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The scalability of spin-qubit devices is conditioned by qubit-to-qubit variability. Disorder in the host
materials indeed affects the wave functions of the confined carriers, which leads to variations in their
charge and spin properties. Charge disorder in the amorphous oxides is particularly detrimental owing to
its long-range influence. Here we analyze the effects of charge traps at the semiconductor-oxide interface,
which are generally believed to play a dominant role in variability. We consider multiple random distribu-
tions of these interface traps and numerically calculate their impact on the chemical potentials, detuning,
and tunnel coupling of two adjacent quantum dots in SiGe heterostructure. Our results highlight the bene-
ficial screening effect of the metal gates. The surface of the heterostructure shall, therefore, be covered as
much as possible by the gates in order to limit variability. We propose an alternative layout with tip-shaped
gates that maximizes the coverage of the semiconductor-oxide interface and outperforms the usual planar
layout in some regimes. This highlights the importance of design in the management of device-to-device

variability.
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I. INTRODUCTION

Spin qubits in semiconductor quantum dots (QDs)
[1,2] provide a promising platform for quantum comput-
ing and simulation owing to a favorable ratio between
gate operation and spin coherence times [3,4], as well
as to their potential for large-scale integration, including
the possibility of cointegration with classical electronics
[5,6]. The most widely studied semiconductor spin qubits
are encoded by electrons individually confined in, e.g.,
Si/Si0, [7—-10] or Si/SiGe [11—-16] heterostructures. The
recent years have, however, witnessed an increased inter-
est toward hole spin qubits in either Si/SiO; [17-20] or
Ge/SiGe [21-28] QDs. The various implementations span
different trade-offs between electrical addressability and
sensitivity of spins to noise and disorder [3,4,28—30]. Con-
siderable progress has been made recently with, e.g., the
operation of four Ge/SiGe hole spin qubits [25] and six
Si/SiGe electron spin qubits [15], and the demonstration of
spin-photon coupling [31-36] as well as sweet spots with
long dephasing times [4,24,28,37].

With the growing size of semiconductor quantum pro-
cessors, disorder is expected to become a major hurdle
to scalability [38,39]. Charge disorder in the amorphous
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materials [40,41] can, in particular, deform the electronic
wave functions and scatter their charge and spin proper-
ties [42,43]. The fingerprints of variability are well vis-
ible in the few many-qubit experimental demonstrations
[15,25,44]. Increasing the number of control gates per
qubit is a way to compensate for this variability. This solu-
tion is, however, hardly compatible with the development
of the large, densely packed, two-dimensional (2D) arrays
of qubits required for the implementation of surface codes
for quantum error correction [45,46].

Dangling bonds (P, defects) at the Si-SiO, interface
are particularly detrimental as they can trap both elec-
trons and holes in the close vicinity of the qubits. One of
the main advantages of heterostructures with buried quan-
tum wells is that carriers are spatially separated from the
semiconductor-oxide interface [47,48]. While this reduces
the sensitivity to interface-trap disorder, a non-negligible
variability can still persist due to the long-range nature of
Coulomb interactions.

It is, therefore, important to investigate the impact of
charged interface traps on spin-qubit devices and provide
guidelines for more resilient device designs. In this work,
we address this problem by means of numerical simula-
tions on a pair of quantum dots embedded in a 2D qubit
array. We deliberately introduce variable microscopic
configurations of charges all over the semiconductor-
oxide interface and monitor their effect on the chemical

© 2024 American Physical Society


https://orcid.org/0000-0003-0863-9258
https://orcid.org/0000-0002-1347-9693
https://orcid.org/0000-0002-1846-1396
https://ror.org/02rx3b187
https://ror.org/02mg6n827
https://ror.org/04mf0wv34
https://ror.org/02rx3b187
https://ror.org/02mg6n827
https://ror.org/05sbt2524
https://ror.org/02rx3b187
https://ror.org/02mg6n827
https://ror.org/00byxdz40
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.22.024030&domain=pdf&date_stamp=2024-08-09
http://dx.doi.org/10.1103/PhysRevApplied.22.024030

MARTINEZ, DE FRANCESCHI, and NIQUET

PHYS. REV. APPLIED 22, 024030 (2024)

SiGe

(d)

Planar device Tips device

FIG. 1.

(a) Three-dimensional representation of the simulated planar gates device. The yellow shapes are the isodensity surfaces

that enclose 75% of the hole charge below the gates. (b) Top-view representation of the planar gates layout, made of rounded square
plates of diameter D (in green and purple) laid on the aluminum oxide (in gray). (c) Cross-section of the same planar gates device as
in (a),(b) with a sketch of the potential profile. The two dots QD, and QD, are formed with the gates P1 and P2, whereas the J gate
controls the energy barrier Ej, thus the tunnel coupling between the QDs (we consider holes with positive, electronlike dispersion).
(d) Comparison between the tip and planar gates layouts. In the latter, the gates are directly deposited on a thin oxide above the top
SiGe layer. In the tip-gates layout, the top SiGe layer is grown thicker, and pits are etched and filled with a thin oxide layer and metal

to form penetrating gates.

potentials of the two dots, their detuning, and the interdot
tunnel coupling. These quantities determine the exchange
interaction between the dots relevant for two-qubit quan-
tum operations. We collect statistics over hundreds of
charge distributions at the semiconductor-oxide interface.
We focus our calculations on the case of holes in Ge/SiGe
heterostructures, but the main conclusions shall also apply
to other quantum well heterostructures, in particular to the
case of electrons in Si/SiGe QDs.

We show that variability not only depends on the
interface-trap density but also on the fractional coverage of
the SiGe-oxide interface by the metal gates. Indeed, the lat-
ter can efficiently screen the electrostatic potential created
by the charge traps beneath, but much less the potential
from the traps in the spacers between the gates, which
then play a dominant role. To alleviate the impact of these
harmful traps, we introduce a “tip gate” layout where the
thickness of the SiGe overlayer is deliberately increased
to move the poorly screened interface traps farther away
from the quantum well, and the surface gates are simul-
taneously replaced by tip-shape gates penetrating into the
SiGe overlayer. This reshaping of the metal gates can yield
to a significant improvement in dot-to-dot variability while
preserving an efficient electrical control on the qubits.

II. DEVICES AND METHODOLOGY

In the following, we introduce the devices we simu-
late, then discuss the methodology we use to extract the
quantities relevant for two-qubit interactions.

A. Planar and tip devices

We simulate prototypical devices that emulate a 2D
array of equally spaced QDs in a Ge/SiGe heterostructure,
see Fig. 1. The “planar” gate layout consists of rounded,
square metal pads deposited on a thin oxide at the sur-
face of the heterostructure. These gates control a matrix of
QDs in a Ge well beneath, and are meant to be connected
with vias to upper layers of metal lines enabling electri-
cal control. In such a versatile geometry, each gate may
be operated indifferently as a plunger gate (labeled P in
Fig. 1) controlling the electrochemical potential of the QD
underneath, or as an exchange gate (labeled J) controlling
the interdot tunneling rate. For a demonstration of princi-
ple, we restrict our analysis to the two-qubit cell defined by
the plunger gates P1 and P2 and exchange gate J shown
in Fig. 1(b). We label all other gates as B (barrier) gates.

In this kind of device, the semiconductor heterostructure
is usually covered by an oxide (here assumed to be Al,O3
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as in many experiments [25,28]). While the nature of this
oxide can vary from case to case [49], charge traps are
expected to form at the semiconductor-oxide interface, act-
ing as the main source of disorder [50] in the electrostatic
potential landscape [40,41]. They are inherent to the amor-
phous nature of the oxides. Their charge state may depend
on the bias and temperature history of the device [51], and
only the charged ones contribute to long-range disorder.
The density n; of effectively charged traps ranges typically
from ~10'! to ~10'> cm~2, depending on the nature, qual-
ity, and history of the oxide [41]. Traps may also form
within the bulk of the oxides; but they are usually fewer,
and better screened by the gate (hence, less harmful). They
can, in a first approximation, be lumped into an effective
interface trap density n; when the oxides are far enough
from the dots, as is the case in Ge/GeSi heterostructures.

In the usual case of a thin (few to several nanometers
thick) oxide layer, the charge traps can be sorted into two
classes: those lying just below the gates and those located
in the areas not covered by the gates. The former are effi-
ciently screened by the gates, which largely mitigates their
impact on the potential landscape in the Ge well. The elec-
tric field created by a charge lying at a distance d from a
metallic surface is, indeed, essentially dipolar at distances
r > d owing to the accumulation of an opposite image
charge in the metal. Charges in the uncovered spacer areas
are, however, more harmful because they are much less
efficiently screened by the gates. As a result, variability is
expected to decrease with gate coverage [i.e., with the D/A4
ratio in Fig. 1(b)].

Following these considerations, we explore an alterna-
tive gate geometry aimed at minimizing the effect of charge
traps in the spacers. Starting from a thicker SiGe overlayer,
tiplike gates are fabricated by etching holes in the SiGe
and filling them with a conformal gate stack consisting of
a thin oxide followed by a metal layer. In this alternative
design, the harmful charges in the spacers end up lying
farther away from the Ge well. While the overall surface
of the SiGe-oxide interface increases by an amount corre-
sponding to the sidewalls of the tip gates, interface traps
on this additional surface have limited impact owing to the
screening by the metal gates and semiconductor around.
As aresult, we expect improved QD uniformity, essentially
limited by the closest charges trapped in the area below the
gates (we implicitly assume that the interface trap density
is the same around the tips and in the spacers).

In both planar and tip devices, we form the double QD
(DQD) with the plunger gates P1 and P2, and control the
tunnel coupling with the exchange gate J. We consider a
Ge/Siy,Gey g heterostructure where the Ge quantum well
is 16 nm thick and lies 32 nm below the gates. We explore
gate diameters D ranging from 40 to 70 nm with a fixed
cell parameter 4 = 80 nm [52]. The gate oxide thickness
(below the planar gates and around the tip gates) is set
to t,x = 5 nm. The depth of the pits in the tip devices is

Hp = 64 nm. We consider only positively charged traps
[53] and use a device with a homogeneous density of
charges o; = n;e at the SiGe-oxide interface as a reference
(accounting, therefore, for the average electrostatic poten-
tial of the traps). We ground all B gates, and confine holes
by imposing negative voltages to P1 and P2. We choose
Vp1 = Vp, large enough to close the tunnel barriers with
the neighboring replicas of the unit cell (residual tunneling
T < 25 neV). We then tune V; to achieve a target tunnel
coupling T = 7% = 15 peV between QD1 and QD2 (see
the following section for the extraction of 7). Depending
on the device dimensions, Vp; = Vp, = Vg, ranges from
—53to =72 mV, and V; = Vg ranges from —29 to —38
mV. Finally, all devices include a global back gate 128
nm below the Ge well. The corresponding voltage is set to
0.1V to mimic the small vertical electric field generated by
unintentional doping in the substrate, which has anyhow a
small effect.

B. Methodology

In this work, we specifically address the variability
of single-particle quantities determining the interactions
between neighboring QDs that are relevant for two-qubit
operations: the tunnel coupling 7 and the detuning ¢ =
Eqp2 — Eqgp1 between the electrochemical potentials Eqgp
and Eqgpy of the two QDs. Indeed, the exchange energy
near the symmetric operation point is, in the simplest
model, J = 412U/ (U? — £?), with U the charging energy
of the dots [54]. Although approximate, this expression
emphasizes the need for a tight control of the tunnel bar-
rier and detuning in two-qubit operations. Two-particle
calculations with a configuration interaction method [55]
show that the charging energy U is more robust to dis-
order than t and e, which shall primarily be responsible
for device-to-device variations of the exchange energy (see
Appendix A).

Tunneling mixes the single-particle wave functions of
QD1 and QD2 into a ground bonding state with energy £_
and a first-excited antibonding state with energy £, (see
Fig. 2):

1
Ex=p %5V g2 + 412, (1)

with u = (Eqp1 + Eqn2)/2 = (E+ + E_)/2 the average
electrochemical potential of the dots. The tunnel coupling
T can therefore be extracted from the minimal gap Ay, =
2|t| between the £, and E_ branches, which occurs at
e =0 (i.e., for Vp; = Vp, in the absence of disorder).
It depends quasi-exponentially on the energy barrier £
between the dots, thus on the gate voltage V; [56]. As
an illustration, Eg(ro =15 peV) = 2.21 meV in pristine
planar devices with diameter D = 50 nm. Increasing E,
reduces T by one decade per 2.22 meV (see Appendix B).
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FIG. 2. (a)Schematic plot of the lowest-lying energy levels E_

and E as a function of detuning ¢ in the DQD, in the absence
(green lines) and presence (orange lines) of disorder. At the same
bias where the pristine device is tuned (¢ = 0, green circle), the
defective devices may show a finite detuning (orange circle). (b)
Sketch of the potential along the DQD axis for the pristine device
(in green) at ¢ = 0 [green circle in (a)] and for a defective device
(in orange) at ¢ # 0 [orange circle in (a)]. The energy levels Eqp
and Egpy of the uncoupled quantum dots, the detuning energy
& = FEqgp2 — Egp1 and the energy barrier Ej, are shown on this
panel. When the dots are detuned, E; is measured between the
top of the barrier and the average bottom of the two dots.

The effects of disorder on the DQD are twofold: it shifts
and detunes Eqp; and Eqpy, and it modulates 7. Therefore,
we can characterize the impact of charge traps through
the statistics of the electrochemical potential shift AEgp =
Eqpi — u® (or Eqpz — u?), of the detuning &, and of the
barrier height variation AE, = E, — E} at the reference

bias point Vp; = Vpy = VOP and V; = Vg [Fig. 2(b)]. We
use AFE) rather than At as a measure of the dispersion
of tunnel couplings because it has an approximate lin-
ear dependence on potential fluctuations in the device (as
have AEgp and ¢). Nonetheless, AEqp, ¢, and AE}, can
hardly be harnessed from the data at a single bias point.
Alternatively, we can characterize the impact of disorder
by the bias shifts AVp; = Vp; — V(,))l, AVpy = Vpy — V?,Z,
and AV; =V; — VB needed to bring the device back to the
reference conditions Eqpi = Eqpz = w1’ and tunnel cou-
pling T = °. Although more dependent on the gate layout,
these shifts are the actual corrections needed to operate the
DQD at the nominal conditions.

To simulate the DQD devices of Fig. 1, we first solve
Poisson’s equation for the potential with a finite-volume
method. We then compute the hole wave functions in
this potential with a finite-difference, four-band Luttinger-
Kohn (LK) model. We look for a few eigenstates of the
LK hamiltonian with an iterative Jacobi-Davidson method
[57,58]. We neglect screening by the hole gases (reser-
voirs) far at the edges of the array and by the neighboring
qubits (given the small average density of holes in the array
p < 0.4 x 10" cm™2 « n;). We introduce the disorder at
the SiGe-Al, O3 interface as a random distribution of pos-
itive point charges, which is fed into Poisson’s equation
[59].

To bring the DQD back to Eqp; = Eqpy = 1 and 7 =
7", we need to explore the hole energy surfaces £_ and
E, as a function of V = (Vpy, Vp2, V) and monitor the
anticrossing gap. Even with Newton-Raphson-type opti-
mization algorithms, this process can be extremely slow
on a finite-difference grid with >10° degrees of freedom
given the large number of bias points ) that need to be
probed in complex potential landscapes. Therefore, we first
make a rough (but fast) exploration of the hole energy
surfaces around a given bias point V, = (Vp1, Vp2, V) by
diagonalizing the Hamiltonian H (), 4+ §V) in the reduced
basis set of the 64 lowest-lying eigenstates of H(V,). This
yields a tentative bias point V,,; where we recompute 64
new eigenstates on the finite-difference grid and iterate.
As the steps §V = V,41 — V), get smaller and smaller, the
exploration in the reduced basis set becomes increasingly
accurate, expediting convergence [60].

Finally, we estimate AEqp, ¢, and AE}, as

0

AEqp = —(ap AVp1 + aby AVpy + YAV,  (2a)

TABLE I. Values (meV/V) of the a?, 19, and yl.o [Egs. (3)] in the planar and tip devices with D = 50 nm and an uniform density of

charges o; = 10! e/cm~? at the SiGe-oxide interface.

Olg 1 0122 0{9 B 1(31 B 1032 ]/19 1 ngz yJO
Planar 213.0 33.9 109.1 —179.2 179.2 —58.4 —-58.4 150.9
Tips 221.0 33.1 114.5 —187.9 187.9 —61.5 —61.5 158.8
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e =—(BpAVp1 + By AVp), (2b)
AEy = —(v) AV, + vy AVpL + v AVp),  (20)

where the lever arms

Ol? = B—(I;)/’ (33)
d(Egp2 — Egp1)
Bl = = (3b)
dE},
0
0_ 220 3
T (3¢)

are calculated in the reference device (o and B from
the slope of £_ and E at large detuning, and y, from
the total height of the barrier in the potential profile as
illustrated in Fig. 2). These expressions translate the bias
corrections needed to bring the disordered device back
to nominal operating conditions into meaningful energy
scales less dependent on the gate lever arms. As an illustra-
tion, the values of a?, ? , and yio calculated at D = 50 nm
are given in Table I. They are similar in the planar and tip-
gate devices, and much smaller than 1 due to the significant
depth of the Ge well.

We simulate sets of 500 defective devices and quantify
the variability as the standard deviation (SD) of AEqp, ¢,
and AE,,.

III. RESULTS

We show in Fig. 3 the distributions of the bias shifts
AVpi, AVpy, and AV, and the energy shifts AEqp, ¢, and
AE}, for a charge trap density n; = 10'! cm™2. They are
in all cases centered around zero, as expected from first-
order perturbation theory [42], and close to normal. The
SDs of AVpy, AVpy, and AV, are plotted as a function
of gate diameter D in Fig. 4, and those of AEqp, €, and
AFE} are plotted in Fig. 5. Note that o (AVp)) =~ o (AVp;)
as expected because the two plunger gates play symmet-
ric roles in the DQD. With a fixed cell parameter 4 =
80 nm, the gate diameter sets the gate coverage, thus the
area of the weakly screened semiconductor-oxide inter-
face. Increasing D reduces this area and, hence, the number
of unscreened charge defects. In planar gate devices, this
results in a decrease of the variability, as shown quantita-
tively by our numerical simulations. On the other hand,
we find that the variability of tip-gate devices is gener-
ally lower and rather independent of D. This demonstrates
that the tip-gate geometry mitigates the impact of inter-
face charge traps lying in between the gates. Only when
D — A4, ie., when the relative amount of these poorly
screened charges becomes very small, do planar-gate and
tip-gate devices show similar behavior. We note that, in
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FIG. 3. (a) Distribution of AVp;, AVpy, and AV, for 500
defective planar (orange) and tip (green) devices with gate diam-
eter D = 50 nm, cell side 4 = 80 nm, and charge trap density
n; = 10'' cm™2. (b) Distribution of AEgp, €, and AE, in the
same devices. The nominal barrier height is Eg =2.21 meV.

this limit, the potential created by the traps on the sidewalls
of the tip gates gets completely suppressed by mutual
screening between neighboring gates. When reducing D,
the number of charges at the bottom and on the side-
walls of the tips decreases (ox D? and o D, respectively),
but the effective height of the tip that interacts with the
DQD increases, since mutual screening subsides. These
two counteracting trends explain the weak dependence of
the SDs of tip devices on the gate diameter D.

For planar devices, o (AEqp) reaches 1.85 meV at
low gate coverage D = 40 nm, which implies that ~5%
of the dots display chemical potentials shifts |[AEqp| >
20 (AEgp) = 3.7 meV. The detuning deviation o (g) is
likewise greater than 3 meV, and the barrier height devi-
ation o (AE}) is more than 2 meV. This large o (AEp) 2
E;, [as well as the tail of devices with AE, < —Fp in
Fig. 3(b)] suggests that a reasonable amount of charge dis-
order can suppress the tunnel barrier between the dots at
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FIG. 4. Dependence of the SD of AVp;, AVpy, and AV, on the
gate diameter D for planar (orange) and tip (green) devices with

cell side 4 = 80 nm and charge trap density #; = 10'! cm™2.

bias Vp; = Vpy = V?, and V; = VB This is actually con-
firmed by the analysis of the potential landscape in the
DQDs. Yet we find that all devices can be tuned back
to nominal operating conditions. The variability of planar
devices drops by almost 50% when D increases from 40 to
70 nm as a result of the screening of the charge traps by
the metal gates. Tip-gate devices exhibit improved vari-
ability independent of D, yielding o (¢) ~ 1.75 meV and
o (AEp) ~ 1.2 meV (these two quantities determine the
mutual exchange energy). Also in this case, all devices
can be tuned back to reference conditions. Practically, the
variability shall remain manageable (with bias corrections)
in a large array of QDs as long as 0 < U >~ 3 meV (see
Appendix A).

Figure 6 shows the dependence of the variability on
the charge trap density »;. Improving the interface qual-
ity does reduce variability as expected. The SDs decrease
by a factor of ~3 when n; is lowered from 5 x 10'! to
5 x 10' cm~2. The dashed lines in Fig. 6 actually empha-
size the o o \/n; dependence expected from first-order
perturbation theory [42], and matched by the numerical
results.
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3.0 9
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= 251
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§ 2.0 4
9
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4 ]
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FIG. 5. Dependence of the SD of AEqp, €, and AE}, on the

gate diameter D for planar (orange) and tip (green) devices with
cell side 4 = 80 nm and charge trap density #; = 10" cm™2.

IV. DISCUSSION

The results discussed here highlight that, beyond the
improvement of material quality, there are two possible
approaches to reduce the variability induced by interface
traps in qubit devices made from epitaxial semiconduc-
tor heterostructures: either the gate coverage is maximized
(D — A) in order to screen the interface charges as effi-
ciently as possible, or the charges lying in the spacers
are shifted farther away from the active layer by means
of tip-shaped gates. Our simulations show that both pos-
sibilities should lead to similar results. The choice is
thus primarily conditioned by technical considerations.
Achieving a dense two-dimensional array of planar gates
requires extremely high lithographic resolution and con-
trolled etching of the metal gate layer. Using overlapping
gates can circumvent this difficulty but introduces addi-
tional oxide layers and increases the capacitive crosstalk
between adjacent gates. On the other hand, the realiza-
tion of tip-gate arrays requires a highly controlled etching
of the semiconductor heterostructure, which can be tech-
nically challenging. The tip gates need not be very deep
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FIG. 6. SD of AEqp, €, and AE} as a function of the charge
trap density n; for planar (orange) and tip (green) devices with
gate diameter D = 50 nm and cell side 4 = 80 nm. Dashed lines
are a guide-to-the eye for the expected o o< ,/n; dependence.

though, as shown in Appendix C. In fact, the interface traps
in between the gates get almost completely screened once
the tip height Hp is about half of the separation between
the gates. As a result, the relevant Hp /D ratio is practically
smaller than one, which shall ease fabrication.

We emphasize that increasing the oxide thickness
reduces the screening effect of the metal gates [42,61].
This is evidenced in Fig. 7 for planar-gate devices. The
SDs of AEqgp, ¢, and AE}, increase with #,x and then sat-
urate for 7., 2 20 nm since the gates lose much of their
screening capability. On the other hand, the SDs of AVp,
AVpy, and AV, keep increasing because the gate lever
arms also decrease with the oxide thickness (larger gate
voltage shifts are thus needed to correct the same AEqp,
g, and AEp). We conclude that the oxide should be as thin
as possible. This can be a limiting factor in the case of
qubit devices involving overlapping gate and oxide layers
as opposed to single-layer ones.

We would like to emphasize that the correction
algorithm of Sec. II was able to tune all Ge/SiGe devices
back to nominal operating conditions. We have also
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45 1 Ae
40 4 W AR,
— 359
E ]
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tox ()
FIG. 7. Dependence of the SD of the voltage corrections

AVpi, AVpy, and AV}, and the energy shifts AEgp, €, and AE)
on the thickness 7o, of the oxide below the gates of planar devices
with gate diameter D = 50 nm, cell side 4 = 80 nm, and charge
trap density n; = 10'! cm™2.

attempted to estimate the variability of Si/SiO, electron
and hole spin-qubit devices such as those of Ref. [62] (see
Appendix D). The charge traps, now at the Si-SiO, inter-
face, have a much stronger effect on the qubits. With trap
densities n; = 5 x 10'° cm™2, the variability is in fact so
large that we failed to retune many devices, either because
there is actually no solution, or because the algorithm of
Sec. II is not sufficiently stable to handle strongly disor-
dered potentials (because 7 depends exponentially on the
fluctuations). We expect device tuning to be similarly dif-
ficult in real experiments. This clearly underlines the need
for high-quality materials and interfaces, and for designs
moving amorphous materials as far as possible from the
active layers.

V. CONCLUSIONS

In this work, we have studied the impact of charge
traps lying at the top SiGe-oxide interface of a Ge/SiGe
spin-qubit architecture. To do so, we have considered a
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prototypical device consisting of a two-dimensional array
of rounded square gates, and have assessed the variabil-
ity of the electrochemical potentials, detuning, and interdot
barrier height in a pair of adjacent quantum dots.

We have identified the ratio between gate diameter and
gate pitch as a key parameter for variability. A large
ratio, hence a large gate coverage of the semiconduc-
tor surface, ensures efficient screening of the interface
charge defects, thus minimizing device-to-device varia-
tions. Alternatively, devices with a thicker SiGe top barrier
layer and penetrating tip gates improve variability figures
even for relatively small diameter/pitch ratios, since the
charge defects in the metal-free regions in between the
gates are shifted farther away from the underlying quantum
dots. This highlights the impact of device design on vari-
ability, and provides guidelines for spin-qubit architectures
more resilient to disorder, a prerequisite for scalability.
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APPENDIX A: VARIABILITY OF THE CHARGING
ENERGY U

To estimate the charging energy, we ground all gates
but P1 in the device of Fig. 1, in order to shape a single
dot. The charging energy then reads U = E, — 2E, where
E| (respectively, E;) is the ground-state energy of the dot
occupied by one (respectively, two) hole(s). We compute
E, with a full configuration interaction (CI) method [55] in
the basis set of the 48 lowest-lying single-hole states.

The distribution of charging energies U is plotted in
Fig. 8 for defective planar and tip devices with diameter
D = 50 nm and n; = 10'' cm~2 traps. The average charg-
ing energy is U = 3.25 meV in planar and U = 3.14 meV

Planar Tips
: .
1
£ 50 :
3 I
© I
] 1
0 I R I' —
2.5 3.0 3.5 25 3.0 3.5
U (meV) U (meV)
FIG. 8. Distribution of charging energies U for defective pla-

nar (orange) and tip (green) devices with gate diameter D =
50 nm, cell side 4 =80 nm, and charge trap density n; =
10'" cm~2. The vertical dashed line is the charging energy for
the pristine device (U° = 3.28 meV for the planar and I° = 3.15
meV for the tips device).

in tip devices, and the SDs are o (U) = 0.16 meV and
o (U) = 0.13 meV, respectively. The cost of such many-
body calculations prevents, however, a systematic explo-
ration of the variability of U as a function of struc-
tural and bias parameters. The charging energy appears,
nonetheless, much more robust to disorder than the tunnel
coupling t and detuning energy &, which shall domi-
nate the fluctuations of the exchange energy J ~ 412U/
(U* — &2).

APPENDIX B: DEPENDENCE OF t AND E, ON V,

We plot in Fig. 9 the tunnel coupling t and the energy
barrier £, as a function of the gate voltage V, for the
pristine planar Ge/SiGe device with diameter D = 50 nm
(at constant Vp; and Vpy). As expected from Wentzel-
Kramers-Brillouin (WKB) approximation [56], log?(7)
depends almost linearly on V;. The energy barrier also
follows the expected linear trend.

The tunnel coupling is extracted as T = Apin/2, with
Amin the minimal band gap between the bonding and anti-
bonding states [see Eq. (1)]. We would like to emphasize,

(a)
10! 4 log?[t(eV)] = —800.7 (V) + 51.8
=
(]
= 1074
c
Fit
Data
107! +—————————————1
-30 —20 —10
V7 (mV)
®
1 Ey(meV) = 161.4V(V) + 7.9
6
5 1
3
2---1""1""1
—30 —20 —10
Vi (mV)

FIG. 9. Dependence of (a) the tunneling coupling 7 and (b) the
barrier energy £, on V; for the pristine planar device with gate
diameter D = 50 nm, cell side 4 = 80 nm, and uniform charge
density o; = 10" e/cm™ at the SiGe-Al,O; interface.
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TABLE II.  Values (meV/V) of the o, B2, and y,” [as defined by Eq. (3) of the main text] for electrons and holes in the Si MOS
devices with a uniform density of charges o; = &5 x 10'° ¢/cm™ at the Si-SiO, interface.

apy ap) oy Bei B Vel Yr2 v
Electrons —708.5 —94.5 —15.5 —614.0 614.0 30.6 30.6 —10.5
Holes 742.2 86.4 12.6 —655.8 655.8 —34.8 —34.8 9.9

however, that this expression becomes inaccurate when
7 < 500 neV, because the residual tunneling to the other
neighboring dots t’ >~ 25 neV becomes non-negligible
with respect to t. In addition, the slope of E;(V,) on
Fig. 9 is slightly different from the lever arm y) of Table
II, because the former results from a fit on the whole
V; € [-10,—30] meV range, while the latter is a single
point derivative.

APPENDIX C: DEPENDENCE OF THE
VARIABILITY ON Hp FOR TIP DEVICES

In this Appendix, we assess how long the tips must be to
get rid of the effect of the charge traps lying in the spacers
between the gates. For that purpose, we monitor the SDs of
AVpi, AVpy, and AV as a function of the depth Hp of the
tips (see Fig. 1 for the definition of Hp). The data are plot-
ted in Fig. 10 for a gate diameter D = 50 nm and for Hp
ranging from 0 (the planar device) to 64 nm (the tip device
of the main text). As expected, the variability decreases
with increasing Hp, and levels off once Hp 2 16 nm. This
is, in fact, about half the distance between the gates (which
are 30 nm apart when the cell side is 4 = 80 nm). Charges
farther up are almost completely screened by the gates and
do not scatter the holes significantly. Therefore, pits with
small depth/diameter ratios can harvest the full benefits of

Hp (nm)

FIG. 10. Dependence of the SD of AVp, AVp,, and AV
on the tip depth Hp for gate diameter D = 50 nm, cell side
A = 80nm, and charge trap density #; = 10'! cm™2.

the tips layout, which shall ease the development of the
technology.

APPENDIX D: VARIABILITY IN Si MOS DEVICES

In this Appendix, we discuss the variability of two-
qubit interactions in Si metal-oxide-semiconductor (MOS)
devices, for both electrons and holes.

For that purpose, we simulate the device of Fig. 11(a),
similar to the fully depleted silicon-on-insulator (FDSOI)
design of Ref. [62]. The rectangular silicon channel is 10
nm thick and 30 nm wide and is lying on a 25-nm-thick
buried SiO, and a Si substrate used as a (grounded) back
gate. The device is controlled by two levels of gates: a
first with partly overlapping front gates (FG) that shape the
dots; and a second with interleaved exchange gates (J) that
control the tunnel coupling between the dots. The chan-
nel is embedded in a 5-nm-thick SiO, gate oxide and the
whole device is encapsulated in Siz;Ny4. The simulated cell
of Fig. 11(a) is made periodic along the channel axis x =
[110]. Both front gates are set to Vgg = 50 mV for elec-
trons and Vgg = —50 mV for holes and the outermost J
gate is biased to shut down tunneling with the neighboring
cells. The central J gate is then tuned to achieve a tunnel
coupling 7° = 10 eV between the two dots (V; = 0.54 V
for electrons and V; = —1.16 V for holes).

We introduce charge disorder at the Si-SiO, interface as
Py, (dangling bonds) defects that capture majority carriers
[42]. We thus model them as negative (respectively, posi-
tive) point charges for electrons (respectively, holes) with
areal density 7; = 5 x 10'° cm~2. Even though #; is lower
than in Ge/GeSi heterostructures, the traps are much closer
to the dots, which strengthens their impact [42,63].

The methodology we use for Si MOS devices is slightly
different from that for Ge/GeSi heterostructures. The
algorithm discussed in the main text indeed fails to bring
many disordered devices back to the target tunnel coupling
7% =10 peV. The complex potential landscape resulting
from the stronger disorder is much more difficult to explore
(and would likely be so from an experimental point of
view). Therefore, we simply tune the defective devices
back to the reference chemical potential x = u° and to
zero detuning energy ¢ at constant V, and track AVggi,
AVggy as well as the gap A = 27 at that anticrossing. We
then convert the latter into an effective barrier height vari-
ation AE} using the t(Ep) data calculated in the pristine
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FIG. 11. (a) Simulated Si MOS device. A double quantum dot

is formed under gates FG1 and FG2, and the J gate modulates
the tunnel coupling. Silicon is colored in red, metal gates in
gray, and SiO; in green. The silicon oxide and silicon nitride
around the channel have been removed or clarity (except under
the front gates). The same device geometry is used for both elec-
tron and hole spin qubits. (b) Dependence of the tunnel coupling
T and energy barrier £, on V; for pristine devices with a uniform
charge density o; = 5 x 10'® em™2 at the Si-SiO, interface.
The fits are used to convert the t calculated in defective devices
into AEy.

device and displayed in Fig. 11(b). No solution was found
in ~5% of the devices because there is actually no bar-
rier (thus, a single dot) at the corrected Vpgy, Vegy (but
constant V).

The distributions of bias shifts in Si MOS devices
are plotted in Fig. 12. Contrarily to the Ge/SiGe

Electrons
Counts
[\
ot

100 -

Holes
Counts

50

0
—50 0 50 —50 0 50
AVrgr (meV) AVrga (meV)

1072 10° 10?
7 (peV)

FIG. 12. Distribution of gate voltage corrections AVggi,
AVrg, and tunnel coupling 7 for a set of 500 defective elec-
tron (blue) and hole (green) Si MOS devices with trap density
n=25x 10" cm2.

heterostructures, the distributions are clearly non-normal, a
fingerprint of the much larger impact of disorder. The stan-
dard deviation of the bias shifts is o (AVrg1) = 12.0 meV,
0 (AVrgy) = 10.6 meV for electrons, and o (AVgg1) =
12.4 meV, 0 (AVrg2) = 13.8 meV for holes. Nonetheless,
the bias shifts in Si MOS and Ge/GeSi devices can hardly
be compared, as the gate lever arms are totally different.
Those of electrons and holes in FDSOI devices are given
in Table II. The electrostatic control by the front gates
P1 and P2 is much tighter than in Ge/GeSi heterostruc-
tures owing to their close proximity to the QDs, yet the
J gates are far less efficient (because they are much far-
ther and screened by the front gates). The comparison of
the energy shifts AEqp, ¢, and AE), which renormalize
the lever arms, is more meaningful. The distributions of
AEqp, €, and AL} are plotted in Fig. 13. Their standard
deviations are o (AEgp) = 7.4 meV, o(g) = 12.5 meV,
and o (AEp) = 9.3 meV for electrons, and o (AEgp) =
8.8 meV, o(¢) = 15.1 meV, and 0 (AE,) = 13.4 meV for
holes. These values are significantly larger than those

Electrons
Counts
(S = D
o o o

(=)

—
o
o

Holes
Counts
o
[a=)

0
-25 0 25 =50 0 50 0 50
AEqgp (meV) e (meV) AE, (meV)

FIG. 13. Distribution of the energy shifts AEqp, ¢ and AE}, for
a set of 500 defective electron (blue) and hole (green) Si MOS
devices with trap density n; = 5 x 10" cm™2.
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reported in the main text for Ge/SiGe qubits. This high-
lights how harmful charge traps can be, and how one can
effectively alleviate their impact by bringing them further
away from the qubits. The variability is only slightly larger
for holes than for electrons.
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