconducting circuits,-?! trapped ions,!!

5,61 etc.

donors in silicon, semiconductor quantum dots, !
Among them semiconductor quantum dots are most promis-
ing considering that their fabrication process is most com-
patible with standard CMOS (complementary metal-oxide—
semiconductor) technology. In the past 20 years, qubits based
on different degrees of electrons or holes in quantum dots
have been developed, including charge states of electrons,!”!
spin states of an electron!®! or hole,[! singlet-triplet states of

ULI2] Here we first

two electrons, ' and other hybrid states.
introduce the concept of semiconductor quantum dots, then
we present different types of qubits and give the most recent
progress, and finally the future trends of those qubits are dis-

cussed.

DOI: 10.1088/1674-1056/27/2/020305

2. Semiconductor quantum dots

The semiconductor quantum dot is also called ‘artificial
atom’, which is a three dimensional potential well formed in-
side a semiconductor that can trap a few or even a single elec-
tron. Materials mostly used for the quantum dots are GaAs and
Si. Due to the high mobility of electrons in GaAs/AlGaAs het-
erostructure, GaAs was the first material to host qubits based
on quantum dots.!>~151" As illustrated in Fig. 1(a), the elec-
trodes on the surface of GaAs offer voltage to form a potential
well for trapping electrons in the two-dimensional electron gas
(2DEG). Readout of charge states can be realized either by
transport current Iy from source to drain or by the current
Igpc of a quantum point contact (QPC). QPC measurement
was proved to be more sensitive than transport measurement.
The conductivity of a QPC can change dramatically when an
electron tunnels into or out of the quantum dot, leading to the
observation of a single electron regime in a quantum dot.

Compared to GaAs, silicon is an excellent host material
for spin qubits, for its weak hyperfine interaction and spin—
orbit coupling!'! that reduce the magnetic noise. A silicon
quantum dot can be formed either in the Si well of an Si/SiGe
heterostructure or in a CMOS channel. The Si/SiGe quantum
dot can be divided into two categories: the doped Si/SiGe
quantum dot and the undoped Si/SiGe quantum dot. The
doped type is similar to GaAs quantum dots shown in Fig. 1(a),
where the electrons forming 2DEG are supplied by the doped
layer,!'”) however, the doped heterostucture introduces charg-
ing noise from the doped layer and thus was replaced gradu-
ally by the undoped heterostructure, which uses a global gate
on top of an insulating layer to introduce electrons in the Si
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well.l"81 As shown in Fig. 1(b), the gates for quantum dot
formation like traditional GaAs quantum dots are beneath the
insulating layer. Inspired by this new architecture, recently,
undoped GaAs quantum dots were also fabricated!'>-*! to sup-
press noise. On the other hand, in the past few years, sil-
icon CMOS quantum dots have developed rapidly since the
structure of surface-top gates!?!! was replaced by overlapping
gates!??! for more tunable control. A scanning electron mi-
croscope (SEM) image of one overlapping-gate device fabri-
cated in our laboratory is shown in Fig. 1(c), the upper half
of the device is a single electron transistor (SET) serving as
a charge sensor like a QPC channel while the lower half is a
single quantum dot. The lead gates (green) introduce electrons
from source and drain, and the SET is formed by two barrier
gates (orange) while the quantum dot is formed by confine-
ment gates (blue), plunger gates (red) and barrier gates (or-
ange). As illustrated in Fig. 1(d), those gates for different uses
overlap one another with a thin insulating oxide(sliver gray) in

between for electrical isolating. Recently, such types of gates

were also used in Si/SiGe quantum dots, and showed their po-
23,24]

tential for more flexible control. !
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Fig. 1. (color online) Device structure of the semiconductor quantum dot.
Panels (a) and (b) are schematics of a double quantum dot fabricated using
doped AlGaAs/GaAs heterostructure and undoped Si/SiGe herterostructure,
respectively. Igo is the current from source to drain through the dot, while
Iqpc is the current from source to drain through the QPC channel. The loca-
tion of 2DEG and the electrons with spin directions in the double quantum
dot are also shown. (c) Scanning electron micrograph (SEM) of a CMOS
quantum dot with a SET as a charge sensor, where a white dash dotted line
shows position of the cross section (d). Confinement gates (blue), lead gates
(green), barrier gates (orange), and plunger gates (red) are shown. (d) Cross
section of a CMOS quantum dot, dotted lines denote where 2DEG and a
quantum dot form.

3. Qubits based on quantum dots

The quantum bit, also called a qubit, is a two-level quan-
tum mechanical system that can be described by the Bloch
sphere. In Fig. 2(a), the north and south pole of the Bloch
sphere represent two basis states of the qubit, |0) and |1), re-
spectively. However, different from classical bits, qubits can
also reside in states of the linear combination of |0) and |1),
which are called superposition states that occupy any point on

the sphere. The operation of qubits requires that one can rotate
the qubit on the sphere from one point to another arbitrarily.
To achieve this goal, two-axis control of a qubit on the Bloch
sphere is required. The axes for control are referred to as the
x axis and z axis, respectively. The operation process is illus-
trated in Fig. 2(b).

Fig. 2. (color online) Bloch sphere representation of a qubit. (a) State |y) is
a superposition state of |0) and |1). (b) Single qubit gate operation shown in
a Bloch sphere. Rotation from the initial state |y;) to the final state |yg) is
finished by successive rotations around the z axis by ¢, and the y axis by ¢y.

There are two fundamental diagrams for characterizing a
qubit based on quantum dots: charge stability diagram and en-
gery level spectrum. These two kinds of diagrams for different
types of qubits are depicted in Fig. 3. The charge stability di-
agram shows the charge occupancy tuned by the gate voltage.
Except for the spin qubit that works only in a single dot, other
types of qubits work in two or three dots, for which a variable
named detuning € that describes the electrochemical potential
difference among different dots is introduced and denoted by
the arrows in the charge stability diagrams. Detuning € is of
great significance when describing qubits because we use it
to turn on or off a qubit in multiple dots, and thus in energy
level spectrums the energy levels as a function of detuning are
mostly depicted. Again, the spectrum for spin qubits is dif-
ferent because they rely on the magnetic field to control the
energy level. The description of each diagram is detailed in
the following subsections.

3.1. Charge qubit

Using the charge state of a double quantum dot is a direct
way to form a qubit. The charge qubit is defined by the excess
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electron occupation of the left dot or the right dot with elec-
trochemical potentials £y, and Eg. Here we denote (N, N;) for
the electron arrangement with (0,1) ((1,0)) representing the
excess electron occupation of the right (left) dot and thus the
basis state |0) (|1)). Detuning € is defined as € = Er — Ep,
and the interdot tunneling gives an anticrossing gap 2¢. The
effective Hamiltonian!! is

1
HC: 586Z+t6x, (1)

where o, and o; are the Pauli matrices for the bases of |0) and
|1). As illustrated in the charge stability diagram of Fig. 3,
when we use the surface gates to change the detuning €, the
eigenenergies, E(1,0) and E(0, 1), will cross and an anticross-

ing appears. At the point € = 0, the coherent oscillation around
the z axis is expected with the angular frequency given by
Q = /€24 (2t)2/h. When & does not equal to zero, the en-
ergy gap changes and a rotation around the x axis can be ac-
quired. The universal control of the charge qubit was real-
ized by Guo’s group in GaAs quantum dots on the picosec-
ond scale®>?° in 2013, the probability of the qubit in the
state |1) as a function of the driven pulse amplitude A, pulse
length #,, and the energy position & is illustrated in Fig. 4.
Later, Eriksson et al. demonstrated a charge qubit based on
Si/SiGe quantum dots with two-axis control fidelities greater
than 86%, which shows the promising future to realize quan-

tum computing.?”}
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Fig. 3. (color online) Fundamental diagrams for different types of qubits. Charge stability diagrams are depicted by reading the information of charge
occupancy as a function of gate voltage, in which ‘V,” (‘VR’) denote the gate that control the left (right) dot of a double quantum dot or the leftmost
(rightmost) dot of a triple quantum dot, while ‘V3’ (‘Vp’) denote the barrier (plunger) gate that controls the single quantum dot. Energy level spectrums are
depicted by analyzing the energy level as a function of detuning € or the magnetic field By.
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Furthermore, the two qubit control of charge qubits can be
realized by involving two double quantum dots coupled with
energy J., which originates from the Coulomb repulsion be-
tween the electrons in each double quantum dot. The two-
qubit Hamiltonian!?®?%! can be written as

2
Hrc = Z{ (%smjmcﬁ) + %cﬁ@aﬁ, 2)
=

where &; and #; refers to the detuning and anticrossing energy
of the i-th quantum dot, respectively, while ! and o} denote
the Pauli matrices of the i-th quantum dot. Shown by Fujisawa
et al.,'”®! various two-qubit gate operations can be performed
by adjusting &; and & with respect to J.

Experiment

Many groups have tried to realize the two qubit gate
In 2009, Petersson et al.

and Gou Shinkai et al. studied interactions between two ca-
30,31

of charge qubits experimentally.
pacitively coupled GaAs double quantum dots.!*>*! Later in
2015, Guo’s group at USTC demonstrated conditional rota-
tions of charge qubits using GaAs quantum dots with a clock
speed up to 6 GHz!*?! and the truth table of a Controlled-
NOT (CNOT) gate is shown in Fig. 4. Furthermore, they also
demonstrated controlled quantum operations in a triple qubit
system recently.’3) Using quadruple Si/SiGe quantum dots,
Eriksson’s group also realized a conditional phase flip in 80 ps,

demonstrating the potential for full demonstration of two qubit
34]

gates.[

0

|1o>|01> |10>|01>K,
4 >
gy (1) ¥ J00) 5

Predicted (ideal)

Fig. 4. (color online) Experimental demonstration of charge qubit gates.!>>-3?] Panels (a) and (d) are SEM images for the devices demonstrating one and
two qubit gate operations, respectively. Quantum dots are denoted by circles and the Igpc or Ggpc (the conductivity of QPC channel) are shown by arrows.
Panels (b) and (c) show the probability of the qubit in the left dot state Py as a function of the voltage amplitude A and the pulse width 7, at different
detuning energy position &y, respectively. These results indicate that both the voltage amplitude and the pulse width can control the rotation to a certain
angle at appropriate detuning points, leading to the universal control of charge qubits. The inset of panel (c) shows Py along the line cut at & = 400 peV,
revealing ultrafast oscillations. Panels (e) and (f) demonstrate the truth table of CNOT operation experimentally and theoretically, respectively. |mn) denote
the control qubit in the state |n) and the target qubit in the state |m). The red, pink, blue and green bars correspond to input states [00), |10), |01), and |11),

respectively.

Though charge qubits have the advantage in qubit defini-
tion that all the operations can be achieved via electrodes with
the manipulation rate reaching gigahertz, they are more sensi-
tive to electric field fluctuations, which limits its decoherence
time 75 dramatically, usually < 1 ns.[7252735] Decoherence
time is one terminology of quantum mechanics that reflects
the noise influence on a qubit and characterizes the time for
a qubit to keep its quantum property, thus a short decoher-
ence time will reduce the operation fidelity. To improve the
fidelity, researches on analyzing charge noises should be pro-
pelled further.?”)

3.2. Spin qubit

Making use of a single electron spin as a qubit was first
proposed by Loss and DiVincenzo in 1998.8! Spin is a de-
gree that reflects mostly the magnetic influence on a particle,

thus spin qubits suffer less from charge noises compared to
charge qubits and they usually possess much longer decoher-
ence time. The basis states of spin qubits are two opposite spin
directions that represent |0) and |1), respectively, split with
Zeeman energy E, = glp By under a static magnetic field By,
where g is the Bohr magneton and g the electron g factor.
The Hamiltonian can be written as

h
Hs =, 3)

where fiw, = gup By, and the unitary time evolution of spin
is defined by the operator U(¢) = R;(®,t). Consequently, a
static field drives an electron spin rotating around the z axis
and @, /27 is called Larmor frequency. 3¢

Moreover, considering that single spin responds only to a
magnetic field rather than an electric field, we still need elec-
tron spin resonance (ESR) or electric dipole spin resonance
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(EDSR) to make the spin rotate around the x axis of the Bloch
sphere. The ESR technique requires an oscillating magnetic
field Bac of angular frequency @ perpendicular to the static
field By. In the rotating frame, the Hamiltonian'*®! can be
written as

7f‘z(coZ2 ) o+ %
where we assume Bac = xBaccos(wr + ¢) and define
w1=gupBac/2. If the oscillating magnetic field frequency
fac = ®/27 matches the Larmor frequency, namely on reso-
nance, the first term in the Hamiltonian will vanish, leading to

Hgsg = [occos¢ —oysing], (4)

a reduced Hamiltonian:

®)

ho
Hgsg = Tl[axcos¢ — Oy sing).

Spin will rotate around the x axis with a frequency of frabi =
/27 when ¢ equals zero, which is called Rabi oscillation.
Furthermore, we can use a sequence of magnetic field pulses
with different durations to control the amount of rotation and
different phases to select the rotation axis to achieve full con-
trol. The universal single spin qubit control has been realized
in Si MOS quantum dot by Veldhorst et al. in 2014. As shown
in Fig. 5(a), they implement ESR by introducing a transmis-
sion line adjacent to their quantum dot, showing gate fidelity

~
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as high as 99.6%, which was measured using a randomized
benchmarking method*”! as shown in Fig. 5(b).

However, the manipulation rate of the ESR technique is
relatively low (< 1 MHz) because a strong oscillating mag-
netic field is hard to produce on chip. In comparison, an elec-
tric field is more convenient to apply on chip and to bene-
fit from it, different EDSR techniques have been extensively
studied. The EDSR technique utilizes electric fields instead
of magnetic fields to manipulate electron spins and therefore,
a mediating mechanism that couples the electric field to spin
should be brought in. Usually, the mediating mechanism is
an inhomogeneous magnetic field from an integrated micro-
magnet33] or spin—orbit coupling!®”! of the material. In this
way, the oscillating electric field drives the electron periodi-
cally displaced in the inhomogeneous magnetic field, thus the
electron feels an effective oscillating magnetic field like in
ESR. In silicon, spin—orbit coupling is supposed to be so small
and an integrated micro-magnet are more frequently used. Us-
ing the micro-magnet method, the manipulation rate can be
as high as 30 MHz by Tarucha’s group in 2017 based on
an Si/SiGe quantum dot with gate fidelity exceeding 99.9%,
which strongly underpins the prospects for universal quantum

computing. 4"’

4+
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o
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Microwave time 7 /us
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4

Fig. 5. (color online) Experimental demonstration of spin qubits. (a) SEM image of the silicon CMOS quantum dot for single- and two-qubit operations.
The spin states of two qubits are controlled by the magnetic field Baoc produced by the ESR transmission line with ac current I,.. A single or double quantum
dot can be formed by adjusting the voltages of gates G;—G4. G, denotes the confinement gate while R denotes the reservoir.>! (b) Fidelity of a single qubit
formed in the device of panel (a) through randomized benchmarking of Clifford gates. From the decay an average fidelity of 99.6% can be inferred.[3”! (c)
Rabi oscillations of individual spin qubit in each quantum dot of panel (a).[%! (d) Two-spin probabilities as functions of the microwave pulse length Tp on
the control qubit (Q;) after applying a CNOT gate (the inset shows the corresponding Bloch sphere). Black solid lines are the fits based on a CNOT gate
considering read-out errors while green dotted lines show the intended maximally entangled states. !
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The readout of the spin state is realized by spin—charge
conversion.[*!l As illustrated in Figs. 6(a) and 6(b), this con-
version can either rely on the energy or the tunnel rate dif-
ference of two opposite spin states. For the first method, it
requires the Fermi level of the drain to be between the state
|0) and |1), and the state with energy higher than the Fermi
level can tunnel from the dot to the drain while the opposite
state is a blockade. In the second method, both states can tun-
nel out of the dots but the tunnel rate depends strongly on the
spin state. If the measurement time is put in between these two
tunnel rates, one can tell the spin state by observing whether

the tunneling happens or not.

(a)

(b)

7(0,2) 7(0,2)

S((inj

i

Fig. 6. (color online) Energy diagrams explaining spin—charge conversion
and Pauli spin blockade for qubit readout. (a) Energy-selective readout (left)
and tunnel-rate-selective readout (right) are shown. The electron of the spin-
up state in the energy-selective readout regime is not allowed to tunnel out
of the dot since its energy level is below the Fermi energy level of drain
(D) while its tunnel rate is much slower in the tunnel-rate-selective read-
out regime (denoted by the translucent arrow) and cannot be detected by
the charge sensor during the measurement. (b) S(1,1) can be converted to
$(0,2) (left) while T(1,1) cannot (right), thus a current through source (S)
and drain (D) can be detected only if the qubit is in the singlet state and thus
these two states can be distinguished. Or a charge sensor that can tell (0,2)
from (1, 1) is also able to read the spin state.

Following the original proposal, a two qubit gate based
on spin qubits can be implemented through an exchange inter-
action allowed by the tunnel coupling between two quantum

dots. The Hamiltonian®! can be described as
Hrs =JS1-S2+gusBo - (S1+852), (6)

where S (v = 1/2) represents a localized electron spin in the
dots 1 and 2, and J represents their exchange coupling. The es-
timation of J is vital to the two spin qubit operation. Through

the control of J between the qubits via the detuning energy ¢,

one can realize a chosen two qubit gate. In 2015, researchers
from Australia first demonstrated a CNOT gate via controlled-
phase operations combined with single-qubit operations based
on Si CMOS quantum dots.®! Rabi oscillations of individual
qubit and the anticorrelations between antiparallel spin states
after a CNOT operation that characterize the two qubit gate are
illustrated in Figs. 5(c) and 5(d), respectively. Later in 2017,
Petta et al. showed a 200-ns CNOT gate directly by turning
on an exchange interaction,*?! nearly an order of magnitude
faster than the previous one, and created a Bell state with a
fidelity F = 75%. In the meanwhile, Vandersypen et al. per-
formed Deutsch—Josza and the Grover search algorithms based
on Si/SiGe quantum dots,3! and their Bell states showed fi-
delities between 85%-89%. Although the fidelity of the two
qubit gate is still challenging to surpass the threshold value of
fault tolerant quantum computing, these results have paved the
way for a large scale quantum computer.

Moreover, spin exists not only in electrons but also
holes in semiconductors. A number of extensive researches
have been performed on holes in quantum dots based on
Si MOS,*+*! GaAs/AlGaAs heterostructure,*® and semi-
conductor nanowires. 47481 Recently, Maurand et al. reported
a hole spin qubit based on an industry-standard fabricated
CMOS quantum dot via EDSR, in which the Rabi frequency
reached 85 MHz, much larger than that in electrons. (491 How-
ever, the decoherence time is relatively short, about only
59 + 1 ns, the origin of which is still unknown and further
study will be necessary to realize a high fidelity hole spin

qubit.

3.3. Singlet-triplet qubit

Utilizing the exchange interaction between two spins,
Petta et al. also proposed an ‘effectively single qubit’ called
singlet-triplet (ST) qubit.['% The energy spectrum of the ST
qubit as a function of detuning is shown in Fig. 3, which is op-
erated in the vicinity of the (1,1)—(0,2) charge transition of a
double quantum dot. The ground state |0) and excited state |1)
are encoded by the singlet states S(1,1) = (|1]) — [{1))/V2
and To(1,1) = (|14) +[41))/+/2. For sufficiently negative de-
tunings, S(1,1) and Tp(1,1) are nearly degenerate. A mag-
netic field By splits off 7 (1,1) = [11) and T_(1,1) = |[})
by the Zeeman energy. Near € = 0, the singlet states S(1,1)
and S(0,2) are hybridized due to the interdot tunnel coupling
2t, which causes an energy splitting J (&) between Tp(1, 1) and

S(1,1), forming a qubit with an effective Hamiltonian!'8!

J(€
Hgt = _%Gz + gUBABy Oy, @)

where ABy . refers to the difference in random hyperfine fields
along the applied field direction. If J(€) is much greater than
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gUBABy -, which can be accomplished by adjusting the de-
tuning € in experiments, the qubit will rotate around the z
axis. To rotate it around the x axis, a strong, stable differ-
ence in Zeeman splitting between two quantum dots is needed
instead of the second term in the Hamiltonian that is weak
and unstable. Usually, this is achieved by dynamic nuclear
polarization®°! or integrating a micro-magnet.>!! Applying
the former method in GaAs quantum dots, Yacoby’s group
measured single-qubit gate fidelities of ~99%,>?! which is il-
lustrated in Fig. 7(b).

The readout of the ST qubit is achieved by the so-called
Pauli spin blockade. >3] As figure 6(b) shows, the singlet state
S(1,1) can adiabatically follow to S(0,2) while the triplet state
Tp(1,1) remains in a spin blockade (1,1) charge state. Hence
a charge sensing signal of (0, 2) indicates the qubit remains in
the |0) and a signal of (1, 1) indicates that the qubit rotates into
|1). A readout in the singlet-triplet basis usually has higher

fidelity than the traditional spin—charge conversion, and re-

readout, 34371

Two qubit gates based on the ST qubit can be realized
by two adjacent ST qubits that are capacitively coupled. In
this way, different states in the first qubit will impose dif-
ferent electric fields on the other due to the Pauli exclusion
principle, and this difference causes a shift in the precession
frequency of the second qubit, leading it to rotate condition-
ally. In 2012, Yacoby’s group first demonstrated the entan-
glement of ST qubits in this way and their device is shown
in Fig. 7(a). Later, they suppressed charge noises by apply-
ing large transverse qubit energy splitting that are not sensi-
tive to charge fluctuations, yielding an entangling gate fidelity
of 90% via process tomography, >/ which are illustrated in
Figs. 7(c) and 7(d). Considering its high manipulation rate
and simple control technique gained by electrical operation,
as well as the relatively high fidelity realized recently, the ST

qubit deserves more research to be isotopically enhanced for

cent progress suggests its potential for a higher fidelity spin  quantum computing.>*
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Fig. 7. (color online) Experimental demonstration of ST qubits:>?! (a) SEM image of a device for two ST qubit gate. The green arrows denote current paths
for charge sensing and electrons in the left qubit is labeled LL and LR while electrons in the right qubit is labeled RL and RR. (b) Fidelity of a single qubit
formed in the device of panel (a) through randomized benchmarking. From the decay an average fidelity of 98.6% can be inferred. (c) Process tomography
for the two-qubit entangling gate. i and ii are real and imaginary components of the measured process matrix, respectively, while iii and iv are of the
ideal process matrix. (d) Gate fidelity of the measured process matrix and most-likely completely positive process matrix (attained by maximum likelihood
estimation process) and two-qubit Bell state fidelity as a function of the interaction strength between two ST qubits, yielding maximum fidelity of 90+1%,

87+%, and 931+1%, respectively. Error bars are statistical uncertainties.
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3.4. Exchange qubit

Though ST qubit can be manipulated electrically, a stable
magnetic field gradient is still needed for universal control.
Another method to establish a qubit in quantum dots is to use
solely the exchange interaction, in which way the universal
control can be realized fully electrically. Such qubit is called
the exchange qubit that is made up of three spins in a triple
quantum dot, and the coherent spin manipulation is within a
two-spin subspace. Exchange qubits can be divided into two
categories : exchange-only qubits©®® and resonant exchange

qubits. [

3.4.1. Exchange-only qubit

A triple quantum dot is shown in Fig. 8(a), and we denote
(M, N, N;) for the electron arrangement. Three-electron-spin
states are more complicated than two spins, but we restrict our-
selves only to the subspace (1,1,1), (2,0,1), and (1,0,2). The
energy spectrum is characterized in Fig. 3, where we suppose
left and right inter-dot tunnel couplings are equal,

1

0) = %(ITNH {1T) =2[T1),
1

\UZE(ITN)—MM

are eigenstates in the center of (1,1,1). The ground state
|0) connects continuously to a singlet state of the left pair,
1S1) = (1/v/2)(|141) — [411)) in (2,0, 1) and to one of the right
pair, |S;) = (1/v/2)(|T14) — [141)) in charge state (1,0,2). So
the ground state |0) can tunnel into (2,0,1) or (1,0,2) for read-
out while the excited state |1) is a triplet state that cannot tun-
nel into those states due to spin blockade and thus the qubit
state can be characterized. There are still two other states left:

|Q+) = |1T11) intersecting |0) at two anticrossings and

1
Q) = ﬁ(ITT@ M)+ A1)

separated from the excited state |1) by a sizable gap. The ef-
fective Hamiltonian!%! can be written as

Hgo = Ji(e)o1 + J:(g) oy, (8

where 01 = (v/30, — 6;)/4, 6; = (—V/30, — 0;) /4, and Jj (&)
and J;(€) are exchange interactions between the left dot and
the middle dot, and the middle dot and the right dot, respec-
tively. As illustrated in Fig. 8(b), Ji(€) and J;(€) drive rota-
tions about axes that are 120° apart on the Bloch sphere. This
two-axis control can in principle be utilized to accomplish ar-
bitrary control of the qubit.

The universal control of an exchange-only qubit has been
realized both in GaAsP3% and Si/SiGe quantum dots.[6!]
However, they both suffer severely from the charge noise. Re-

62,63

cently, a method called symmetric operation!®>%31 which re-

duces the effect of the charge noise by a factor of 5 or 6 is

proposed. Further research in three quantum dots is required

to prove its feasibility.

3.4.2. Resonant exchange qubit

The resonant exchange qubit is a modified version of an
exchange-only qubit which is operated through resonant driv-
ing of the qubit energy gap induced by the always turned on
exchange interaction. Further, due to the advantage of reso-
nant driving, the operating point is within a narrowband re-
sponse only to high frequency electrical noise, which protects
the qubit against low-frequency electrical noise. Compared
to the exchange-only qubit, the energy spectrum remains un-
changed, only the gap between qubit states and |Q) is deliber-
ately kept large by setting J; and J; to be large throughout the
(1,1,1). The effective Hamiltonian!®*! can be rewritten as the
following expression

1 1
—-J.0,— = J0y, ®

Hex =
RX 7 7

where J, = (1/2)[/i(g) + Ji(¢)] and J, = (v/3/2)[Ji(€) —
Ji(g)]. Qubit rotations can be controlled by applying an os-
cillating voltage to a certain gate, like V; in Fig. 8(b), which
moves the operating point around € = 0, providing an oscil-
latory transverse field J,. When the oscillation frequency @
matches the exchange frequency, J; /i, the qubit oscillates be-
tween the ground state and the excited state. This can be un-
derstood more concretely by the Hamiltonian on resonance in

the rotating frame:
Hgot :COS(¢)Gx+Sin(¢)G}'7 (10)

which is similar to the Hamiltonian used in the ESR control of
a spin qubit and ¢ is the relative phase of the carrier wave with
respect to the first pulse incident on the qubit. Phase control-
ling relative to the initial pulse thus allows a full qubit control.

The experimental demonstration of resonant exchange
qubits was realized by Marcus’s group!®! in 2013. As illus-
trated in Fig. 8(c), they extended the decoherence time T,
by applying Carr—Purcell-Meiboom-Gill (CPMG)-n pulses,
showing coherence time 7> up to 1942 us, which is much
higher than an exchange-only qubit. Until now, however, the
two qubit gate by exchange-only qubit or resonant exchange
qubit has not been demonstrated in experiments. Nevertheless,
the large dipole moment of three-spin qubits makes it promis-
ing for fast long-ranged two-qubit interactions utilizing a cav-
ity as a mediator. (%! Recently, Landig et al. demonstrated the
strong coupling between the three-spin qubit and the cavity

[66

photons, ] which is an essential step towards the two-qubit

interactions.
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Fig. 8. (color online) Experimental demonstration of exchange qubits. (a) False-color SEM image of a device fabricated for both the exchange-only qubit
and the resonant exchange qubit.[%°! Triple quantum dots are denoted by small red circles while a bigger quantum dot acting as a charge sensor like a QPC
channel is denoted by a big red circle. Voltages applied on V; and V; are used to control the charge occupancy of the left and right dots as well as the
detuning €. (b) Schematic diagram of the effects of Jj, J; on the exchange-only qubit, J, and J; on the resonant exchange qubit via Bloch sphere. Two
initialization states, |S;) and |S,) are also included. (c) Coherence time 75 of a resonant exchange qubit®! for various orders of CPMG-n pulses. The
lower inset demonstrates that each CPMG dynamical decoupling sequence includes nx rotations around the y axis while the upper inset shows the detuning
sequence in the energy level spectrum. The fit denoted by the blue line suggests the coherence time is up to 19£2 ps.

3.5. Hybrid qubit

Though the exchange qubit can be realized by full elec-
trical control, two detunings, € and & are required for adjust-
ing Ji and J;, which are hard to optimize in experiments. An-
other idea of how to implement all electric control is the hybrid
qubit, which is based on the spin states of three electrons in a
double quantum dot.[>7-%81 The ground state and the excited
state are |0) = |S)L|{)r and

1=~ 2Tl + il

respectively, where the left quantum dot is occupied doubly

while the right quantum dot only singly. The energies of |0)
and |1) versus detuning € between the two dots are depicted
in Fig. 3, transitions between |0) and |1) can be performed by
first putting the qubit near the avoided crossing between |0)
and |E) at detuning €4 and then drive it towards the anticross-
ing between |1) and |E) at €. As illustrated in Fig. 9(a), the
excited state |E) = |})L|S)r here is used for mediation. In
addition, a phase between |0) and |E) can accumulate when
the qubit is at detuning &p, leading to a rotation around the
z axis. In combination with the rotation around the x axis
caused by oscillations between |0) and |1), a pulse sequence
& — € — €p —> €A — Ep — € — & can implement rotations

¢.[% In this way, the detun-

about any axis of the Bloch spher
ing € is the only control parameter, which is much simpler for

operations in contrast to the exchange qubit.

Also, from the perspective of the Hamiltonian, ! the hy-
brid qubit can be described as

Hy = hw.o; + joy, (11)

where hi@, ~ Egt, meaning the energy gap between the qubit
state is dominated by the orbital singlet-triplet splitting Esr,
which can be controlled solely by gate voltages. The x rotation
can be realized by adjusting j o< Jg 4+ J with proportionalities
Js, (1) = (ZIS’(T))Z/AES’(T), where Jg (1), 2t (1) and AEg (t) are
the corresponding exchange coupling strength, tunneling am-
plitude and energy difference between the state |E) and the
singlet (triplet) state. Therefore, considering all the parame-
ters here can be controlled electrically, the two-axis control of
the hybrid qubit removes the need for a magnetic field gradient
in contrast to ST qubits.

In experiments, fidelities of 93% for x rotations and 96%
for z rotations have been yielded in Si/SiGe quantum dots by
Dohun Kim et al. in 2015.171 Recently, hybrid qubits were
also implemented in GaAs quantum dots that are encoded
at the (2,3)—(1,4) charge transition,®*! yielding a decoher-
ence time of 7," = 8.10 ns and a Larmor frequency of almost
2.5 GHz. This combination of relative long decoherence time
and high speed manipulation proves its superiority over tradi-
tional charge or spin qubits. The device image and the Larmor
oscillations for the measurement of 7, and Larmor frequency
are shown in Figs. 9(b) and 9(c).
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Fig. 9. (color online) Experimental demonstration of hybrid qubits. (a) Schematic diagram of the physics underlying transitions between |0) and |1). Dashed
green arrows connect |0) and |1) with |E), and the effective transition between the two basis states is indicated by the solid green arrow. €4 and €z mark the
detunings where transitions happen. (b) SEM image of a device fabricated for hybrid qubits.[7?! Igpc is denoted by a red arrow while S1, S2 and D1, D2
denote source and drain. (c) The Larmor precession of the hybrid qubit working at the (2,3)—(1,4) charge transition.!”?! Charge oscillations are depicted in i
as a function of the nonadiabatic pulse width 7;, and & (& is defined as the energy detuning relative to the anticrossing point between the qubit levels), while
ii shows the signal along the green dashed lines plotted in i. The green solid line in ii is a numeral fit and from which a dephasing time of 7, = 8.10 ns can

be extracted.
4. Long range coupling of qubits

To realize a large-scale universal quantum computer, it is
believed that quantum error correction (QEC) is indispensable,
which is a technique that builds logical qubits upon physical
qubits to avoid realistic faults during qubit operations, pro-

vided that the errors are below a fault-tolerant threshold.[”?]

Among the different approaches for QEC, the surface code!’*!
is most promising, which requires a two-dimensional geome-
try of qubits. However, for quantum dot based qubits, the mul-
tiple electrodes limit the possibility to connect one qubit with
four qubits around. To overcome this technical difficulty, long
range coupling like cavity quantum electrodynamics (cQED)
is introduced.!””!

The interaction between light confined in a cavity and
atoms is called the cavity quantum electrodynamics. By us-
ing such interaction, the spin states and charge states of dis-
tant electrons can be coupled together. To implement this
interaction for quantum dot based qubits, the strong cou-
pling between electrons and photons should be first demon-
strated. However, for a very long time the interaction be-
tween electrons in the quantum dots and microwave pho-
tons cannot step into the strong coupling regime, although

it has been realized based on different quantum dots vary-

ing from GaAs/AlGaAs heterostructure,’®! semiconductor

5,771 carbon nanotubes, ”>! to even graphene.!78-80]

nanowire
In the strong coupling regime, the coherent coupling rate
between the two-level atom and the cavity photon g. must
exceed the photon loss rate x and the atomic decoherence
rate 7. Last year, three groups achieved this goal using
GaAs/AlGaAs, 81821 Si/SiGe,[83-84] and carbon nanotube!®!
based quantum dots at nearly the same time. The device for the
coupling between Si/SiGe quantum dots and superconducting
cavity is shown in Figs. 10(a)-10(c), and the clear vacuum
Rabi splitting shown in Figs. 10(d) and 10(e) indicates the re-
alization of strong coupling. These results strengthen the faith
for coupling distant qubits and opens a new way for quantum
dot based quantum computing.

Another consideration for coupling two distant qubits is
the spin degree of electrons. Spin is much more isolated from
its environment than the electronic charge, leading to an ex-
tremely weak coupling to the electromagnetic field of a cavity
with the effective coupling strength ggpin ~ 50 Hz.[3¢! To in-
crease the coupling strength, one way is to utilize the large
charge—photon coupling to create an effective spin electric
dipole moment. This method requires a magnetic field gradi-
ent, and the origin of the magnetic field gradient can be spin—
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[77) an integrated ferromagnetic reservoir'®’! or

orbit coupling,
a micromagnet. 38891 Recently, Mi er al.!%8] and Samkharadze
et al.’® both demonstrated strong spin—photon coupling with
a coupling rate higher than 10 MHz in silicon, and Mi et al.
also used cavity photons to show the dispersive readout of a

single spin after coherent control. These results shed light on
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entangling spin qubits using photons.
Except for the cQED method, long range coupling can

[90.91] superex-

also be achieved by surface acoustic waves,
change interaction!?! or through a solid state flying qubit. 3!
These methods together make a promise for the future use in a

realistic quantum computer.
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Fig. 10. (color online) Experimental demonstration of the hybrid circuit quantum electrodynamics.[33841 (a) Optical image of a silicon hybrid circuit quantum
electrodynamics device that was used to demonstrate strong coupling. An Si double quantum dot indicated by the red box is placed at the voltage anti-node
of the cavity. LC filters are used to improve cavity quality. (b) False color SEM image of the Si quantum dot used in panel (a). Gate P2 is used to connect
the cavity while playing the role of a plunger gate in the double quantum dot. (c) Schematic cross section of the double quantum dot. An excess electron is
confined in the quantum well (QW) denoted by the blue line, while a cavity photon with energy /4 f; interacting with the electron is denoted by a black arrow,
where £ is the Planck’s constant and f; is the photon frequency. (d) Cavity transmission spectrum A/Ag as a function of photon frequency f and detuning €
with 2t /h = f. = 7.68 GHz, where 1 is the interdot tunnel coupling. Solid lines are system eigenenergies at the case of g. /27w = 6.7 MHz while dashed lines
are those of no coupling. (e) A/Ay as a function of f at € = 6 peV and 0 peV. Dashed lines are theoretical predictions. The normal mode splitting shown by

two blue peaks indicates the strong coupling regime is reached.

5. Conclusion and perspectives

Since DiVincenzo first proposed qubits based on quan-
tum dots in 1998,'] different types of qubits utilizing differ-
ent degrees of electrons or holes in diverse materials develop
fast during the last 20 years. There are also some other hybrid
types of qubits!®*~7] that are not included in this paper owing
to space reasons, but the qubits discussed here are enough for
us to talk about the future trends of qubits based on quantum
dots. Until now, it is still so hard to tell which type is better or
has greater potential for future development. However, we can
compare two different characteristics that are considered most
for qubit implementations: fidelity and scalability.

From the view of fidelity, spins in silicon driven by ESR
or EDSR are most promising. Recent advances in Si MOS
quantum dots and undoped Si/SiGe quantum dots proved high
fidelity single and two qubit gates, and prototype quantum al-
gorithms based on two qubits were even demonstrated. 542431

Further developments will concentrate on two qubit gates with

fidelity at the surface code threshold for fault tolerance, and
QEC of multiple qubits, of which one proposal has been pre-
sented based on Si MOS qubits.[*8] However, due to the inho-
mogeneity and variability introduced by the integrated com-
ponents and complicated electrode arrangement, the scalabil-
ity of spin qubits is questionable. Simpler manipulations and
readout are worth further research. Recent reports on utiliz-
ing spin—orbit coupling at the MOS interface to implement
ESRP>%1 and using gate sensors for readout!!%0-104 offer
new opportunities.

On the other hand, if we consider more on scalabil-
ity, qubits that can be manipulated all electrically are more
promising. From this point of view, charge qubits, exchange
qubits and hybrid qubits are better. Nevertheless, these qubits
suffer more from charge noises and the fidelities of them are
limited. Recent improvements like symmetric operation0%63]
and large detuning working point!!%! seems a good way to

solve this problem. Further progress must reside in the im-
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provement of fidelity, which in turn will decide which type is
better.

To draw a conclusion, fidelity and scalability both play

significant roles in the development of quantum computing.

Whatever the future qubit type is, requirements must be met

from both sides. The good news is, qubits based on semicon-

ductor quantum dots now are close to these requirements and

several different architectures of the quantum dot-based quan-

tum computer have been promoted recently.!

106-109] More or

less, qubits based on semiconductor quantum dots are now on

the way to build a fault-tolerant quantum computer in the near

future.
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