CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

A double quantum dot defined by top gates in a single crystalline InSb nanosheet

Yuanjie Chen([%:7G7%), Shaoyun Huang(# /b Z), Jingwei Mu(Z££:45), Dong Pan(i 4<), Jianhua Zhao(iX & 1E),
and Hong-Qi Xu(#4:4tiE)

Citation:Chin. Phys. B, 2021, 30 (12): 128501. DOI: 10.1088/1674-1056/abff2e

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Improved blue quantum dot light-emitting diodes via chlorine passivated ZnO

nanoparticle layer

Xiangwei Qu(EE £1)45), Jingrui Ma( = K& ), Siqi Jia( 54 JBIH), Zhenghui Wu(SREUHE), Pai Liu(X1#), Kai Wang(F18),
and Xiao-Wei Sun(f/)N %)
Chin. Phys. B, 2021, 30 (11): 118503. DOI: 10.1088/1674-1056/ac22a3

Phase- and spin-dependent manipulation of leakage of Majorana mode into double

guantum dot

Fu-Bin Yang(Z & #%), Gan Ren({£#%), and Lin-Guo Xie(i§f #k &)
Chin. Phys. B, 2021, 30 (7): 078505.  DOI: 10.1088/1674-1056/abe1a8

Effect of electrical contact on performance of WSe, field effect transistors

Yi-Di Pang(£25%k), En-Xiu Wu(il B F5), Zhi-Hao Xu(#RER), Xiao-Dong Hu(BHEZ<), Sen Wu(=#%), Lin-Yan
Xu(1R11% 7€), and Jing Liu(X!] &)
Chin. Phys. B, 2021, 30 (6): 068501.  DOI: 10.1088/1674-1056/abd752

Micro-scale photon source in a hybrid cQED system

Ming-Bo Chen([%HH18), Bao-Chuan Wang(F{#f%), Si-Si Gu(iiE &), Ting Lin(#hZE), Hai-Ou Li(Z5#FRK), Gang
Cao(# NI), and Guo-Ping Guo(F [E*F)
Chin. Phys. B, 2021, 30 (4): 048507.  DOI: 10.1088/1674-1056/abe29b

Field-effect transistors based on two-dimensional materials for logic applications

Wang Xin-Ran, Shi Yi, Zhang Rong
Chin. Phys. B, 2013, 22 (9): 098505.  DOI: 10.1088/1674-1056/22/9/098505


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abff2e
https://doi.org/10.1088/1674-1056/abff2e
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac22a3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac22a3
https://doi.org/10.1088/1674-1056/ac22a3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe1a8
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe1a8
https://doi.org/10.1088/1674-1056/abe1a8
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd752
https://doi.org/10.1088/1674-1056/abd752
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe29b
https://doi.org/10.1088/1674-1056/abe29b
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/22/9/098505
https://doi.org/10.1088/1674-1056/22/9/098505

Chin. Phys. B Vol. 30, No. 12 (2021) 128501

RAPID COMMUNICATION

A double quantum dot defined by top gates in a single crystalline
InSb nanosheet”

Yuanjie Chen(F57t7%)"

Shaoyun Huang(# /> z)!, Jingwei Mu(F4:45)!, Dong Pan(i% %)>?,

Jianhua ZhaoG&X#2£)>3, and Hong-Qi Xu(#&tig)!3 1

! Beijing Key Laboratory of Quantum Devices, Key Laboratory for the Physics and Chemistry of Nanodevices and Department of Electronics,
Peking University, Beijing 100871, China

2State Key Laboratory of Superlattices and Microstructures, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China

3Beijing Academy of Quantum Information Sciences, Beijing 100193, China

(Received 12 April 2021; revised manuscript received 2 May 2021; accepted manuscript online 8 May 2021)

We report on the transport study of a double quantum dot (DQD) device made from a freestanding, single crystalline
InSb nanosheet. The freestanding nanosheet is grown by molecular beam epitaxy and the DQD is defined by the top gate
technique. Through the transport measurements, we demonstrate how a single quantum dot (QD) and a DQD can be defined
in an InSb nanosheet by tuning voltages applied to the top gates. We also measure the charge stability diagrams of the DQD
and show that the charge states and the inter-dot coupling between the two individual QDs in the DQD can be efficiently
regulated by the top gates. Numerical simulations for the potential profile and charge density distribution in the DQD
have been performed and the results support the experimental findings and provide a better understanding of fabrication
and transport characteristics of the DQD in the InSb nanosheet. The achieved DQD in the two-dimensional InSb nanosheet
possesses pronounced benefits in lateral scaling and can thus serve as a new building block for the developments of quantum

computation and quantum simulation technologies.

Keywords: two-dimensional materials, InSb nanosheet, quantum dot

PACS: 85.35.Be, 73.63.Kv, 73.63.—b

1. Introduction

Narrow bandgap InSb nanostructures with strong spin—
orbit coupling (SOC) and large Landé g-factor have attracted
growing attention in the fields of spintronics and quantum
information science and technology. Spin-based quantum
states — especially in InSb quantum dots (QDs) — can be
stored and manipulated by fast, efficient, and all-electrical
means. 2 Two-dimensional (2D) multiple QD structures can
not only be employed as building blocks for constructing
semiconductor QD qubits!>*! and quantum simulators, %!
but also help to read out!-8! and braid®'”) Majorana zero
modes in semiconductor-based topological superconducting
devices. However, advances in the realization and applica-
tions of QDs made from 2D InSb systems have been im-
peded due to the lack of an established fabrication tech-
nique. Charge instabilities,['!] gate hysteresis!!?! and leak-

13,14

age problems!!*!4 have limited the realization and investi-

gation of high-quality, confined systems in heterostructured
InSb quantum wells capped with thick buffer layers.[!>-!7]
Very recently, single crystalline, zincblende, freestanding InSb

nanosheets!'8! have been grown via molecular beam epitaxy

DOI: 10.1088/1674-1056/abff2e

(MBE). Electrical measurements have shown that these free-
standing nanosheets exhibit good transport properties and tun-
able, strong SOC, and are able to be contacted directly via
metal deposition. In a recent report, experimental attempts
to define a single QD in an MBE-grown freestanding InSb
nanosheet have been made via top gate technique.!'”! Al-
though the signs of quantum confinement are observed in the
transport measurements of the device, it is hard to achieve
desired high-quality charge state stability diagrams and good
controllability in the charge states of the QD defined in the
InSb nanosheet, thus casting a serious question about whether
these freestanding nanosheets could be employed to develop
integrated QD devices for quantum information science and
technology application.

In this paper, we report on the realization of a good-
quality double QD (DQD) in an MBE-grown freestanding
InSb nanosheet. The DQD confinement is achieved all by top
finger gates, with a thin (10 nm) layer of HfO, as gate dielec-
tric, using a gate layout optimized for InSb nanosheets. The
fabricated devices are measured in a *He/*He dilution refriger-

ator with a base temperature of 7 ~ 20 mK. Regular Coulomb
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diamonds are observed in the charge stability diagram of each
individual QD, showing that the QDs can now be much better
defined in the InSb nanosheet than that in Ref. [19]. The mea-
sured charge stability diagrams of the DQD demonstrate that
the charge states and the inter-dot coupling of the DQD can be
efficiently regulated by the top gates. We also perform a nu-
merical simulation based on COMSOL program for the DQD.
The results support our measurements and provide a better un-
derstanding of the fabrication and transport characteristics of
the DQD made in the InSb nanosheet.

2. Experiment
2.1. Materials

The planar DQD device reported in this work is made
from a free-standing, single crystalline InSb nanosheet. Free-
standing InSb nanosheets are grown via MBE on top of the
individual InAs nanowire stems on a Si(111) substrate. Prior
to the growth process, a thin film of Ag is deposited onto the Si
substrate in the MBE chamber and is annealed in situ to form
the Ag nanoparticles. With the use of these Ag nanoparticles
as seeds, InAs nanowires are firstly grown on the Si substrate.
By abruptly switching the group-V source from As to Sb and
gradually increasing the supplied flux of Sb, freestanding InSb
nanosheets are formed on the top of these InAs nanowires. The
grown InSb nanosheets are investigated by scanning electron
microscopy and transmission electron microscopy measure-
ments. It is found that the morphology and size of the InSb
nanosheets can be controlled by tailoring the Sb/In beam pres-
sure ratio and growth time. It is also seen that these nanosheets
are pure-phase zincblende crystals with flat surfaces, free from
stacking faults, and of rhombic shapes with lateral sizes up to
several micrometers and a thickness ranging from 10 nm to
80 nm. For further details about the growth and structural
properties as well as basic transport properties of our MBE-
grown InSb nanosheets, we would refer to Refs. [18,20,21].

2.2. Device fabrication and characterization

For device fabrication, the MBE-grown InSb nanosheets
are mechanically transferred onto a heavily doped Si sub-
strate (employed as a global back gate to fabricated nanosheet
devices) with a 300-nm-thick capping layer of SiO,, and pre-
defined metal markers on top. Subsequent to the nanosheet
transfer, electron beam lithography (EBL) is carried out to de-
fine the source and drain contact regions on the selected InSb
nanosheets. The metal contacts are then fabricated by means
of electron beam evaporation (EBE) of 5-nm-thick Ti and 90
nm-thick Au, and a lift-off process. In order to obtain good
contacts to the InSb nanosheets, the samples are wet etched in
a de-ionized water-diluted (NHy4)2S, solution at a temperature
of 40 °C for several minutes for the removal of the native oxide

layer and for surface passivation in the opening regions of the
InSb nanosheets before being loaded into the EBE chamber.
Then the nanosheets are capsulated by a 10-nm-thick layer of
HfO; (a top gate dielectric layer) through a combination of
EBL, atomic layer deposition, and lift-off process. Finally, the
patterned top gates are fabricated on top of the HfO; layer by a
third step of EBL, followed by EBE of 5-nm-thick Ti and 90-
nm-thick Au, and lift-off. Figure 1(a) shows the false-colored
scanning electron microscopy image of a typical DQD device
made from an InSb nanosheet with thickness ¢ ~ 30 nm. In the
image, the scale bar is 500 nm, the source and drain, denoted
by S and D, respectively, are colored in yellow, while the top
gates, denoted by G1 to G6, respectively, are colored in light
purple. Here, top gates G1 to G6 are all employed to provide
electrostatic confinement to electrons in the InSb nanosheet.
But, top gates G3 and G5 are also employed as plunger gates
to control the chemical potential of the two individual QDs in
the DQD, and top gate G4 is employed to tune the inter-dot
coupling between the two individual QDs. Now, it is important
to note that in a traditional 2D electron gas system made from
a heterostructure with a thick cap layer, top gate electrodes
are designed with a relatively large spacing between them

to produce an appropriate confinement potential profile.[?%23]
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Fig. 1. Device structure and back-gate transfer characteristics (a) False-
colored scanning electron microscope image of a typical DQD device stud-
ied by transport measurements in this work. The scale bar is 500 nm. (b)
Measured source—drain current Iy at Vg = 0.5 mV as a function of back-
gate voltage Vi (the blue solid line) and the results of fit of the measure-
ments to Eq. (1) (the red solid line). The yellow star marks the setting point
of the back-gate voltage at Vyg = 1 V for the rest measurements reported
in this work.
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However, this might not be suitable for InSb materials with
a very narrow bandgap (~ 0.23 eV). To realize complete
depletion of electrons and at the same time prevent hole

accumulation24]

in an InSb nanosheet, we have optimized the
layout of top gate electrodes and the dielectric layer. On one
hand, the dielectric layer should be thin enough such that a
smaller negative gate voltage can deplete the local area of con-
ducting electrons. On the other hand, the spacing between top
gate electrodes should be narrow enough to provide sufficient
confinement for electrons without the need of applying a large
negative voltage. In this work, the spacing between gates G1
and G2 is designed to be 50 nm, and is the same as the one
between gates G1 and G6. The small top gate spacing com-
bined with a thin dielectric layer is essential for an accurate
definition of electron confinement without inducing hole ac-
cumulation in an InSb nanosheet.

The fabricated devices are measured in a *He/*He dilu-
tion refrigerator at a base temperature of 7 ~ 20 mK. In or-
der to improve the signal-to-noise ratio, electronic noises in
the measurement circuits are minimized using a homemade
copper-powder filter and a multiple RC filter set at different
temperature stages. Below, we report the results of our mea-
surements for the DQD device shown in Fig. 1(a).

3. Results and discussion
3.1. Back-gate characterizations

We firstly evaluate the back-gate performance of the DQD
device depicted in Fig. 1(a). Figure 1(b) shows the measured
source-drain current Iy as a function of back-gate voltage Vyg
(gate transfer characteristics) at the temperature 7 ~ 20 mK
and source—drain bias voltage Vg = 0.5 mV with all the top
gates being grounded (i.e., by setting all the back-gate volt-
ages at Vg1_ge = 0 V). Evidently, this device shows a typical
n-type carrier transport characteristic with a pinch-off thresh-
old back-gate voltage of Vgg ~ —3.5 V. The observed current
fluctuations superimposed on the gate transfer curve are re-
producible and can be attributed to interference effects such
as universal conductance fluctuations. Taking the influence of
finite contact resistance R. into account, the source—drain cur-
rent Iygs can be expressed as

Vds

e 1
Gy + 2R, M

Ids

Here, G; is the channel conductance and can be expressed as
G, = %Cbg(vbg — thg), where U denotes the field-effect elec-

tron mobility, L ~ 1.1 pm is the length of the conduction chan-
nel, i.e., the spacing between source and drain electrodes, and
Cyy is the capacitance of the back gate to the InSb nanosheet
channel. Based on the parallel plate capacitor model, Gy can
be estimated from Cyy = €&:S/d ~ 1.1 x 10710 E, with g de-

noting the vacuum permittivity, & ~ 3.9 the relative permittiv-
ity of SiO, d ~ 300 nm the thickness of SiO, layer, and S ~
0.93 um? the area of the InSb nanosheet channel. The mobil-
ity u, threshold Vbtg,
by fitting the measured transfer curve to Eq. (1). The fitting
yields g = 1.41£0.03 m*>-V~"s7!, b = —3.46 £0.01 V,
and R, = 1.78 £0.02 kQ at Vgs = 0.5 mV. The extracted mo-
bility exceeds ~ 1 m?>-V~!.s~!, which together with the small

and contact resistance R, can be obtained

contact resistance!>! shows good transport properties of the
InSb nanosheet. In the following measurements, we set the
back-gate voltage at Vpy = 1 V [as marked by a yellow star
in Fig. 1(b)]. The corresponding sheet carrier density can be

. Cbg th,vﬁg 11 2 .
estimated as n = 2 x ——2 =321 x 10"" cm™ 4, with e

S e
being the elementary charge. The mean free path can be deter-
mined as [, = %“ 27tn ~ 130 nm, comparable to the size of

~ 150 nm designed for individual QDs in the device, where 7
is the reduced Planck constant. Thus, at this sufficiently high
carrier density, influences of disorder-induced potential fluctu-
ations are negligibly weak in the definition of the DQD in the

InSb nanosheet.[2627]

3.2. Top-gate characterizations

In this subsection, we determine the performance and set-
ting point of the top finger gates in the device. Figure 2(a)
shows the measured Iy as a function of Vg, i.e., the volt-
age applied to gate G1, at Vg3 = 0.5 mV and Vp, = 1 V, with
all other top gates being grounded (i.e., Vgo_ge = 0 V). As
Vi1 decreases from 0 V to about —0.5 V, Iy gets suppressed
due to the depletion of the conducting carriers right beneath
gate G1. When V5 continues to decrease, the current Iys set-
tles at an approximately constant value of ~ 40 nA, indicating
that the negative voltage Vg1 has totally depleted the carriers
in the region covered by gate G1, but it nearly has no influ-
ence on the region which is not covered by gate G1. We then
set Vg1 = —1.2 V [as marked by the yellow star in Fig. 2(a)]
and check the operating characteristics of other top gates. Fig-
ure 2(b) shows the measured current /g5 as a function of Vg,
i.e., the voltage applied to gate G2, at Vg =0.5mV, Vg =1V,
and Vg; = —1.2 V, with all the remaining top gates being
grounded. It is seen that the current j; gets pinched off at
Vg2 = —0.75 'V, showing that a quantum point contact (QPC)
structure consisting of gates G1 and G2 functions efficiently
to form a potential barrier to the conducting electrons in the
nanosheet. In a similar way, the operating characteristics of
the top gates G4 and G6 are evaluated. As shown in Fig. 2(c)
[2(d)], the measured current Iys as a function of the voltage
applied to gate G4 (G6) approaches to zero at Vgg = —0.53 V
(Vge = —0.65 V), indicating that the formations of two QPCs,
with one by gates G1 and G4 and the other one by gates Gl
and G6, are achieved in the nanosheet. Note that the pinch-off
voltages of the top gates G2, G4, and G6 > —1 V, which are

128501-3
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much smaller than these in Ref. [19]. This can be attributed
to the thinner HfO, layer and optimized layout of the top gate
electrodes. Based on these measured operating characteris-
tics, in defining our DQD , we have set the voltages applied
the three finger top gates at Vg = —0.74 V, Vgg = —05 V
and Vg = —0.63 V, which are slightly less negative than their
own pinch-off thresholds in order to compensate the cross-talk
effects of remote gates on these QPCs. The remaining top
gates G3 and G5 are also characterized and are found to func-
tion properly. These two top gates are employed as plunger
gates to the DQD. Note that the resonance-like fluctuation
structures seen in all the measured current curves as shown
in Fig. 2 are reproducible. Such fluctuations are commonly
observed in the measurements of quantum devices made from
free-standing semiconductor nanostructures, such as InAs and
InSb nanowires. These fluctuations are inherent to a meso-
scopic system in which the electron coherence length is on the
order of the size of the conduction channel, and the electron

mean free path is much shorter than the conduction channel
[19]

size.
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Fig. 2. Transfer characteristics of the top gates. (a) Measured Ij at
Vas = 0.5 mV, Vpg = 1V, as a function of Vg, with all other top gates
grounded, i.e., Vg2-g6 = 0 V. (b) Measured Iy at Vgs = 0.5 mV, Vg =1V,
V1 = —1.2 V, as a function of Vg, with remaining top gates grounded,
i.e., Vgi_ge = 0 V. (c) The same as (b) but for Iys as a function of Vg4 at
Vg1 = —1.2V, Vga = Vg3 = Vs = Vge = 0 V. (d) The same as (b) but for 4
as a function of Vg at Vg1 = —1.2'V, Vgo_gs = 0 V. The yellow stars in the
four panels mark the setting points of the voltages applied to the these top
gates, i.C., VG1 =-1.2 V, VG2 =-0.74 V, V(;4 =-0.5 V, and VG(g =-0.63V.

3.3. Defining and transport characteristics of the DQD

In this subsection, we report our transport measurements
of the DQD defined in the InSb nanosheet as described above.
We firstly demonstrate the formation of two individual QDs
which constitute the DQD. Figure 3(a) shows the measured
current I4s through the left QD, as defined in Fig. 1(a) by set-
ting top-gate voltages at Vg1 = —1.2 V, V5o = —0.74 V, and
Vea = —0.5'V, as a function of the plunger gate voltage V3 at
source-drain bias voltage Vgs = 0.1 mV. Here, in the measure-

ments, the top gates G5 and G6 are grounded, i.e., Vgs and
Vs are set at Vgs = Vg6 = 0 V. Voltage applied to the back
gate is always set at Ve = 1 V through the entire measure-
ments reported in this subsection. In Fig. 3(a), consecutive
sharp current peaks (Coulomb current oscillation peaks) are
observed over a wide range of Vg3, providing clear evidence
of single electron transport through a QD in the Coulomb
blockade regime.[?® Figure 3(c) shows the measured differ-
ential conductance dlys/dVy, of the left QD as a function of
bias voltage Vys and gate voltage Vg3 (charge stability dia-
gram). Here, we see a series of regular Coulomb diamond
structures with closed degeneracy points at zero bias between
neighboring Coulomb diamonds, indicating the formation of
a well-defined single QD. It is also observed that the size of
Coulomb diamonds (or the single-electron addition energy of
the QD) shows a deviation from the regular even—odd effect,
which has often been observed in the few electron regimes of
a QD due to the spin degeneracy. This deviation is most likely
due to the presence of double level degeneracy in our laterally
defined QD.[*3%) In the following, this left QD formed by
G1, G2, G3, and G4 is denoted as QD1. Figure 3(b) shows the
measured current Iy through the right QD (to be denoted as
QD2), as shown in Fig. 1(a) by setting the top-gate voltages at
Vo1 =—12V,Vgs=—0.5V,and Vg6 = —0.63 V, as a function
of the voltage Vs applied to plunger gate G5 at source-drain
bias voltage Vys = 0.1 mV. Here, the two uninvolved top gates
G2 and G3 are grounded, i.e., Voo =0 V and Vg3 =0 V are
set in the measurements. The inset in Fig. 3(b) displays the
zoom-in plot of two tiny current peaks in the gate voltage re-
gion marked by the red rectangle in the main figure. Clearly,
the measured source—drain current /4 exhibits Coulomb oscil-
lations, i.e., signatures of single electron transport through a
QD. Figure 3(d) shows the differential conductance dlys/dVys
measured for QD2 as a function of Vg and Vs (charge sta-
bility diagram). Here, successive regular Coulomb diamonds
are again observed, indicating that QD2 is well defined in the
InSb nanosheet. Note that an extra, weak differential conduc-
tance line, marked by a yellow arrow in Fig. 3(d), with a dif-
ferent slope from that of the boundaries of the Coulomb dia-
monds is observable. This line could most likely arise from
a localized or impurity state formed unintentionally in a re-
mote place from gate G5 and thus has a weaker coupling to

[33] Note that the noticeable differences can be identi-

the gate.
fied in the measured Coulomb current oscillations and charge
stability diagrams of QD1 and QD2. These differences can be
attributed to the differences in the sizes of confinement of the
two QDs and indicate that deviations from our designed layout
are present in our fabricated gate structures.

Having confirmed the two individually controllable sin-
gle QDs, we now demonstrate the formation and transport
properties of the DQD as defined in Fig. 1(a) by setting Vg =

—1.2V, Vg =-0.74 V, Vga = —0.473 V, Vge = —0.63 V,
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Fig. 3. Formation and characterization of two individual QDs. (a) Measured Iys as a function of Vg3 at Vg = 0.1 mV for the left QD
(QD1) in Fig. 1(a) defined by setting Vg1 = —1.2 V, Vgo = —0.74 V, and Vg4 = —0.5 V. The current oscillation peaks represent the single
electron tunneling processes through QD1. (b) Measured Iy as a function of Vgs at Vg = 0.1 mV for the right QD (QD2) defined by setting
Vo1 = —1.2V, Vs = —0.5 V, and Vg = —0.63 V. The inset is the zoom-in plot of the region marked by a red rectangle in the figure. The

current oscillation peaks represent the single electron tunneling processes through QD2. (c) Measured differential conductance dls/dVys (in a
logarithmic scale) as a function of bias voltage Vs and plunger gate voltage V3 for QD1 (charge stability diagram of QD1). The setup of the
top gate voltages is the same as in (a). (d) Measured charge stability diagram of QD2. The setup of the top gate voltages is the same as in (b).

The yellow arrow marks the appearance of an unintended differential conductance line as discussed in the text.
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Fig. 4. Charge stability diagrams of the DQD in three different inter-dot coupling regimes. (a)—(c) Measured /5 as a function of voltages Vg3
and Vs applied to plunger gates G3 and G5 (charge stability diagram) of the DQD, defined by setting Vg1 = —1.2 V, Vg = —0.74 V, and
Vee = —0.63 V, in the three different inter-dot coupling regimes defined by setting Vg4 at —0.473 V, —0.42 V, and —0.35 V, respectively. The
yellow dashed lines in (a) mark the weak, nearly invisible horizontal current lines.

and Vp; = 1 V. Figure 4(a) shows the measured source—drain
current Igs through the DQD at a source-drain bias voltage
of Vgs = 0.1 mV as a function of plunger gate voltages Vi3
and Vgs (charge stability diagram of the DQD). It is seen
that the charge stability diagram is featured by a chessboard-
like pattern,3*! i.e., a group of relatively strong vertical cur-
rent lines and a group of rather weak horizontal current lines
(marked by horizontal dashed lines), and by small or hardly
visible interactions between the two groups of current lines.
The observation of these vertical and horizontal current lines
indicates that plunger gates G3 and G5 address only effectively
their own targeting QDs and have very small crosstalk capac-
itances to the other QDs. The weak interactions between the
vertical and horizontal current lines indicate that the DQD is in
the weak inter-dot coupling regime. Figure 4(b) displays the

measured charge stability diagram of the DQD defined with
the gate voltages all set the same as in Fig. 4(a) except for the
voltage applied to the inter-dot coupling gate G4 which has
been set at Vg = —0.42 V. As V4 increases from —0.473 V
to —0.42 V, the coupling between the two QDs in the DQD
and the crosstalk capacitances between the plunger gates and
the QDs other than their locally addressing ones are enhanced.
These enhancements lead to the appearances of finite slopes in
the two groups of the current lines and of anti-crossing charac-
teristics at the crosses of the two groups of the current lines. As
a result, the current lines tend to show a honeycomb pattern in
the charge stability diagram, see, e.g., a hexagon highlighted
by the white dashed rectangle. In the lowest order transport
process, the current flow occurs only at the corners, i.e., the

[35

triple points of the hexagons,*>! while the higher-order co-
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tunneling processes give rise to the current observed at the
boundaries of the hexagons.!?*! Figure 4(c) shows the mea-
sured charge stability diagram of the DQD at Vgqs = —0.35 V,
where the DQD is in the strong inter-dot coupling regime.
As shown in Fig. 4(c), the charge stability diagram is char-
acterized by a series of diagonal current lines (with negative
slopes), reminiscent of the formation of a large single QD.
The bending of the straight current lines occurs when quantum
levels in the two dots move close in energy. So far, we have
demonstrated the realization of a DQD in our InSb nanosheet
and that it is possible to tune the DQD from a weak inter-dot
coupling regime to an intermediate and finally a strong inter-
dot coupling regime with tuning plunger gate voltage V4.

3.4. Simulation of the charge density and confinement po-
tential in the DQD device

To get a better understanding of the formation of the DQD
in the InSb nanosheet, we perform simulation for the charge
density and electrostatic potential distributions in the system
via finite element method by using commercially available
program COMSOL.%371 Figures 5(a)-5(c) show the simu-
lated 2D charge density profile n2D ~in the InSb layer of
the DQD system for the three experimental cases as seen in
Figs. 4(a)-4(c). In the simulation, the same layer structure and
device layout as these in the experiment are employed. The av-
erage sheet carrier density n”® = 3.21 x 10'! cm™2 extracted
from the measured back-gate transfer characteristics (i.e., the
Iys—Vpg curve) is employed. The Fermi energy of the elec-
trons in the conducting channel, free of the impact of the top
gates, is then estimated as Er = nmh? /m* =~ 51 meV, where
m* = 0.014m denotes the electron effective mass of InSb and
my is the mass of a free electron. The simulation starts with the
determination of the spatial distribution of electric potential

y (nm)

¢ inside the InSb layer by using the three-dimensional (3D)
Poisson’s equation

€
Vg = _n®, 0)

with the same electrostatic boundary conditions, e.g., the gate
voltages as these in the experiment. Here, € is the dielec-

tric constant and the initial volume carrier density n°P
1.07 x 107 cm™3 without considering the impact of the top
gates is estimated from the measured sheet carrier density n>P
by assuming that the carriers are uniformly distributed in the

InSb nanosheet. Then, to the lowest order of Thomas—Fermi

38,39 2D

approximation, 383! the local sheet charge density 72> un-
der different sets of the voltages applied to the top-gates is

calculated as

h3t

:/ZdZ(EF+€¢)/?,

where t = 30 nm is the thickness of the InSb nanosheet and

2D

Ngimu

3

the integration is performed along the direction perpendicular
to the InSb plane. Here, we define the direction perpendic-
ular to the InSb plane as the z-direction, and the x—y plane
is defined to be parallel to the InSb plane with the x-axis (y-
axis) being along (perpendicular to) the direction of current
flow. It is seen in Figs. 5(a)-5(c) that the simulation demon-
strates good confinement of electrons by the top gates and thus
the formation of the DQD in the InSb nanosheet. It is also
seen that as Vg4 increases, the maximum charge density in-
side the DQD increases gradually from ~ 2 x 10'! cm™2 to
~ 2.4 % 10" cm~2 and the charge population in the joint re-
gion between the two composite QDs increases from nearly
zero to ~ 1.5 x 10'! cm™2. The results indicate that with in-
creasing Vg4, the couplings between the higher-energy elec-
tron states in the two QDs would become stronger.

n2h. (101 cm—2)

3.2
2.4

£ 1.6

=

= 0.8
0

—e¢p (eV)

—ed (eV)

~0.50 -0.25 0
z (pm)

0.25 0.50 —0.50 —-0.25

0

x (um)

0.25 0.50 -0.50-0.25 0

x (um)

0.25 0.50

Fig. 5. Simulated charge density distribution and electron confinement potential in the DQD structure. (a)—(c) Simulated 2D electron density profile

2D
simu . D
2D electron density n;

simu

in the DQD for the three inter-dot coupling regimes as in Figs. 3(a)-3(c). Here, we present a 40°-tilted view of the plots with the color-coded
represented also by the height in the z direction. (d)—(f) Simulated electron potential energy e¢ as a function of the x

coordinate at y = 0 and z = 0, i.e., a line-cut across the centers of the two QDs in the InSb nanosheet. The red dashed lines mark the Fermi energy

Er ~0.051 eV in the layer free from the impact of the top gates.
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Figures 5(d)-5(f) show the calculated electron potential
energy e¢ along the line cut of y =0 and z =0, i.e., across
the centers of the two QDs inside the InSb nanosheet, for the
cases corresponding to Figs. 5(a)-5(c). The red dashed lines
in the figures mark the Fermi energy Er ~ 0.051 eV in the
InSb layer. It is seen that the potential barrier height between
the two QDs varies from ~ 0.070 eV above the Fermi energy
to ~ 0.039 eV below the Fermi energy, giving an increase in
coupling between QD1 and QD2 and thus supporting our ex-
perimental observation that the DQD has undergone a weak-
to-strong inter-dot coupling transition with increasing Vg4.

4. Conclusions

In this work, a DQD device defined by optimized top
gates is realized in an emerging high-quality, narrow bandgap,
semiconductor InSb nanosheet. The fabricated device is stud-
ied by transport measurements in a *He/*He dilution refriger-
ator at a base temperature of 7 ~ 20 mK. The charge stability
diagrams are measured for the DQD in different inter-dot cou-
pling regimes. It is shown that both the charge states and the
inter-dot coupling of the DQD can be efficiently tuned by us-
ing the designed, dedicated top gates. Numerical simulation of
the electrical potential and charge density distributions in the
DQD have been performed and the results support the exper-
imental observations and provide an insight into the structure
design and performance of the DQD device. Our work sets a
solid experimental step towards the development of laterally
integrated semiconductor QD structures for quantum simula-
tion and quantum computing.
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