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We report the fabrication and characterization of gate-defined hole quantum dots in monolayer and
bilayer WSe,. The devices are operated with gates above and below the WSe, layer to accumulate a
hole gas, which for some devices is then selectively depleted to define the dot. Temperature dependence
of conductance in the Coulomb-blockade regime is consistent with transport through a single level, and
excited-state transport through the dots is observed at temperatures up to 10 K. For adjacent charge states
of a bilayer-W Se, dot, the magnetic field dependence of excited-state energies is used to estimate g factors
between 0.8 and 2.4 for different states. These devices provide a platform to evaluate valley-spin states in

monolayer and bilayer WSe; for application as qubits.
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I. INTRODUCTION

Certain crystals possess two or more inequivalent band
extrema, or valleys, that can serve as a pseudospin defin-
ing a qubit. Application of the valley and spin degrees of
freedom for qubits was demonstrated in carbon-nanotube
quantum dots [1] and has also been investigated in Si quan-
tum dots [2,3]. As an alternative, coherent valleytronics
using few-layer transition-metal dichalcogenides (TMDs)
and their heterostructures offers long-lived and coher-
ent valley-spin states [4—14], several proposals for qubit
designs [15-22], and an inherent light-matter interface
for control, readout, and coupling to other quantum sys-
tems [23].

Confinement sufficient to address valley-spin states of
a small number of particles is required to define a qubit
in this context, and significant recent activity in this area
has focused on quantum emitters localized by defects [24—
27], strain [28-30], and moiré patterns [31-34]. For the
valley pseudospin, localization to length scales not much
greater than the lattice spacing generates valley coupling
that would be detrimental to the design and coherence
of an eventual TMD valley-spin qubit [35]. Gate-defined
quantum dots, in addition to allowing electronic probes
and electrical control of devices, provide a means to tune
the confinement length L in valley-based qubits to bal-
ance the competing demands of valley coupling in small
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dots against impractically small level spacing A o 1/L? in
large dots.

TMD single quantum dots defined by gates have been
reported for multilayer WSe, and WS, [36,37] and few-
layer MoS, [38—40], and a double quantum dot has been
reported in multilayer MoS; [41]. Additionally, excited
states have been observed in a dot defined in a MoS, nan-
otube [42], and size-controlled dots have also been formed
in etched MoS, [43]. All gate-defined two-dimensional
TMD quantum-dot devices reported so far have operated
in a so-called classical limit, A < kgT, in which the indi-
vidual quantum states required to define an eventual qubit
were not resolved [44].

We report the fabrication and characterization of gate-
defined hole quantum dots using monolayer and bilayer
WSe,, which has so far been the most actively investi-
gated and promising material for non-gate-defined quan-
tum emitters. Our devices have L ~ 25 nm, small enough
for the observation of discrete levels at temperatures up
to 10 K. Because of the low level of unintentional dop-
ing in monolayer and bilayer WSe;, an additional accu-
mulation gate is required to generate a hole gas within
which the dot could be defined, similar to an approach
that has been used successfully for quantum dots in Si
[45,46]. Temperature dependence of a Coulomb-blockade
conductance-peak maximum confirms single-level trans-
port, and comparison of excited-state energies at dif-
ferent magnetic fields provides a lower bound on the
g factors of excited states of adjacent charge states in
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FIG. 1.

(a) Monolayer- or bilayer-WSe, quantum-dot devices, contacted on the bottom by Pt, encapsulated by top (thBN) and bottom

(bhBN) A-BN layers, and with bottom confining gates and a top accumulation gate. (b) Photoluminescence images of a monolayer-
WSe, device and (c) a bilayer-WSe, device with contacts outlined in white. (d) Optical image of a complete device (the location of
WSe, is outlined with a dashed red line). The upper inset shows a scanning electron micrograph of the confining gates. The lower
inset shows a false-color scanning electron micrograph of a complete device showing alignment of the confining gates (yellow),
h-BN-support gates (green), contacts (purple), and the accumulation gate (blue).

a bilayer-WSe; quantum dot ranging from g = 0.8 to
g=24

II. EXPERIMENTAL METHODS

Because of the relatively large band gap and large effec-
tive mass in WSe; compared with most other materials
used for gate-defined quantum dots, two principles guide
the design of our devices: first, gate dimensions are made
as small as possible to maximize A, and second, metal con-
tacts are brought as close as possible to the entrance and
exit of the dot to avoid the creation of multiple accidental
dots in the contact region.

A schematic of the WSe, quantum-dot devices we fab-
ricate is shown in Fig. 1(a), in which monolayer or bilayer
WSe, is encapsulated by two hexagonal-BN (4-BN) lay-
ers and contacted from below with Pt. The devices are
gated on the top with a single accumulation gate and on
the bottom with four confining gates. In detail, fabrication
begins with lithography and evaporation [Cr(5 nm)/Au(15
nm)] of bottom confining gates defining a quantum dot
with a lithographic diameter of approximately 80—100 nm
[upper inset in Fig. 1(d)]. The larger gates under the con-
tact region of the device [colored green in the lower inset
in Fig. 1(d)] are not used electrically but are present to pro-
mote flatness of the final 2~-BN/WSe; /A-BN stack (without
these features, the bottom A#-BN layer invariably wrinkles
in the dot region). Next, the confining gates are insulated
by polycarbonate-based dry transfer of the bottom /#-BN
layer (approximately 10 nm thick), which is tacked in place
around the perimeter [Fig. 1(d)] to prevent lateral move-
ment during the second transfer. Bottom contacts for the
WSe, are then patterned on the bottom 4-BN layer with use

of Cr(2 nm)/Pt(8 nm) deposited by electron-beam evapo-
ration [47]. To remove processing residue from the bottom
h-BN layer, the devices are then annealed for 3 h at 200 °C
in forming gas (3% H; in Ar).

Bulk WSe, grown by chemical vapor transport is
mechanically exfoliated to obtain monolayer and bilayer
flakes, which are identified and confirmed by photolumi-
nescence imaging and spectroscopy [48]. #-BN flakes are
also obtained by exfoliation of bulk crystals, and the top
h-BN layer (approximately 10 nm thick) and monolayer or
bilayer WSe, are then picked up and transferred onto the
contacts and the bottom /-BN layer. Photoluminescence
images for monolayer and bilayer WSe; at this stage of
the fabrication process are shown in Figs. 1(b) and 1(c),
respectively. The top accumulation gate and bond pads
(5-nm Cr and 40—65-nm Au) are then defined in a final
lithography step. The accumulation gate is shaped such
that holes accumulate only in the dot and contact regions
of the WSe, flake. The overlay of all three metal lay-
ers is shown in the lower inset in Fig. 1(d) [49]. Finally,
a second forming-gas-anneal identical to the first one is
necessary to achieve adequate contact transparency for
low-temperature, low-frequency transport measurements.
An optical image of a completed device is shown in Fig.
1(d), with the location of the monolayer WSe, outlined in
red. Devices are measured by standard dc transport and
lock-in techniques in a pumped “He cryostat (2 K) or a
dilution refrigerator (50 mK).

III. RESULTS AND DISCUSSION

Six devices (two monolayer devices and four bilayer
devices) are measured, and we focus on electronic trans-
port data for three of them, one monolayer device (denoted
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FIG. 2. (a) Current as a function of V, for monolayer device
ML at a temperature of 50 mK. (b) Current as a function of V,
for bilayer device BL1 at a temperature of 2.1 K. (c) Conductance

as a function of Vp and V, for device ML. (d) Conductance as a
function of Vgp and V, with V, = =3 V.

ML) and two bilayer devices (BL1 and BL2). First, direct
current at fixed source-drain bias Vgp is measured as a
function of the voltage applied to the accumulation gate,
V.. Both monolayer devices display ambipolar transport
characteristics as shown in Fig. 2(a) for device ML at a
temperature of 55 mK and Vsp = 12 mV. Current strongly
favors hole conduction, as expected for the high-work-
function Pt contacts [47]. Bilayer devices are similar but
with generally lower resistance, and in contrast to the
monolayer devices, no measurable n-type current reliably
distinct from leakage current is observed, even at a rela-
tively high Vsp of 0.3 V and higher temperature (2.3 K), as
shown in Fig. 2(b).

In measurements of differential conductance as a func-
tion of Vsp and gate voltage (V,, confining gate voltage
V., or both), all six devices show diamond-shaped conduc-
tance features indicative of Coulomb blockade. Devices
with higher resistance form quantum dots when only V,
is swept (accumulation mode), presumably because of suf-
ficiently high contact resistance to form tunnel barriers at

the contacts. One example of accumulation-mode opera-
tion is shown in Fig. 2(c) for device ML, in which we
note a transition from well-defined though somewhat irreg-
ular Coulomb diamonds for V, > —3.5 V to a more-open
regime for lower V,. Upward- and downward-moving fea-
tures in Fig. 2(c) have slopes with similar magnitudes
(4+0.21 and —0.19 V/V). Defining contributions to the
dot capacitance from the source, drain, accumulation gate
and all confining gates as C,, C;, C,, and C,, respec-
tively, we expect features with slope magnitudes of C,/C;
and C,/(Cy + C.) [50]. Because C; > C., near equality
of slope magnitudes implies C; >~ C,; and locates the dot
approximately equidistant from each lead.

In lower-resistance devices such as BL1 [Fig. 2(b)], acti-
vation of the confining gates is required to form a dot
by depletion of charge accumulated by V,. Coulomb dia-
monds for this device as a function of Vgp and V. at
V, = —3 V are shown in Fig. 2(d). Here V. is the volt-
age applied to all confining gates simultaneously. In this
case the Coulomb diamonds are tilted with unequal slopes
for positively and negatively sloped features. In a Coulomb
diamond measured as a function of V., the slopes are C./Cy
and C./(C; + C,) [50]. Because C, > C., C, cannot be
ignored in the denominator of the latter slope; therefore,
diamonds as a function of V. are expected to be tilted even
for C, = Cy.

We also note the appearance of clear finite-bias reso-
nances in the Coulomb diamonds of devices ML and BL1,
marked with white arrows in Figs. 2(c) and 2(d). For exam-
ple, these resonances appear most prominently in Fig. 2(d)
at positive bias for the charge transitions near V., = 5.4
and 5.7 V. Such features may arise from excited valley,
spin, and/or orbital states in the limit A > kT, but vari-
ous extrinsic mechanisms such as quasi-one-dimensional
density-of-states fluctuations in the leads could also give
rise to finite-bias conductance resonances even for A <
kg T, particularly for devices such as ours with narrow leads
[51-53].

We now examine two scenarios for the observed finite-
bias conductance resonances, one involving single-level
transport only and one involving multilevel transport com-
bined with some extrinsic mechanism giving rise to the
finite-bias resonances. The temperature dependence of the
Coulomb-blockade peak height is a standard method to
distinguish between single-level and multilevel transport
through a quantum dot: the peak resistance is linear in T
in the single-level case and independent of 7" in the multi-
level case [44,54]. For example, Song ef al. [37] demon-
strated the multilevel, temperature-independent regime for
a WS, quantum dot. In Fig. 3(a) we show the evolution
of a Coulomb-blockade peak at zero bias for tempera-
tures from 2.1 to 10 K for a second bilayer-WSe, device,
BL2. The resistance at the peak increases approximately
linearly [Fig. 3(b)], consistent with single-level transport.
We therefore conclude that device BL2 and all our other
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FIG. 3. (a)Conductance at zero bias and zero magnetic field as
a function of ¥, at temperatures from 2.1 K (blue) to 10 K (red)
for device BL2. The inset shows the Coulomb diamond associ-
ated with the data shown in (a), taken in a magnetic field of 8 T

and at a temperature of 2.3 K. (b) Peak resistance of the curves in
(a) as a function of temperature. The solid black line is a linear fit.

devices, which are lithographically identical to BL2, are
small enough that A > kT, and we associate the finite-
bias conductance resonances with excited states of the
quantum dots. Additionally, given our accumulation-gate
geometry in which ¥, modulates the carrier density in the
dot as well as the WSe; covering the contacts, we would
not expect density-of-states resonances in the leads to be
parallel to the Coulomb-diamond edges.

Next we investigate the magnetic field dependence of
excited-state energies for two adjacent charge states in
device BL2 (Fig. 4). We apply a field perpendicular to
WSe, because the large out-of-plane Zeeman-like spin
splitting due to spin-orbit coupling[55] suppresses in-plane
moments of valley-spin states in monolayer TMDs [56].
This situation also applies to bilayer TMDs because of
weak interlayer coupling [15] and “hidden spin polariza-
tion” [57,58].

At zero field an excited state, denoted «, is visible at
0.4 meV above the ground state of the charge state labeled

0 0.03 0.06
Conductance (62/h) jmmmie——"mmiwet—"
= T ]

FIG. 4.

(a) Conductance as a function of Vgp and ¥V, at zero
magnetic field and a temperature of 50 mK for device BL2. (b)
Same as (a) in a perpendicular magnetic field of 8 T. Pairs of
dashed lines highlight the levels used to calculate £ and g fac-
tors. For the ground state below f, the position is inferred by
extension from negative bias.

N in Fig. 4(a). In a perpendicular magnetic field of 8 T,
this state moves up to an energy of 0.8 meV without split-
ting, and for the N — 1 charge state, an excited state, 3,
appears at 0.9 meV, while the ground-state conductance
is suppressed [Fig. 4(b)]. Additionally, the state labeled y
in Fig. 4(a) splits by 1.1 meV, as indicated by the dashed
black lines in Fig. 4(b). On the basis of these energy shifts
of Ez = gupgB, we calculate g factors of 0.8, 1.9, and 2.4
for @, B, and y, respectively. These estimates represent
lower bounds on the g factors because this method of mea-
surement is insensitive to intermediate-level crossings that
may occur between 0 and 8 T.

We emphasize that these g factors, which are signifi-
cantly smaller than those observed for confined WSe; exci-
tons [24-27], are not expected to be generic to all WSe,
quantum dots, different even or odd charge-state pairs
within the same dot, or even different levels of the same
charge state. First, in addition to dot orbital effects in a per-
pendicular field, the Zeeman energy in WSe; hole quantum
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dots has contributions from spin, valley, and atomic orbital
magnetic moments [59], which in a simple model could
individually combine to add to or subtract from the total
moment of a given state [60], or that may each be coupled
in complicated ways through device-specific parameters.
Second, while the dominant contribution to spin-orbit cou-
pling in TMDs is Zeeman-like, Rashba spin-orbit coupling
is expected to be non-negligible in aggressively gated
devices [61], and g factors may therefore be dependent on
device geometry and electric fields as well [62,63].

Given the expected importance of dot size to valley cou-
pling strength and the performance of eventual coherent
valleytronic devices, we roughly estimate the diameter of
our dots using the gate capacitance. The change in gate
voltage required to add one hole to the dot is

av,= (148
a_Ca EC >

where C, is the accumulation-gate capacitance and E¢ is
the charging energy [64]. For the charge state labeled N —
1 in Fig. 4(b), the addition energy is Eagqqg = Ec + A = 4.8
meV. To obtain A, we note that the (N — 1)-hole excited
state y at V, = —4.9 V in Fig. 4(a) moves with V, at
the same slope as the boundaries of the diamond and that
y splits in a magnetic field. These observations strongly
suggest that y is an orbital excited state of the dot with
A =2 meV [53].

Using these parameters and with AV, =0.32 V, we
obtain C, ~ 0.9 aF. The planar geometry of the device in
which the accumulation gate covers the entire area of the
dot permits us to model the accumulation gate and dot as
a parallel-plate capacitor with the relative permittivity of
h-BN €;,.pn assumed to range from 2.5 to 3.5 [65,66]. The
thickness of the top #-BN layer for device BL2 is 7 nm,
which yields a dot diameter L ~ 1520 nm depending on
the value of €;,_gN. A similar analysis for device BL1 yields
a slightly larger dot size in the range from 20 to 25 nm
[67]. These sizes are a factor of 3—5 larger than defect- or
strain-bound quantum dots in TMDs [68] and are compa-
rable to the size of the moiré supercell in moiré-defined
dots [31-34]. We also note that a particle-in-a-box esti-
mate for A ~ h?/mL? is on the order of 1 meV assuming
a hole mass of 0.45my [69], which roughly agrees with the
zero-field energy of state y.

Finally, we estimate the number of holes in our dots.
Hole conduction turns on at room temperature in our
devices at electric fields from the accumulation gate of
approximately 0.2 V/nm, and a typical operating point
for the dots at low temperature is 0.4 V/nm. In a
parallel-plate approximation, the difference in threshold
and operating electric fields, AE, yields a hole density
n = epenpNAE /e ~ 3 x 1012 cm~2, and multiplication by
the dot area estimated above yields a hole number that
could be expected to lie between 10 and 20. Here the

uncertainty is dominated by the use of room-temperature
threshold voltage to estimate the location in gate voltage
of zero density.

IV. CONCLUSION

We fabricate small monolayer- and bilayer-WSe, quan-
tum dots using a combination of accumulation and
confining gates. Six devices show Coulomb blockade at
temperatures below 10 K, and three devices (one mono-
layer device and two bilayer devices) show conductance
resonances consistent with single-level transport, as con-
firmed by temperature dependence of the peak height for
one of the devices. Magnetic field dependence of peak
positions implied g factors ranging from 0.8 to 2.4 in one
bilayer device. In addition to satisfying essential prerequi-
sites for the development of future electronic and/or opto-
electronic qubits based on valley-spin states in few-layer
TMDs, these devices also provide a platform for high-
resolution, fundamental investigations of those states using
Coulomb-blockade spectroscopy and other techniques.

V. OUTLOOK

Gate-defined quantum dots based on TMDs remain at an
early stage of development for valley-spin qubit applica-
tions compared to the current status of GaAs- and Si-based
quantum dots for spin-only qubits. Our device design, sim-
ilar to previously reported gate-defined TMD quantum dots
[36—41], has followed the design of earlier lateral quan-
tum dots quite closely. Going forward, we believe a more
promising approach will be to create devices that lever-
age the unique advantages of TMDs, which combine a
coherent valley-spin degree of freedom with an inherent
light-matter interface. For example, because WSe, is an
ambipolar conductor [cf. Fig. 1(a)], it is possible to cre-
ate a lateral, gate-defined, and ambipolar double quantum
dot in WSe;. Such devices could unite the superior tunabil-
ity and coherence observed for electrically controlled spin
qubits with ultrafast gating that is possible with optically
controlled spin qubits, resulting in valley-spin qubits with
very high gate fidelity.
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