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We introduce a silicon metal-oxide-semiconductor quantum dot architecture based on a single polysil-
icon gate stack. The elementary structure consists of two enhancement gates separated spatially by
a gap, one gate forming a reservoir and the other a quantum dot. We.demonstrate,“in three devices
based on two different versions of this elementary structure, that avide tange of, tunnel rates is at-
tainable while maintaining single-electron occupation. A characteristie,change.in slope of the charge
transitions as a function of the reservoir gate voltage, attributed t@ screening from charges in the reser-
voir, is observed in all devices, and is expected to play a role ip the sizable tuning orthogonality of
the split enhancement gate structure. The all-silicon process-is expected to6 minimize strain gradients
from electrode thermal mismatch, while the single gate layer should avoid issues related to overlayers
(e.g., additional dielectric charge noise) and help improve yigld. Finally, reservoir gate control of the
tunnel barrier has implications for initialization, manipulation and réadout schemes in multi-quantum

dot architectures.

Silicon (Si) quantum dots (QDs) are strong! con-
tenders for the realization of spin qubits!'® Silicon “ger-
manium heterostructure (Si/SiGe) platforms with{integrated
micromagnets® have produced the highest performanee
qubits,“'6 with fidelities over 99.9% 7 whilé metal-exide-
semiconductor (MOS) platforms have also achieved«faultitol-
erant fidelities.®

Most of the high performance systems mentigned‘above are
enhancement mode devices comprising at least twgQ layers of
control gates. The overlapping gatés ensure strong confine-
ment and the highest electrostatic*eontrol aver regions sur-
rounding the QDs. These cupfent multi-stack devices have
therefore achieved excellent tunability, thanks in part to an
independant control of reservoirs, _dotsand tunnel barriers
through respectively dedicated gates., On the other hand,
single-layer enhancemént, mode“devices are being explored
for ease of fabricatién and' potentially higher yield, in both
Si/SiGe and MOS#systems. 21 In particular, all-silicon MOS
single-layer devices ape expected to avoid thermal mismatch
and additional dielettric charge noise from overlayers 41>
These singl¢-layer devige$ generally use a single gate to form
a source-dot-drain channel, relying on constrictions and lat-
eral depletion“gates 4o shape the confinement potential 21°
Reservyoir filling, dot charge occupation and tunnel rates are
therefore controlled differently than in multi-gate stack archi-
tectures. Various architectures and methods of tunnel barrier
congrol impact tunability differently, and understanding those
differences will influence choices of multi-QDs initialization,
manipulation and readout schemes, including automatic tun-
ing procedures 18 as well as reproducibility, versatility and
scalability of devices.”

Here we explore a single gate stack structure featuring a
split gate for dot and reservoir formation. The tunnel barrier is

8. Rochette and M. Rudolph contributed equally to this work.

simply formed by the gap between the dot and reservoir gates.
We investigate, in all-silicon MOS devices based on this ele-
mentary structure, how tunnel barrier control can be achieved
by modulation of the reservoir gate voltage. The operation
principle is studied in two variations of the layout, emphasiz-
ing some intrinsic effects brought by the use of a reservoir gate
for tunnel control, in contrast with the more frequent method
of control using a dedicated barrier gate directly on top of the
barrier. We also define a control orthogonality metric with sig-
nificance for tunability and versatility of quantum dot devices
and use it to compare a split gate QD device to a multi-stack
device from the literature. Finally, we conclude by examin-
ing single-electron regime characteristics and valley splitting
tuning in the split gate devices.

The elementary single-gate stack structure we explore con-
sists of a quantum dot enhancement gate, AD, and a reser-
voir enhancement gate, AR, separated by a gap, as shown in
Fig.[I(a). We refer to this base unit of design as the split en-
hancement gate structure. Devices are fabricated using the
Sandia National Laboratories MOS quantum dot process,?"'2!
which is described in detail in the Supplementary Material.
The gate stack consists of a 10 000 2-cm n-type silicon float
zone substrate, a 35 nm SiO, gate oxide and a degenerately
As-doped 100 nm thick polysilicon gate (shown in Fig.[T[a)).
The polysilicon nanostructure is defined by a single electron-
beam lithography and dry etching step. The gate oxide prop-
erties have been characterized in Hall bars fabricated on the
same starting gate stack as the nanostructures. Peak mobil-
ity, percolation density,2%22 scattering charge density 2%23 in-
terface roughness and interface correlation length®* were ex-
tracted for the wafers used for each of the devices and are
described in the Supplementary Material.

In this study, we look at two different layouts of split en-
hancement gate devices. We examine a single-lead layout
(devices Al and A2), where a single reservoir is connected
to a dot, and a double-lead layout (device B), where the dot
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t enhancement gate tunnel barrier struc-
its opetation, we have performed Thomas-Fermi nu-
imulations2% of device Al, as shown in Fig.b), us-
nding MOS structure and operating gate volt-
ageS\as/Anput parameters. Figure [T{c) shows the simulated
density at the Si/SiOs interface when the device is
experimentally set in a ~20 electrons regime. As expected,
a reservoir is formed under gate AR, and a quantum dot un-
der the tip of gate AD, separated by the tunnel barrier region.
Some form of tunnel barrier control using the reservoir gate
voltage, VAR, is suggested by variations of the potential along
the dot-reservoir axis (Fig. [[(d)). Indeed, as a function of
VR, the tunnel barrier potential height and width are modi-
fied, while the QD conduction band edge stays fairly constant
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The data was processed
orth digital filter and a Hilbert transform
SET) of the signal and minimize the appear-
e background’s SET’s Coulomb oscillations (darker, more
horizontal“features). Charge occupation N in the dot is indicated
{inch regionl between the transitions (thin white and more verti-
cal.features). Bottom left inset: capacitance ratio Cag-dot/CAD-dot
s a furL‘t.:5 of Var extracted from the N = 2 — 3 charge tran-
sitien’s slope. (b) Reservoir-dot tunnel rate as a function of Var
for the N = 0 — 1 transition in device Al. The green (dia-
nds) data points are obtained via full counting statistics of single-
shot traces?® while the orange (circles) data points are extracted from
Ise spectroscopy. Hollow orange circles are the orange filled cir-
cle data points translated by ~ 1.5 decades. The dotted line is an
exponential fit to green and hollow orange data points, yielding a
slope AT". Top left inset: zoom on the region of the stability diagram
corresponding to the orange data points, with the left dot accumula-
tion gate AD’ at 512.7 mV. Bottom right inset: Zoom on the region
of the stability diagram corresponding to the green data points, with
Vap’ = 980 mV.

relative to the Fermi level of the reservoir, indicating some
form of tuning orthogonality between charge occupation of
the QD and tunnel rate to the reservoir (similar quantities are
evoqued in Ref™?). A sufficient tuning orthogonality would
allow simultaneously for a wide range of tunnel rates I' and
the ability to regularly tune these devices to the single elec-
tron regime. We therefore investigate this characteristic for
a QD based on a split enhancement gate structure employing
the reservoir gate as a knob 27

Figure [2(a) shows how the QD occupancy can be tuned
down to the single electron regime in device A2 (similar to
device A1 except for scale, see Supplementary Material). The
single electron occupation was confirmed with spin filling
from magnetospectroscopy, and yields an 8 meV charging en-
ergy for the last electron. The effect of Var on the tunnel
rate is qualitatively visible from the charge transitions, which
go from a “smooth” appearance at high Vg, when I is high
compared to the measurement rate, to a speckled appearance
at low Vagr, when I' is of the order of the measurement rate
or lower 30

We observe a gradual decrease of the AR gate capacitance
to the dot, CaR.dot, as the reservoir fills up with electrons,
as shown in the inset of Fig. Eka) (assuming Cap_qot, the ca-
pacitance of the AD gate to the dot, stays constant) . The ca-
pacitance ratio Cagr-dot/CAD-dot= —1/m is extracted from
the slope m of the transition N = 2 — 3 in the stability
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I: m" A similar dependence of the capacitance ratio is
150, observed in numerical simulations, but the agreement is

PUb|i§l H;g; itative, due in part to the limitations of the semi-

classical simulation. We attribute this visible curvature in the
dot transitions to a screening effect of the reservoir gate po-
tential, induced by the accumulated charges in the reservoir.
This specific effect therefore seems to be caused by the use of
an enhancement gate connected to a ohmic contact as a tuning
knob.

Device Al also exhibits a comparable behavior as a func-
tion of the AR and AD gate voltages (see Supplementary Ma-
terial). We measured the dot-reservoir tunnel rate as a function
of the voltage on gate AR for device Al, alongthe N =0 — 1
charge transition, as Var was compensated with Vop to pre-
serve the charge state, as shown in Fig. |Zkb). Two data sets
(diamond and filled circles) were taken at different voltages
on a surrounding gate, Vaps. The 467 mV difference results
in a 1.5 decades global offset in tunnel rates. We subtract this
offset (hollow circles) to extract a single exponential depen-
dence of T with V 4 g 3233

From the slope of the exponential fit, we extract a gate re-
sponse of AT" = 5.9 + 0.7 decades/V s R, defined as the varia-
tion in dot-reservoir tunnel rate induced by a change of 1 V on
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vices is when we remove the device geometry specific capa

itance by converting to change in chemical potential, /
We define the following metric: M

Bar,ap = AT ar ap/Aldot, S(ﬁ\
where AI' gg, ap is the change in tunnel rate inN the

change in voltage on AR (and compensate Y Allgor 18

or ice Al, the above
decade/meV, using the

Bar,ap the tuning orthogonality,
analysis leads to B4r, ap = 0.9

al of the QD does
not actually shift for a gi
there is a second gate compensating the chemical potential
shift from the first. Thérefere, ca ust be taken in interpret-

o?fjpresent the effect of a single gate

meV/mV). We note that t?h

ing in opposite
contributions.
Taken individually,

imulatiogs of Fig[T(d). But if one wants to keep the
dot occ ation%xed, and shift from high to low tunnel rates,
R have to be swept in opposite directions. Our
ents indicate that in this case the lever of gate AR

ermore, we speculate that the screening effect from
charges under AR contributes to this efficiency, as it reduces
the lever of gate AR on the dot occupation, but on the tunnel
barrier, such that less compensation on AD is necessary to
maintain charge occupation than if no screening effect was
present.

The quantity 3; » can be estimated for other designs in the
literature, for any pair of gates 1 and 2 used to tune the tunnel

¢ transport diagram in (b). (d) Coulomb diamond measurement
corresponding to a stability diagram of AD vs AR; and ARy. The
all diamond after electron #6 is due to a donor ionization™® (see
fabrication details in the Supplementary Material).

rate and compensate for changes in the dot occupation, re-
spectively. For comparison, we estimate Spg,ap = 1.4+0.5
decades/meV for the case of a dedicated barrier gate BG com-
pensated by the dot accumulation gate AD equivalent in a
Si/SiGe device ¥ This indicates a tuning orthogonality that
can reach the same order of magnitude as dedicated barrier
gate devices in multi-stack architectures. The single-layer
split enhancement gate layout could therefore provide a wide
operation range@ for single-electron QD devices. Details on
the calculations as well as assumptions leading to the metric 3
and its limitations are provided in the Supplementary material.

The double-lead layout also supports transport down to the
last electron and exhibits a typical split enhancement gate be-
havior. Figure[3[a) shows device B, where transport is through
a QD under gate AD with source and drain reservoirs under
gates AR; and AR5. A mirrored structure can be operated
as a SET charge sensor, correlating the transport transitions
(Fig.[3(b)) with charge sensed measurements (Fig. [3{c)).

In Fig. B b), the tunnel rate ranges from the life-time broad-
ened regime at high Vg, corresponding to a ~3 GHz tun-
nel rate**37 to slower than can be detected by the charge sen-
sor, ~8 Hz. The slight curvature in the dot and SET transi-
tions of Fig. [3(d) is ascribed to a similar screening effect as
in the single lead devices, although it is not as pronounced.
This demonstrates that two neighboring barriers in series can
be tuned relatively orthogonally (i.e., crosstalk is not a pro-
hibitive issue), and that the split enhancement gate concept
can be applied in several layouts.

In Fig@d}, Var, and Vg, are adjusted simultaneously
to symmetrize the tunnel barriers on the source and drain side
of the QD, giving rise to Coulomb diamonds ¥ The notable
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‘ s Ild nce in voltage ranges applied on AR; and AR» is at-
byted mainly to asymmetry in the voltages applied on the

ng gates on the left and right side of the device, al-
though small variations in width of the dot-reservoir gap could
also contribute to the difference. The precise effect of the dot-
reservoir gap width on the tuning orthogonality and general
efficiency remains to be studied in detail.

The addition energy of the last electron and the first orbital
energy are extracted from the Coulomb diamonds of Fig. [3(d),
yielding approximately F,qq = 11 meV and AE = 3 meV,
respectively. A classical capacitance between the QD and the
AD gate of 2.9 aF is estimated (e.g., Cap = e/AVap with
AVap = 56 meV the voltage applied on gate AD to go from
the N = 0 — 1 charge transition to the N = 1 — 2 transition
in Fig. [3[(b)). The classical capacitance can be associated with
a circular 2D QD below the gate and is used to estimate a QD
radius of ~30 nm, using €, = 3.9 for the SiO4 and neglecting
small errors due to the electron offset from the SiO inter-
face and depletion of the polysilicon. The orbital energy also
provides an estimate of QD size. Following Ref.”* we can

extract an effective length of a confining 2D box (7r? = L?)

and using AF = Sh,sz =3 meV, we obtain a similar dot

size, r ~25 nm, using m* = 0.19 m,. These estimated dot
sizes and energies are similar to the ones obtained in multi=
stack accumulation mode quantum dot devices 242

Finally, an investigation of the spin filling and
singlet-triplet energy splitting in our silicon QDs using
magnetospectroscopy> 404l indicates that the valley, split®
ting is linearly tunable with the vertical electric field
(8.1 £ 0.6 ueVm/MYV in the double-lead devige) and s tun-
able over a range of ~ 75-250 peV (see the Supplementary
Material for details).

In conclusion, we explored a split enhancement gate archi-
tecture implemented in single-lead and double-lead layouts
of polysilicon MOS QD devices. Zhe single-electron regime
was reliably achieved in three different devices. Using the
reservoir enhancement gate tg' modulate«thé tunnel rate and
compensating with the dot enhancefment gate, we found a tun-
ing orthogonality Bar apf & 0.9'decade/meV in one of the
single-lead devices. We arguesthat the'notable tuning orthog-
onality, which is comparable to what can be achieved in de-
vices with a dedicatedbarrier gate in multi-stack architectures,
is boosted by thefscreening effect arising from the use of an
enhancement gate as A tuning knob. In addition, a strongly
confined quantum det withl charging energies up to 11 meV
and orbital energy of 3'meV was observed in the device with
smallest features, corfiesponding to a ~ 30 nm radius QD. Lin-
ear tundbility ofthe QD’s valley splitting was also observed up
to 250\ueV.

SUPPLEMENTARY MATERIAL

Section I of the Supplementary Material provides details
on the samples fabrication. Section II describes experimental
details and devices characteristics. Section III presents a dis-
cussion on the tuning orthogonality metric, and Section IV is
dedicated to the study of the valley splitting tuning in the split
enhancement gate devices.
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