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ABSTRACT: Addressable quantum states well isolated from the Conductance [ Nanotube ___]

environment are of considerable interest for quantum information science o
and technology. Carbon nanotubes are an appealing system, since a

perfect crystal can be grown without any missing atoms and its cylindrical O single quantum dot
structure prevents ill-defined atomic arrangement at the surface. Here, we
develop a reliable process to fabricate compact multielectrode circuits that

can sustain the harsh conditions of the nanotube growth. Nanotubes are
suspended over multiple gate electrodes, which are themselves structured

Voltage G2

N AE
over narrow dielectric ridges to reduce the effect of the charge fluctuators ) ’
of the substrate. We measure high-quality double- and triple-quantum dot ° \_m/etf"i/
charge stability diagrams. Transport measurements through the triple- B_/j_\_{a
quantum dot indicate long-range tunneling of single electrons between the Voltage G4
left and right quantum dots. This work paves the way to the realization of
a new generation of condensed-matter devices in an ultraclean
environment, including spin qubits, mechanical qubits, and quantum simulators.

KEYWORDS: quantum device, carbon nanotube, double-quantum dot, charge fluctuators
arbon nanotubes are an excellent platform to study a growing nanotubes on chips with prepatterned electrodes and
wide range of quantum phenomena." Many-body and trenches.” This method can result in lower contact resistances
quantum interference effects are observed in two-terminal between the nanotube and the electrodes. However, this
devices, including Coulomb blockade,”® Kondo physics,"™” fabrication method could only produce devices with
Wigner states,'*”'> and Fabry-Pérot oscillations.*™"® More rudimentary layouts, which contain at best one metallic gate
advanced device layouts can be devised to produce double- electrode, since more advanced prepatterned structures could
quantum dot devices'*™** and spin qubits.24_27 Nanotubes can not endure the harsh conditions during the nanotube growth at
be integrated into superconducting impedance-matching a temperature of about 900 °C.
circuits.”® The electronic states of a nanotube can also be Here, we report on a reliable method to fabricate carbon
. 29,30
coupled to the photons of superconducting resonators and nanotube devices with a large number of gate electrodes that
the mechanical vibrations of the nanotube itself.*' "’ withstand the nanotube growth conditions. The gate electrodes
The study of these phenomena has been possible thanks to consist of Pt nanowires on top of nanoridges made of SiO,.
the production of high-quality nanotube devices. These devices This structure is obtained by dry etching SiO, with the Pt

are highly sensitive to contamination adsorbed on the
nanotube surface as well as charged impurities in the substrate.
These are detrimental since they can scatter conducting
electrons, modulate the electrostatic potential along the
nanotube, and behave as charge fluctuators. One strategy to
minimize these issues is to fabricate devices where nanotubes
are mechanically transferred onto chips with prepatterned
electrodes and trenches,””*"** so that the nanotube surface is
not contaminated by etchants and solvents used during the
device fabrication. Moreover, nanotubes suspended over
trenches are not in contact with the substrate that contains
charge impurities. This transfer method also enables
integrating nanotubes in circuits containing multiple gate
electrodes,”*® superconducting cavities,””*" and impedance-
matching elements.”® A second strategy consists in directly

nanowires as a mask. While narrow Pt wires on a planar surface
get deformed at high temperature, we found that the SiO,
nanoridges prevent electrical shorts between neighbor gate
electrodes. This layout also enables us to reduce the effect of
charge impurities in the SiO, layer on the electrons in the
nanotube, since the charge impurities are further away from
the nanotube and the associated electric field gets screened by

Received: August 1, 2022
Revised: ~ October 20, 2022
Published: October 26, 2022

© 2022 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acs.nanolett.2c03034

v ACS PUbl ications 8541 Nano Lett. 2022, 22, 85418549


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="R.+Tormo-Queralt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+B.+M%C3%B8ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="D.+A.+Czaplewski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="G.+Gruber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Cagetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S.+Forstner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="N.+Urgell-Olle%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+A.+Sanchez-Naranjo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+A.+Sanchez-Naranjo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Samanta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+S.+Miller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Bachtold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.2c03034&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/22/21?ref=pdf
https://pubs.acs.org/toc/nalefd/22/21?ref=pdf
https://pubs.acs.org/toc/nalefd/22/21?ref=pdf
https://pubs.acs.org/toc/nalefd/22/21?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

Nano Letters

pubs.acs.org/NanolLett

a

Source
)

SiO2 l [ Etching depth
400 nm
b ]

=2l

Figure 1. (a) Scanning electron microscope (SEM) image of one of our devices with a carbon nanotube (highlighted by an overlaid yellow line and
indicated by two yellow arrows) suspended over five gate electrodes (tilt angle 88° with respect to the chip surface). The nanotube is electrically
connected to the source and drain electrodes. (b) 3D schematic representing the device layout. This layout is used to study the impact of a point
charge (red dot) on the electrostatic potential along the suspended nanotube (shown in yellow). (c) SEM image of a second device (tilt angle 20°).
The rectangular catalyst islands are patterned on both the source and drain electrodes and are highlighted in blue. The SiO, layers covering the
gates outside the area of interest are painted in red. (d) SEM image of a third device (tilt angle 83°).

the Pt nanowires. We produce nanotube devices with five gate
electrodes to electrostatically define multiquantum dots along
suspended nanotubes. Charge stability diagram measurements
of both double- and triple-quantum dots indicate that the
nanotube devices are of high quality.

We fabricate multigate devices with on-chip-grown carbon
nanotubes. These devices consist of a nanotube connecting
two contact electrodes (source and drain) while being
suspended over five gate electrodes (see Figures lab). The
nanotubes are grown directly on chips prepatterned with
electrodes and trenches using a Fe/Mo catalyst and chemical
vapor deposition (CVD) at 900 °C in an Ar/H,/CH,
atmosphere. The catalyst is patterned into rectangular islands
on the source/drain electrodes, see blue shaded regions in
Figures 1c,d. The Si substrate is highly resistive (>10 k{2-cm)
and covered by a 300 nm thick thermally grown SiO, layer.
The electrodes are patterned in multiple electron-beam
lithography steps for a better alignment of the gates and a
cleaner lift-off process. The gate electrodes are structured using
e-beam evaporation with 5 nm of Ti and 60 nm of Pt, while the
source and drain electrodes are thicker as they consist of 5 nm
of Ti and 150 nm of Pt. Pt is chosen because it can withstand
the high temperature CVD step without melting. The detailed
fabrication process is described in Section 1 of the Supporting
Information.

A crucial step in the fabrication is the dry-etching of the SiO,
between the gate electrodes. Once all the Pt electrodes are
defined, they are used as a hardmask for the reactive ion
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etching of the SiO, layer by ca. 150 nm. As a result, the gate
electrodes are defined on top of abrupt SiO, ridges (see
Figures 1a and 2a,b). This increases the device fabrication yield

=
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Figure 2. Cross section image of two devices after the nanotube
growth with a standard-width trench in (a) and an ultranarrow trench
in (b). The devices are prepared using Ga focused-ion beam etching
for the imaging with a scanning electron microscope using a 85° tilt
angle.

by a large amount by preventing electrical shorts between
neighboring electrodes during the harsh conditions of the
CVD growth as well as keeping the narrow gate electrodes
continuous. In addition, etching the SiO, away from the
nanotube is expected to diminish the effects of the charge
fluctuators in the SiO, on the electron state in the nanotube
(see the discussion below).

When growing carbon nanotubes on chips with prepatterned
structures, care has to be taken to increase the probability of
having one nanotube between the source and drain electrodes
while minimizing unwanted nanotubes that create electrical
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Figure 3. (a) The simulated electrostatic potential along the nanotube created by one electron in the oxide. Solid lines are the potential with the
charge on the surface of the SiO, for various etching depths. Dashed lines show the potential when the charge is moved 10 nm into the SiO,. The
schematic of the device cross-section includes the nanotube in yellow, the electron as a red dot, the metal electrodes in dark gray, the SiO, in gray,
and the SiO, etching depth d. (b) The largest value of the electrostatic potential gradient along the nanotube as a function of the etching depth d.
Blue is for the device shown in (a) and red for a device with smaller separation between the gates (see text). The solid lines are fits to exponential

decay. Inset shows the data displayed on a log—log scale.

shorts to the gate electrodes. For this, we use two
complementary strategies. The first strategy consists in
evaporating a SiO, layer onto the chip covered with an
electron beam lithography resist used to pattern the catalyst
structures. After the drop casting of the catalyst, we found out
that the catalyst remains attached to the SiO, layer during the
lift-off of the lithography resist, which significantly reduces the
amount of nanotubes grown from the catalyst deposited in
unwanted regions. As for the second strategy, we encapsulate
the electrical connections between the gate electrodes and the
wire-bonding pads with a SiO, layer (see red shaded area in
Figure lc,d) to minimize electrical shorts by undesired
nanotubes between electrodes.

The fabrication process allows for an extreme miniatur-
ization of the gate electrodes. We have been able to reduce
both the gate widths and the gate separations down to 40 and
60 nm, respectively. This allows us to fabricate devices with a
source-drain separation as low as 560 nm (see Figure 2b) and a
nominal nanotube-to-gate separation of 100 nm. These
ultranarrow electrodes survive the extreme conditions of the
CVD process without failure. This is verified with a chip, which
is exposed to the CVD process at 900 °C with the usual gas
flow conditions but without catalyst such that nanotubes are
not grown. With a probe station, we measure the electrical
resistance between all the 6 neighboring electrode pairs of the
49 devices patterned on the chip. We do not measure any
electrical shorts out of the 294 electrode pairs, which is
remarkable, especially when considering that the gate electro-
des are 7 um long and the gap between them is only 60 nm
wide. Scanning electron microscopy inspection of the chip
indicates only one discontinuous gate structure, likely due to
an electrostatic discharge unrelated to the growth. Therefore,
we conclude that electrode failure during CVD is a negligible
factor in the device yield, even for the smallest gate separation.

We are able to get on average one high-quality nanotube
device in about 1 day of work starting from a diced wafer
containing 49 chips with prepatterned electrodes. We define a
high-quality nanotube device when the resistance is low and
the nanotube is suspended and behaves as a narrow-gap
semiconductor. After catalyst deposition and CVD, we select
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devices using electrical measurements at room temperature.
First, we use a probe station in air to identify devices with a
source-drain resistance <200 k€2 and no parasitic shorts to the
gates measured with an applied voltage of 100 xV. This
corresponds to ca. 2% of the 49 devices per chip. We then use
a probe station in vacuum at room temperature to select
devices that feature the gate voltage-dependent conductance
characteristics of a narrow-gap semiconductor, reach a
resistance <150 k€2 at negative gate voltage, and have no
measurable shorts to the gates up to an applied voltage +3 V.
All of the above is the case for ca. 16% of the devices previously
selected with the probe station in air, which corresponds to
about 1 device every 6 chips. These devices are usually
suspended, and it is possible to measure their mechanical
vibrations in the large majority of the cases. In total, we have
characterized 74 chips. The first two devices measured at low
temperature are discussed below.

The device layout enables us to reduce the effect of charge
fluctuators, which are known to influence and limit device
performance.**™*® Typically, charge fluctuators are associated
with defect states in the substrate in the vicinity of the active
device area. In our case, the SiO, between and below the gate
electrodes may host a sizable amount of trapping centers.”"**
These defects are tightly linked to noise and charge trapping
phenomena,*”*® which can limit the performance of double-
quantum dot devices.”>***® To assess the impact of charge
fluctuators when etching away the SiO, beneath the nanotube,
we carry out finite-element method simulations using
COMSOL (see also Supporting Information, Section 2).
Using the geometry of the device in Figure 2a, the position-
dependent electrostatic potential along the nanotube for an
electron at the surface of the SiO, layer with different etching
depths (plain lines) is shown in Figure 3a. The electron is
positioned in between two gates as shown by a red dot in the
schematic. As the etching depth of the SiO, is increased, the
effect of the electron on the electrostatic potential is reduced
primarily due to the increased screening of the electric field by
the metallic gate electrodes between the electron and the
nanotube. Since charge fluctuators are often associated with
electrons moving between two positions, we quantify the
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Figure 4. (a,b) Charge stability diagrams measured at 14 K displaying the conductance of two different devices recorded as a function of the gate
voltages Vg, and Vi, applied to gates G2 and G4. The voltages applied to gates G1, G3 and GS are Vg = =7V (=4 V), Vg3 = =3.5V (-4 V) and
Vgs = =7 V (=4 V) in panels a and b, respectively. Transport regions of interest are marked by the symbols (),[0,$,0,A and V. The inset i in
panel a shows the schematic of the cross-section of the device. The other insets in panels a and b show the electrostatic potential along the
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Figure 4. continued

nanotube at different locations marked in the charge stability diagrams. The dashed white lines in panel b bound the triple-quantum dot region with
characteristic size AV3q,. The conductance is measured with an applied voltage smaller than kzT/e.

change of the electrostatic potential along the nanotube when a
single electron moves by a small amount into the SiO, layer
(dashed lines in Figure 3a). We compute the largest value of
the resulting electrostatic potential gradient along the nano-
tube and show its value as a function of the SiO, etching depth
in Figure 3b. The potential gradient is exponentially sup-
pressed as the SiO, etching depth is increased. The
suppression is larger when the gate electrode separation is
shorter; the red curve corresponds to the ultranarrow trench
layout in Figure 2b. These simulations indicate that the effect
of the charge fluctuators is significantly reduced when etching
away the SiO, underneath the nanotube. Additional simu-
lations indicate that the effect of charges located elsewhere,
and moving in other directions, are also diminished by
increasing the etching depth.

We now turn our attention to charge stability diagram
measurements revealing the high quality of the nanotube
devices. Figure 4a shows the zero-bias conductance of the
nanotube as a function of the voltage Vi, and Vg, applied to
the two nominally symmetric gates G2 and G4 sketched in the
top inset i. The data presents a high level of symmetry with
respect to the diagonal axis going from the bottom left to the
top right of the figure. This indicates that the left and right
regions of the suspended nanotube have similar electron
transport properties. A hypothetical difference in chemical
doping along the nanotube or the presence of a strong
impurity center would break the symmetry of the measured
charge stability diagram. The absence of the 4-fold degeneracy
pattern in the modulation of the conductance in electron-
doped regions is also observed in devices with single gates'’
when only a few electrons are added in the conduction band.
These high-quality measurements have been achieved without
any current annealing of the nanotube,'” since the relatively
high contact resistance R. ~ 4h/e* prevents the use of this
method in an optimal way.

The number of quantum dots along the nanotube can be
controlled by Vg, and Vg, In the region marked by () in
Figure 4a, the conductance remains large around e*/4h without
any sizable modulation, indicating that there is no quantum
dot formed along the nanotube. When tuning Vi, by a large
amount from () to <>, the nanotube enters a region with the
characteristic conduction modulation of a single quantum dot.
This indicates that a quantum dot has been formed by two
p—n junctions in the suspended nanotube region above the
electrode where Vg, is applied; the corresponding electrostatic
potential modulation along the nanotube is shown in inset iv.
When setting Vg, and Vg, to /\ along the symmetric diagonal
of the charge stability diagram, the array of conductance peaks
observed in this region is consistent with the formation of a
double-quantum dot. The electrostatic profile along the
nanotube at /\ is symmetric with respect to the nanotube
center (inset iii); the tunnel barrier between the two quantum
dots is created when the Fermi energy lies in the energy gap of
the nanotube. In the region indicated by [, the regular
modulation of the conductance suggests the formation of a
single quantum dot that is extended almost over the entire
suspended region of the nanotube (inset ii). The electrostatic
potential profiles in insets ii-v are obtained from finite-element
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method simulations™ taking into account the device layout
imaged by scanning electron microscopy after the measure-
ments. The simulations can qualitatively account for the
variation of the number of quantum dots along the nanotube,
although the simulations do not consider the shift of the
electrochemical potential induced by the Coulomb repulsion
when one electron is added in the quantum dot. The
simulations can also account for the ~0.5 V offset between
the Vi, and Vg, ranges in Figure 4a; the offset originates from
the angle between the nanotube and the electrodes, so that the
nanotube has different capacitive couplings to gates G2 and G4
due to the asymmetric electric field between the nanotube and
the two wide electrodes that connect the gates and the contact
pads (see Supporting Information Sec. 3). Standard electron
transport measurements’' in the double-quantum dot region
point to a large lever arm (@ =~ 0.25) as a result of the short
separation between the nanotube and the gate electrodes. This
is crucial for strong coupling between the double-quantum dot
and a superconducting resonator in future measurements.”” >

A triple-quantum dot is realized in a second device by
applying large negative voltages to gates G1, G3, and GS. The
region indicated by the white dashed lines in Figure 4b is
assigned to a triple-quantum dot region (inset iii), since it is
bounded by two low-conductance transport gaps (3 and /\)
along the symmetry diagonal axis of the charge stability
diagram. The transport gap indicated by (9 corresponds to the
intersection of the quasi-vertical and the quasi-horizontal
transport gap strips. At this point the Fermi energy is in the
band gap in both nanotube segments above gates G2 and G4,
where there are minima of the electrostatic potential (inset iv).
The transport gap near /\ corresponds to the situation where
the Fermi energy is in the band gap at the center of the
nanotube, where there is a local maximum of the electrostatic
potential (inset ii). Here, the transport gap strip is
perpendicular to the symmetry diagonal of the charge stability
diagram, since the center of the nanotube hosting the local
band gap maximum is capacitively coupled to gates G2 and G4
by the same amount. Furthermore, we observe that the triple-
quantum dot region can be eliminated when reducing the
electrostatic potential at the center of the nanotube by
sweeping the central gate voltage V;. Figure 5a shows how the
size of the triple-quantum dot region quantified by AV3y,, in
Figure 4b gradually decreases to zero when varying V3. The
triple-quantum dot region disappears when the difference
AE;4,, between the valence band along the nanotube segment
above gate G3 and the conduction band along the segments
above gates G2 and G4 approaches zero; see the inset of
Figure Sa. All these experimental facts point to a well-defined
triple-quantum dot formed by electrostatic means.

In the triple-quantum dot region, we find a regular array of
conductance peaks (\/ in Figure 4b). The conductance peaks
are situated at the intersection between the conductance lines
of the single-quantum dot formed on the right side of the
nanotube at low Vg, and that of the single-quantum dot
formed on the left side at low Vg,. This indicates that the
conductance peak array in \/ emerges when the potential of
the right dot is aligned with the potential of the left dot.
Electron transport in a triple-quantum dot is usually observed

https://doi.org/10.1021/acs.nanolett.2c03034
Nano Lett. 2022, 22, 8541-8549


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03034/suppl_file/nl2c03034_si_001.pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

a
201 @ A\ - .
S AE3ge;
< [ J
é 1.0 @
<
3 o
0.0 °®
40 -35 -30 -25 -2.0 -15 -1.0
Vs (V)
b dot 1 — dot 2 dot 3
5| —o— - PR
2
2 N J N
—6— x

Figure S. (a) Size of the triple-quantum dot region quantified by
AV, as a function of the voltage V; applied to the central gate. We
extract AV3q,, from plots similar to the one shown in Figure 4b. The
triple-quantum dot region gets fully suppressed for Vg3 > — 1 V. The
voltages applied to gates G1 and GS are Vg, = Vg5 = —4 V. Inset: the
electrostatic potential along the nanotube. To a first approximation
AVy4,, is linearly proportional to the electrostatic potential difference
AEsq,. (b) Sketch of the cotunneling process through a triple
quantum dot showing an allowed (green tick) and a forbidden (red
cross) electron transition.

when the potential of the three dots are aligned,”**° but this is
unlikely to occur for the majority of the observed peaks in the
array, since sweeping Vg, and Vg, also shifts the potential of
the central dot due to cross-capacitance. A possible explanation
for the observation of the conductance peak array might be
related to an exceptionally large broadening of the energy level
of the central dot reaching values close to the charging energy.
The broadening could, for instance, arise from strong charge
fluctuators, large electrical fluctuations on the gate electrodes,
or the coupling to the mechanical vibrations of the suspended
nanotube. However, the same broadening would then be
expected when one single-quantum dot is formed in the
nanotube. This is not the case, indicating that the transport
through the triple-quantum dot does not originate from the
broadening. We attribute the measured conductance array to a
virtual process leading to a long-range tunneling of single
electrons between the left and the right quantum dots, while
the center dot is not necessarily in resonance with the two
other dots.”” It is an elastic cotunneling mechanism in which
an electron in the left dot tunnels into the right dot via virtual
events (see Figure Sb). This process only takes place when the
potential levels of the left and right quantum dots are aligned
as observed in our measurements.

Looking ahead, our fabrication process offers the prospect to
produce a new generation of nanotube devices in an ultraclean
environment. Growing nanotubes directly over prepatterned
electrodes enables lowering the two-terminal resistance at
helium temperature below ~2h/e?, which we will achieve by
measuring more devices in a dilution cryostat. This will be key
to produce nanotubes with essentially no surface contami-
nation as recently demonstrated in ref 17. where the
contamination molecules adsorbed during the manipulation
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of the device in air are removed with the current annealing
method. This method**~®° consists of applying a large current
through the nanotube in a dilution cryostat at base
temperature. The removal of the contamination can be
revealed by regular quantum electron interference measure-
ments, which are particularly sensitive to disorder;'” the
contamination-free surface is also supported by the fact that it
is possible to deposit single layers of helium atoms with the
expected density.”’ Our fabrication process also enables
suspending nanotubes away from the charge fluctuators in
the substrate. In such an ultraclean environment, nanotube
double-quantum dots may produce charge qubits™® and spin
qubits**™>” endowed with long coherence times.”””®* By
coupling the double-quantum dot to the mechanical vibrations
of the nanotube, it might be possible to build a completely new
qubit where the information is stored in the mechanical
vibrations. Such a mechanical qubit might feature a sub-kHz
decoherence rate, since it inherits the long coherence time of
the mechanical vibrations.”> More advanced devices that
contain four quantum dots might be used as analogue quantum
simulators that can emulate the electron—phonon interaction
in small-size quantum materials.”*®” Several states are expected
to emerge from the competition between the electron—phonon
interaction and the electron—electron repulsion. These include
charge density waves, Mott insulators, and states with
electron—electron pairing induced by vibrations.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034.

Further information regarding the fabrication process,
the COMSOL simulations, Device 1, and the electrode
dimensions of all devices discussed (PDF)

B AUTHOR INFORMATION

Corresponding Author
A. Bachtold — ICFO - Institut De Ciencies Fotoniques, The
Barcelona Institute of Science and Technology, 08860
Castelldefels, Barcelona, Spain; © orcid.org/0000-0002-
6145-2479; Email: adrian.bachtold@icfo.eu

Authors

R. Tormo-Queralt — ICFO - Institut De Ciencies Fotoniques,
The Barcelona Institute of Science and Technology, 08860
Castelldefels, Barcelona, Spain

C. B. Moller — ICFO - Institut De Ciencies Fotoniques, The
Barcelona Institute of Science and Technology, 08860
Castelldefels, Barcelona, Spain

D. A. Czaplewski — Center for Nanoscale Materials, Argonne
National Laboratory, Argonne, Illinois 60439, United States;

orcid.org/0000—0003—2262—0908

G. Gruber — ICFO - Institut De Ciencies Fotoniques, The
Barcelona Institute of Science and Technology, 08860
Castelldefels, Barcelona, Spain

M. Cagetti — ICFO - Institut De Ciencies Fotoniques, The
Barcelona Institute of Science and Technology, 08860
Castelldefels, Barcelona, Spain

S. Forstner — ICFO - Institut De Ciencies Fotoniques, The
Barcelona Institute of Science and Technology, 08860
Castelldefels, Barcelona, Spain

https://doi.org/10.1021/acs.nanolett.2c03034
Nano Lett. 2022, 22, 8541-8549


https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03034/suppl_file/nl2c03034_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Bachtold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6145-2479
https://orcid.org/0000-0002-6145-2479
mailto:adrian.bachtold@icfo.eu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="R.+Tormo-Queralt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+B.+M%C3%B8ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="D.+A.+Czaplewski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2262-0908
https://orcid.org/0000-0003-2262-0908
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="G.+Gruber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Cagetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="S.+Forstner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="N.+Urgell-Olle%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

N. Urgell-Ollé — ICFO - Institut De Ciencies Fotoniques, The
Barcelona Institute of Science and Technology, 08860
Castelldefels, Barcelona, Spain

J. A. Sanchez-Naranjo — ICFO - Institut De Ciencies
Fotoniques, The Barcelona Institute of Science and
Technology, 08860 Castelldefels, Barcelona, Spain

C. Samanta — ICFO - Institut De Ciencies Fotoniques, The
Barcelona Institute of Science and Technology, 08860
Castelldefels, Barcelona, Spain

C. S. Miller — Center for Nanoscale Materials, Argonne
National Laboratory, Argonne, Illinois 60439, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.2c03034

Author Contributions

I(R.T.-Q, C.B.M.) These authors contributed equally to the
work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Gloria Platero, Matthieu Delbecq, and Maria Jose
Esplandiu for discussions and Vittoria Finazzi and Xavier
Borrise for fabrication assistance. We acknowledge support
from ERC Advanced Grant No. 692876 and MICINN Grant
No. RTI2018-097953—B-100. Work performed at the Center
for Nanoscale Materials, a U.S. Department of Energy Office of
Science User Facility, was supported by the U.S. DOE, Office
of Basic Energy Sciences, under Contract No. DE-ACO02-
06CH11357. We also acknowledge the European Unions
Horizon 2020 research and innovation programme under the
Marie Sklodowska Curie grant agreement nos. 847517 and
101023289, AGAUR (Grant No. 2017SGR1664), the
Quantera grant (PCI2022-132951), the Fondo Europeo de
Desarrollo, the Spanish Ministry of Economy and Compet-
itiveness through CEX2019-000910-S [MCIN/AEI/10.13039/
501100011033], Recovery, Transformation and Resilience
Plan-Funded by the European Union- NextGenerationEU,
Quantum CCAA, Fundacio Cellex, Fundacio Mir-Puig,
Generalitat de Catalunya through CERCA.

B REFERENCES

(1) Laird, E. A,; Kuemmeth, F.; Steele, G. A.; Grove-Rasmussen, K.;
Nygard, J.; Flensberg, K.; Kouwenhoven, L. P. Quantum transport in
carbon nanotubes. Rev. Mod. Phys. 2015, 87, 703—764.

(2) Tans, S. J.; Devoret, M. H.; Dai, H; Thess, A.; Smalley, R. E.;
Geerligs, L. J.; Dekker, C. Individual single-wall carbon nanotubes as
quantum wires. Nature 1997, 386, 474.

(3) Bockrath, M.; Cobden, D. H.; McEuen, P. L.; Chopra, N. G;
Zettl, A.; Thess, A.; Smalley, R. E. Single-Electron Transport in Ropes
of Carbon Nanotubes. Science 1997, 275, 1922—1925.

(4) Nygard, J.; Cobden, D. H.; Lindelof, P. E. Kondo physics in
carbon nanotubes. Nature 2000, 408, 342.

(8) Jarillo-Herrero, P.; Kong, J.; van der Zant, H. S. J.; Dekker, C,;
Kouwenhoven, L. P.; De Franceschi, S. Orbital Kondo effect in
carbon nanotubes. Nature 2005, 434, 484.

(6) Paaske, J.; Rosch, A,; Wélfle, P.;, Mason, N.; Marcus, C. M.;
Nygérd, J. Non-equilibrium singlet-triplet Kondo effect in carbon
nanotubes. Nat. Phys. 2006, 2, 460—464.

(7) Schmid, D. R;; Smirnov, S.; Marganska, M.; Dirnaichner, A;
Stiller, P. L.; Grifoni, M.; Hiittel, A. K; Strunk, C. Broken SU(4)
symmetry in a Kondo-correlated carbon nanotube. Phys. Rev. B 20185,
91, 155438S.

8547

(8) Ferrier, M.; Arakawa, T.; Hata, T; Fujiwara, R.; Delagrange, R.;
Weil, R; Deblock, R.; Sakano, R, Oguri, A,; Kobayashi, K.
Universality of non-equilibrium fluctuations in stronly correlated
quantum liquids. Nat. Phys. 2016, 12, 230.

(9) Desjardins, M. M.; Viennot, J. J.; Dartiailh, M. C.; Bruhat, L. E.;
Delbecq, M. R;; Lee, M,; Choi, M.-S;; Cottet, A,; Kontos, T.
Observation of the frozen charge of a Kondo resonance. Nature 2017,
545, 71-74.

(10) Deshpande, V. V.; Bockrath, M. The one-dimensional Wigner
crystal in carbon nanotubes. Nat. Phys. 2008, 4, 314.

(11) Pecker, S.; Kuemmeth, F.; Secchi, A.; Rontani, M.; Ralph, D.
C.; McEuen, P.; Ilani, S. Observation and spectroscopy of a two-
electron Wigner molecule in an ultraclean carbon nanotube. Nat.
Phys. 2013, 9, 576. .

(12) Shapir, I; Hamo, A; Pecker, S; Moca, C. P.; Legeza, O.;
Zarand, G.; Ilani, S. Imaging the electronic Wigner crystal in one
dimension. Science 2019, 364, 870—875.

(13) Lotfizadeh, N.; McCulley, D. R;; Senger, M. J.; Fu, H.; Minot,
E. D.; Skinner, B.; Deshpande, V. V. Band-Gap-Dependent Electronic
Compressibility of Carbon Nanotubes in the Wigner Crystal Regime.
Phys. Rev. Lett. 2019, 123, 197701.

(14) Liang, W.; Bockrath, M.; Bozovic, D.; Hafner, J. H.; Tinkham,
M.,; Park, H. Fabry - Perot interference in a nanotube electron
waveguide. Nature 2001, 411, 665—669.

(15) Kim, N. Y.; Recher, P.; Oliver, W. D.; Yamamoto, Y.; Kong, J;
Dai, H. Tomonaga-Luttinger Liquid Features in Ballistic Single-
Walled Carbon Nanotubes: Conductance and Shot Noise. PRL 2007,
99, 036802.

(16) Dirnaichner, A.; del Valle, M.; Gétz, K. J. G.; Schupp, F. J;
Paradiso, N.; Grifoni, M.; Strunk, C.; Hiittel, A. K. Secondary
Electron Interference from Trigonal Warping in Clean Carbon
Nanotubes. Phys. Rev. Lett. 2016, 117, 166804.

(17) Yang, W.; Urgell, C.; De Bonis, S. L.; Marganska, M.; Grifoni,
M.,; Bachtold, A. Fabry-Pérot Oscillations in Correlated Carbon
Nanotubes. Phys. Rev. Lett. 2020, 125, 187701.

(18) Lotfizadeh, N.; Senger, M. J.; McCulley, D. R.; Minot, E. D,;
Deshpande, V. V. Quantum Interferences in Ultraclean Carbon
Nanotubes. Phys. Rev. Lett. 2021, 126, 216802.

(19) Griber, M. R.; Coish, W. A.; Hoffmann, C.; Weiss, M.; Furer,
J.; Oberholzer, S.; Loss, D.; Schonenberger, C. Molecular states in
carbon nanotube double quantum dots. Phys. Rev. B 2006, 74,
075427.

(20) Chorley, S. J.; Wabnig, J.; Penfold-Fitch, Z. V.; Petersson, K.
D.; Frake, J.; Smith, C. G.; Buitelaar, M. R. Measuring the Complex
Admittance of a Carbon Nanotube Double Quantum Dot. Phys. Rev.
Lett. 2012, 108, 036802.

(21) Jung, M,; Schindele, J.; Nau, S.; Weiss, M.; Baumgartner, A.;
Schonenberger, C. Ultraclean Single, Double, and Triple Carbon
Nanotube Quantum Dots with Recessed Re Bottom Gates. Nano Lett.
2013, 13, 4522—4526.

(22) Waissman, J.; Honig, M.; Pecker, S.; Benyamini, A.; Hamo, A.;
Tlani, S. Realization of pristine and locally tunable one-dimensional
electron systems in carbon nanotubes. Nature Nanotechnol. 2013, 8,
569—574.

(23) Penfold-Fitch, Z. V.; Sfigakis, F.; Buitelaar, M. R. Microwave
Spectroscopy of a Carbon Nanotube Charge Qubit. Phys. Rev. Applied
2017, 7, 054017.

(24) Churchill, H. O. H.; Bestwick, A. J.; Harlow, J. W.; Kuemmeth,
F.; Marcos, D.; Stwertka, C. H.; Watson, S. K; Marcus, C. M.
Electron-nuclear interaction in 13C nanotube double quantum dots.
Nat. Phys. 2009, 5, 321—326.

(25) Churchill, H. O. H.; Kuemmeth, F.; Harlow, J. W.; Bestwick, A.
J.; Rashba, E. L; Flensberg, K.; Stwertka, C. H.; Taychatanapat, T;
Watson, S. K;; Marcus, C. M. Relaxation and Dephasing in a Two-
Electron C 13 Nanotube Double Quantum Dot. Phys. Rev. Lett. 2009,
102, 166802.

(26) Laird, E. A; Pei, F.; Kouwenhoven, L. P. A valley-spin qubit in
a carbon nanotube. Nat. Nanotechnol. 2013, 8, 565—568.

https://doi.org/10.1021/acs.nanolett.2c03034
Nano Lett. 2022, 22, 8541-8549


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+A.+Sanchez-Naranjo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Samanta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+S.+Miller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03034?ref=pdf
https://doi.org/10.1103/RevModPhys.87.703
https://doi.org/10.1103/RevModPhys.87.703
https://doi.org/10.1038/386474a0
https://doi.org/10.1038/386474a0
https://doi.org/10.1126/science.275.5308.1922
https://doi.org/10.1126/science.275.5308.1922
https://doi.org/10.1038/35042545
https://doi.org/10.1038/35042545
https://doi.org/10.1038/nature03422
https://doi.org/10.1038/nature03422
https://doi.org/10.1038/nphys340
https://doi.org/10.1038/nphys340
https://doi.org/10.1103/PhysRevB.91.155435
https://doi.org/10.1103/PhysRevB.91.155435
https://doi.org/10.1038/nphys3556
https://doi.org/10.1038/nphys3556
https://doi.org/10.1038/nature21704
https://doi.org/10.1038/nphys895
https://doi.org/10.1038/nphys895
https://doi.org/10.1038/nphys2692
https://doi.org/10.1038/nphys2692
https://doi.org/10.1126/science.aat0905
https://doi.org/10.1126/science.aat0905
https://doi.org/10.1103/PhysRevLett.123.197701
https://doi.org/10.1103/PhysRevLett.123.197701
https://doi.org/10.1038/35079517
https://doi.org/10.1038/35079517
https://doi.org/10.1103/PhysRevLett.99.036802
https://doi.org/10.1103/PhysRevLett.99.036802
https://doi.org/10.1103/PhysRevLett.117.166804
https://doi.org/10.1103/PhysRevLett.117.166804
https://doi.org/10.1103/PhysRevLett.117.166804
https://doi.org/10.1103/PhysRevLett.125.187701
https://doi.org/10.1103/PhysRevLett.125.187701
https://doi.org/10.1103/PhysRevLett.126.216802
https://doi.org/10.1103/PhysRevLett.126.216802
https://doi.org/10.1103/PhysRevB.74.075427
https://doi.org/10.1103/PhysRevB.74.075427
https://doi.org/10.1103/PhysRevLett.108.036802
https://doi.org/10.1103/PhysRevLett.108.036802
https://doi.org/10.1021/nl402455n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl402455n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2013.143
https://doi.org/10.1038/nnano.2013.143
https://doi.org/10.1103/PhysRevApplied.7.054017
https://doi.org/10.1103/PhysRevApplied.7.054017
https://doi.org/10.1038/nphys1247
https://doi.org/10.1103/PhysRevLett.102.166802
https://doi.org/10.1103/PhysRevLett.102.166802
https://doi.org/10.1038/nnano.2013.140
https://doi.org/10.1038/nnano.2013.140
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(27) Pei, T.; Palyi, A.; Mergenthaler, M.; Ares, N.; Mavalankar, A,;
Warner, J. H.; Briggs, G. A. D.; Laird, E. A. Hyperfine and Spin-Orbit
Coupling Effects on Decay of Spin-Valley States in a Carbon
Nanotube. Phys. Rev. Lett. 2017, 118, 177701.

(28) Ranjan, V.; Puebla-Hellmann, G.; Jung, M., Hasler, T,
Nunnenkamp, A.; Muoth, M.; Hierold, C.; Wallraff, A,;
Schonenberger, C. Clean carbon nanotubes coupled to super-
conducting impedance-matching circuits. Nat. Commun. 2015, 6,
7165.

(29) Viennot, J. J.; Dartiailh, M. C.; Cottet, A.; Kontos, T. Coherent
coupling of a single spin to microwave cavity photons. Science 20185,
349, 408—411.

(30) Cubaynes, T.; Delbecq, M. R.; Dartiailh, M. C.; Assouly, R;
Desjardins, M. M.; Contamin, L. C.; Bruhat, L. E.; Leghtas, Z.; Mallet,
F.; Cottet, A;; Kontos, T. Highly coherent spin states in carbon
nanotubes coupled to cavity photons. npj Quantum Information 2019,
S, 47.

(31) Lassagne, B.; Tarakanov, Y.; Kinaret, J.; Garcia-Sanchez, D.;
Bachtold, A. Coupling mechanics to charge transport in carbon
nanotube mechanical resonators. Science 2009, 325, 1107—1110.

(32) Steele, G. A.; Hiittel, A. K.; Witkamp, B.; Poot, M.; Meerwaldt,
H. B,; Kouwenhoven, L. P,; van der Zant, H. S. Strong coupling
between single-electron tunneling and nanomechanical motion.
Science 2009, 325, 1103—1107.

(33) Moser, J.; Eichler, A,; Guettinger, J.; Dykman, M. L; Bachtold,
A. Nanotube mechanical resonators with quality factors of up to S
million. Nat. Nanotechnol. 2014, 9, 1007—1011.

(34) Benyamini, A.; Hamo, A.; Kusminskiy, S. V.; von Oppen, F.;
Ilani, S. Real-space tailoring of the electron-phonon coupling in
ultraclean nanotube mechanical resonators. Nat. Phys. 2014, 10, 151.

(35) Gétz, K. J. G; Schmid, D. R; Schupp, F. J.; Stiller, P. L;
Strunk, C.; Hiittel, A. K. Nanomechanical Characterization of the
Kondo Charge Dynamics in a Carbon Nanotube. Phys. Rev. Lett.
2018, 120, 246802.

(36) Khivrich, I; Clerk, A. A.; Ilani, S. Nanomechanical pump-probe
measurements of insulating electronic states in a carbon nanotube.
Nat. Nanotechnol. 2019, 14, 161—167.

(37) Blien, S.; Steger, P.; Hiittner, N.,; Graaf, R; Hiittel, A. K.
Quantum capacitance mediated carbon nanotube optomechanics.
Nat. Commun. 2020, 11, 1636.

(38) Urgell, C.; Yang, W.; De Bonis, S. L.; Samanta, C.; Esplandiu,
M. J; Dong, Q; Jin, Y.; Bachtold, A. Cooling and self-oscillation in a
nanotube electromechanical resonator. Nat. Phys. 2020, 16, 32—37.

(39) Wen, Y.; Ares, N.; Schupp, F. J.; Pei, T.; Briggs, G. A. D.; Laird,
E. A. A coherent nanomechanical oscillator driven by single-electron
tunnelling. Nat. Phys. 2020, 16, 75—82.

(40) Vigneau, F.; Monsel, J.; Tabanera, J.; Bresque, L.; Fedele, F.;
Anders, J; Parrondo, J. M. R; Auffeves, A; Ares, N. Ultrastrong
coupling between electron tunneling and mechanical motion. . arXiv
(Mesoscale and Nanoscale Physics), June 21, 2021, ver. 2. https://arxiv.
org/abs/2103.15219 (accessed October 17, 2022).

(41) Pei, F.; Laird, E. A; Steele, G. A.; Kouwenhoven, L. P. Valley-
spin blockade and spin resonance in carbon nanotubes. Nat.
Nanotechnol. 2012, 7, 630—634.

(42) Viennot, J. J.; Palomo, J.; Kontos, T. Stamping single wall
nanotubes for circuit quantum electrodynamics. Appl. Phys. Lett.
2014, 104, 113108.

(43) Cao, J; Wang, Q.; Dai, H. Electron transport in very clean, as-
grown suspended carbon nanotubes. Nat. Mater. 2008, 4, 74S.

(44) Kuhlmann, A. V.; Houel, J.; Ludwig, A.; Greuter, L.; Reuter, D.;
Wieck, A. D.; Poggio, M.; Warburton, R. J. Charge noise and spin
noise in a semiconductor quantum device. Nat. Phys. 2013, 9, 570—
S7S.

(45) Basset, J.; Stockklauser, A.; Jarausch, D.-D.; Frey, T.; Reichl, C,;
Wegscheider, W.; Wallraff, A.; Ensslin, K; Thn, T. Evaluating charge
noise acting on semiconductor quantum dots in the circuit quantum
electrodynamics architecture. Appl. Phys. Lett. 2014, 105, 063105.

(46) Scarlino, P.; Ungerer, J. H.; van Woerkom, D. J.; Mancini, M.;
Stano, P.; Miiller, C; Landig, A. J; Koski, J. V,; Reichl, C,;

8548

Wegscheider, W.; Thn, T.; Ensslin, K; Wallraff, A. In situ Tuning of
the Electric-Dipole Strength of a Double-Dot Charge Qubit: Charge-
Noise Protection and Ultrastrong Coupling. Phys. Rev. X 2022, 12,
031004.

(47) El-Sayed, A.-M.; Watkins, M. B.; Afanas’ev, V. V.; Shluger, A. L.
Nature of intrinsic and extrinsic electron trapping in SiO,. Phys. Rev. B
2014, 89, 125201.

(48) Goes, W.; Wimmer, Y.; El-Sayed, A.-M.; Rzepa, G.; Jech, M.;
Shluger, A. L.; Grasser, T. Identification of oxide defects in
semiconductor devices: A systematic approach linking DFT to rate
equations and experimental evidence. Microelectronics Reliability 2018,
87, 286—320.

(49) Kaczer, B.; Franco, J.; Weckx, P.; Roussel, P. J.; Putcha, V.;
Bury, E.; Simicic, M.; Chasin, A.; Linten, D.; Parvais, B.; et al. A brief
overview of gate oxide defect properties and their relation to
MOSFET instabilities and device and circuit time-dependent
variability. Microelectronics Reliability 2018, 81, 186—194.

(50) Grasser, T. Stochastic charge trapping in oxides: From random
telegraph noise to bias temperature instabilities. Microelectronics
Reliability 2012, 52, 39—70.

(51) Van der Wiel, W. G.; De Franceschi, S.; Elzerman, J. M,;
Fujisawa, T.; Tarucha, S.; Kouwenhoven, L. P. Electron transport
through double quantum dots. Reviews of modern physics 2002, 75, 1.

(52) Stockklauser, A.; Scarlino, P.; Koski, J. V.; Gasparinetti, S.;
Andersen, C. K; Reichl, C.; Wegscheider, W.; Ihn, T.; Ensslin, K;
Wallraff, A. Strong Coupling Cavity QED with Gate-Defined Double
Quantum Dots Enabled by a High Impedance Resonator. Phys. Rev. X
2017, 7, 011030.

(53) Zheng, G.; Samkharadze, N.; Noordam, M. L.; Kalhor, N,;
Brousse, D.; Sammak, A.; Scappucci, G.; Vandersypen, L. M. Rapid
gate-based spin read-out in silicon using an on-chip resonator. Nature
Nanotechnol. 2019, 14, 742—746.

(54) Yu, C. X.; Zihlmann, S.; Abadillo-Uriel, J. C.; Michal, V. P.;
Rambal, N.; Niebojewski, H.; Bedecarrats, T.; Vinet, M.; Dumur, E,;
Filippone, M. et al. Strong coupling between a photon and a hole spin
in silicon. arXiv (Mesoscale and Nanoscale Physics), June 28, 2022, ver.
1. https://arxiv.org/abs/2206.14082 (accessed October 17, 2022).

(55) Gaudreau, L.; Studenikin, S. A.; Sachrajda, A. S.; Zawadzki, P.;
Kam, A,; Lapointe, J.; Korkusinski, M.; Hawrylak, P. Stability Diagram
of a Few-Electron Triple Dot. Phys. Rev. Lett. 2006, 97, 036807.

(56) Schroer, D.; Greentree, A. D.; Gaudreau, L. Eberl, K;
Hollenberg, L. C. L.; Kotthaus, J. P.; Ludwig, S. Electrostatically
defined serial triple quantum dot charged with few electrons. Phys.
Rev. B 2007, 76, 075306.

(57) Sénchez, R; Granger, G.; Gaudreau, L.; Kam, A, Pioro-
Ladriere, M.; Studenikin, S. A.; Zawadzki, P.; Sachrajda, A. S.; Platero,
G. Long-Range Spin Transfer in Triple Quantum Dots. Phys. Rev. Lett.
2014, 112, 176803.

(58) Chen, S.; Huang, J.; Wang, Z.; Kempa, K; Chen, G.; Ren, Z.
High-bias-induced structure and the corresponding electronic
property changes in carbon nanotubes. Appl. Phys. Lett. 2005, 87,
263107.

(59) Malapanis, A; Comfort, E.; Ung Lee, J. Current-induced
cleaning of adsorbates from suspended single-walled carbon nanotube
diodes. Appl. Phys. Lett. 2011, 98, 263108.

(60) Island, J. O.; Tayari, V.; McRae, A. C.; Champagne, A. R. Few-
Hundred GHz Carbon Nanotube Nanoelectromechanical Systems
(NEMS). Nano Lett. 2012, 12, 4564—4569.

(61) Noury, A.; Vergara-Cruz, J.; Morfin, P.; Plagais, B.; Gordillo, M.
C.; Boronat, J.; Balibar, S.; Bachtold, A. Layering Transition in
Superfluid Helium Adsorbed on a Carbon Nanotube Mechanical
Resonator. Phys. Rev. Lett. 2019, 122, 165301.

(62) Mi, X; Cady, J.; Zajac, D.; Deelman, P.; Petta, J. R. Strong
coupling of a single electron in silicon to a microwave photon. Science
2017, 355, 156—158.

(63) Scarlino, P.; Van Woerkom, D. J.; Stockklauser, A.; Koski, J. V.;
Collodo, M. C.; Gasparinetti, S.; Reichl, C.; Wegscheider, W.; Ihn, T;
Ensslin, K; et al. All-microwave control and dispersive readout of

https://doi.org/10.1021/acs.nanolett.2c03034
Nano Lett. 2022, 22, 8541-8549


https://doi.org/10.1103/PhysRevLett.118.177701
https://doi.org/10.1103/PhysRevLett.118.177701
https://doi.org/10.1103/PhysRevLett.118.177701
https://doi.org/10.1038/ncomms8165
https://doi.org/10.1038/ncomms8165
https://doi.org/10.1126/science.aaa3786
https://doi.org/10.1126/science.aaa3786
https://doi.org/10.1038/s41534-019-0169-4
https://doi.org/10.1038/s41534-019-0169-4
https://doi.org/10.1126/science.1174290
https://doi.org/10.1126/science.1174290
https://doi.org/10.1126/science.1176076
https://doi.org/10.1126/science.1176076
https://doi.org/10.1038/nnano.2014.234
https://doi.org/10.1038/nnano.2014.234
https://doi.org/10.1038/nphys2842
https://doi.org/10.1038/nphys2842
https://doi.org/10.1103/PhysRevLett.120.246802
https://doi.org/10.1103/PhysRevLett.120.246802
https://doi.org/10.1038/s41565-018-0341-6
https://doi.org/10.1038/s41565-018-0341-6
https://doi.org/10.1038/s41467-020-15433-3
https://doi.org/10.1038/s41567-019-0682-6
https://doi.org/10.1038/s41567-019-0682-6
https://doi.org/10.1038/s41567-019-0683-5
https://doi.org/10.1038/s41567-019-0683-5
https://arxiv.org/abs/2103.15219
https://arxiv.org/abs/2103.15219
https://doi.org/10.1038/nnano.2012.160
https://doi.org/10.1038/nnano.2012.160
https://doi.org/10.1063/1.4868868
https://doi.org/10.1063/1.4868868
https://doi.org/10.1038/nmat1478
https://doi.org/10.1038/nmat1478
https://doi.org/10.1038/nphys2688
https://doi.org/10.1038/nphys2688
https://doi.org/10.1063/1.4892828
https://doi.org/10.1063/1.4892828
https://doi.org/10.1063/1.4892828
https://doi.org/10.1103/PhysRevX.12.031004
https://doi.org/10.1103/PhysRevX.12.031004
https://doi.org/10.1103/PhysRevX.12.031004
https://doi.org/10.1103/PhysRevB.89.125201
https://doi.org/10.1016/j.microrel.2017.12.021
https://doi.org/10.1016/j.microrel.2017.12.021
https://doi.org/10.1016/j.microrel.2017.12.021
https://doi.org/10.1016/j.microrel.2017.11.022
https://doi.org/10.1016/j.microrel.2017.11.022
https://doi.org/10.1016/j.microrel.2017.11.022
https://doi.org/10.1016/j.microrel.2017.11.022
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1016/j.microrel.2011.09.002
https://doi.org/10.1103/RevModPhys.75.1
https://doi.org/10.1103/RevModPhys.75.1
https://doi.org/10.1103/PhysRevX.7.011030
https://doi.org/10.1103/PhysRevX.7.011030
https://doi.org/10.1038/s41565-019-0488-9
https://doi.org/10.1038/s41565-019-0488-9
https://arxiv.org/abs/2206.14082
https://doi.org/10.1103/PhysRevLett.97.036807
https://doi.org/10.1103/PhysRevLett.97.036807
https://doi.org/10.1103/PhysRevB.76.075306
https://doi.org/10.1103/PhysRevB.76.075306
https://doi.org/10.1103/PhysRevLett.112.176803
https://doi.org/10.1063/1.2155116
https://doi.org/10.1063/1.2155116
https://doi.org/10.1063/1.3605587
https://doi.org/10.1063/1.3605587
https://doi.org/10.1063/1.3605587
https://doi.org/10.1021/nl3018065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl3018065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl3018065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.122.165301
https://doi.org/10.1103/PhysRevLett.122.165301
https://doi.org/10.1103/PhysRevLett.122.165301
https://doi.org/10.1126/science.aal2469
https://doi.org/10.1126/science.aal2469
https://doi.org/10.1103/PhysRevLett.122.206802
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters pubs.acs.org/NanoLett

gate-defined quantum dot qubits in circuit quantum electrodynamics.
Physical review letters 2019, 122, 206802.

(64) Veldhorst, M.; Yang, C.; Hwang, J.; Huang, W.; Dehollain, J.;
Muhonen, J; Simmons, S.; Laucht, A.; Hudson, F.; Itoh, K. M.; et al.
A two-qubit logic gate in silicon. Nature 2015, 526, 410—414.

(65) Pistolesi, F.; Cleland, A. N.; Bachtold, A. Proposal for a
nanomechanical qubit. Phys. Rev. X 2021, 11, 031027.

(66) Bhattacharya, U.; Grass, T.; Bachtold, A,; Lewenstein, M,;
Pistolesi, F. Phonon-Induced Pairing in Quantum Dot Quantum
Simulator. Nano Lett. 2021, 21, 9661—9667.

(67) Zhang, L.; Bhattacharya, U, Bachtold, A, Forstner, S;
Lewenstein, M.; Pistolesi, F.; Grass, T. Steady-state Peierls transition
in nanotube quantum simulator. arXiv (Strongly Correlated Electrons),
June 16, 2022, ver. 1. https://arxiv.org/abs/2206.08020 (accessed
October 17, 2022).

8549

https://doi.org/10.1021/acs.nanolett.2c03034
Nano Lett. 2022, 22, 8541-8549


https://doi.org/10.1103/PhysRevLett.122.206802
https://doi.org/10.1038/nature15263
https://doi.org/10.1103/PhysRevX.11.031027
https://doi.org/10.1103/PhysRevX.11.031027
https://doi.org/10.1021/acs.nanolett.1c03457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c03457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://arxiv.org/abs/2206.08020
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

