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Semiconductor spin qubits may show significant device-to-device variability in the presence of spin-
orbit coupling mechanisms. Interface roughness, charge traps, layout, or process inhomogeneities indeed
shape the real-space wave functions, and hence the spin properties. It is, therefore, necessary to under-
stand how reproducible the qubits can be, in order to assess strategies to cope with variability, and to set
constraints on the quality of materials and fabrication. Here we model the variability of single-qubit prop-
erties (Larmor and Rabi frequencies) due to disorder at the Si/SiO, interface (roughness, charge traps) in
metal-oxide-semiconductor devices. We consider both electron qubits (with synthetic spin-orbit coupling
fields created by micromagnets) and hole qubits (with intrinsic spin-orbit coupling). We show that charge
traps are much more limiting than interface roughness, and can scatter Rabi frequencies over one order of
magnitude. We discuss the implications for the design of spin qubits and for the choice of materials.
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I. INTRODUCTION

Spins in semiconductor quantum dots have emerged
as a promising platform for quantum technologies [1,2].
Silicon [3,4] and germanium [5] are particularly attrac-
tive host materials because their main isotopes are free of
nuclear spins that may interfere with the electron spins.
Record spin lifetimes have thus been measured in isotopi-
cally purified 28Si samples [6,7]. High-fidelity single- and
two-qubit gates have been reported in a variety of Si/SiO,
and Si/Ge devices [8—18], and, more recently, a four-qubit
processor has been demonstrated in germanium (with hole
spins) [19].

The spin carrier can indeed be either an electron or a
hole [19-25]. Electrons in the conduction band of silicon
and germanium undergo much weaker spin-orbit coupling
(SOC) than holes in the valence band [26—28]. Therefore,
electron spin qubits are better protected against electri-
cal noise and undesirable interactions with, e.g., phonons.
They tend to show, as a consequence, longer coherence and
relaxation times than hole “spin-orbit” qubits [29—31]. On
the other hand, electron spin qubits can hardly be manipu-
lated electrically [32] using electric dipole spin resonance
(EDSR) [33-35]. To enable EDSR, an artificial SOC can
be synthesized with micromagnets that generate a gradient
of magnetic field [8,10-14,16,17,36-38]. The real-space
motion of the electron in this gradient indeed translates into
an effective time-dependent magnetic field in the frame
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of the carrier, acting on its spin. Electrically driven spin
rotations with Rabi frequencies up to a few MHz can be
achieved that way in electron spin qubits (while tens of
MHz are typically reported for holes with intrinsic SOC).
Anyhow, introducing artificial SOC enhances the inter-
actions of the spin with noise and phonons and tends to
decrease the lifetimes of the qubits. The strength of SOC
can be controlled by confinement and strains in hole spin-
orbit qubits [39], while it is set by the micromagnet design
in electron spin qubits.

Another consequence of SOC for spin qubits is vari-
ability: the spin properties depend on the real-space wave
function, and hence on inhomogeneities on a global
scale (device-to-device variations in layout and charac-
teristic sizes, wafer scale process fluctuations), and on
a local scale (disorders such as interface roughness and
charge traps). Such short-range fluctuations are partic-
ularly annoying because they are random and cannot,
therefore, be accounted for a priori in the design. As a
consequence, each qubit must, in practice, be character-
ized individually before operating the quantum processor.
While manageable for a few qubits, this may become a
daunting bottleneck on the scale of hundreds of devices,
especially if device-to-device variations are very large and
cannot be at least partly compensated by bias adjustments
or control software.

There is evidence in the literature that present spin
qubits (with intrinsic or artificial SOC) show significant
variability [13,17,24,25,40]. While the design of these
devices is often responsible for part of this variability
(nonequivalent gate layouts for each qubit, for example),
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it is useful to understand how reproducible the qubits can
be in the presence of uncontrolled local disorder, in order to
set constraints on the quality of materials and fabrication.

The variability of metal-oxide-semiconductor (MOS)
transistors has been extensively investigated and mod-
eled [41-44], yet systematic studies on semiconductor spin
qubits are still scarce [45—48]. In this work, we specifically
model two sources of disorder at the Si/SiO, interface,
roughness and charge traps (dangling bond P, defects),
that are ubiquitous in MOS spin qubits. We focus on
single-qubit properties and discuss the distribution of the
Zeeman splittings (or Larmor frequencies) and of the Rabi
frequencies as a function of the strength of the disorder
(height and lateral extent of the interface-roughness fluctu-
ations, density of traps). The speed of one-qubit gates in a
quantum processor will indeed be limited by the smallest
Rabi frequencies, while the overall lifetimes can be limited
by the largest ones (since faster qubits are better coupled
to the electric field and may, therefore, be more sensitive
to noise). Also, large deviations of the individual Larmor
and Rabi frequencies will complicate the management of
rf control signals on the chip. We consider spin qubits in
one-dimensional silicon-on-insulator channels as prototyp-
ical devices but most conclusions are generic and apply to
other device layouts. We compare hole spin qubits with
intrinsic SOC and electron spin qubits with artificial SOC
and highlight the similarities and differences between the
two kinds of carriers and SOC. We show that charge dis-
order in the vicinity of the qubits is much more critical
than interface roughness, and can scatter Rabi frequencies
over more than one order of magnitude. We finally discuss
the implications for qubit lifetimes and performances, for
device design and materials, and some solutions to mitigate
variability.

The devices and methodology are introduced in Sec. II;
the results for interface roughness are presented in Sec. 111,
and the results for charge traps in Sec. IV. The implications
and perspectives are discussed in Sec. V.

II. DEVICES AND METHODOLOGY

In this section, we describe the devices and the method-
ology used in this study.

A. Devices

We consider two classes of silicon devices: hole spin
qubits with intrinsic SOC and electron spin qubits with a
synthetic SOC created by micromagnets.

1. Hole devices

The hole spin qubits are similar to those of Refs. [20,
29,49] and are shown in Fig. 1(a). The devices are made
of a [110]-oriented silicon nanowire channel with width
W =30 nm [(110) facets] and height H = 10 nm [(001)

facets] on top of a 25-nm-thick buried silicon oxide and
a silicon substrate. A 30-nm-long central gate overlapping
half of the nanowire controls a quantum dot. It is insulated
from the channel by 5 nm of SiO,. Two other gates on the
left and right mimic neighboring qubits. The whole device
is embedded in SizN4. The silicon substrate can be used
as a back gate, grounded throughout this study. The left
and right gates are also grounded, and the depth of the dot
potential is controlled by the central front gate voltage Veg.

Poisson’s equation for the single-particle potential in
the empty dots is solved with a finite-volume method
(assuming dielectric constants ks; = 11.7, ksj0, = 3.9, and
Kksi;Ng = 7.5). The ground-state Kramers pair is then com-
puted with a finite-difference six-band k- p model [49]
(assuming Luttinger parameters y; = 4.285, y, = 0.339,
ys = 1.446, split-off energy A =44 meV, and Zeeman
parameter k = —0.42 [50]). This Kramers pair splits at
finite magnetic field B and can be manipulated electrically
with a rf signal on the central gate, resonant with the Zee-
man splitting £z between the “|{')” and “|{})” (pseudo)spin
states. The single qubit can hence be characterized by the
Larmor frequency f; = E/h, and by the Rabi frequency
fr, which quantifies the speed of the pseudospin rotations
under electrical driving. Both are computed numerically
with the g-matrix formalism of Ref. [49]. This device
operates in the “g-tensor magnetic resonance” (g-TMR)
mode [51], where the rf electric field from the central
gate essentially modulates the lateral confinement [see Fig.
1(c)], hence the principal g factors of the dot owing to the
strong, intrinsic spin-orbit coupling in the valence bands
[39,49,52]. We verify that similar conclusions are achieved
when the hole is driven as a whole along the channel by a
rf signal on the left and right gates (“iso-Zeeman EDSR
mode” [39], see Appendix E).

The Larmor and Rabi frequencies of hole qubits are
strongly dependent on the orientation of the external mag-
netic field Bey. They are computed for Bey; along y + z,
which is near the optimal direction in the g-TMR mode
(see axes in Fig. 1) [39,49,52]. f; is proportional to the
amplitude By of the magnetic field, and fz to both By
and the amplitude Vi of the driving signal §Veg(?) =
Viesin(2rfrf) on the central gate. Therefore, f; and fz
are normalized to reference Bexy =1 T and Viy=1 mV
throughout this work.

2. Electron devices

Intrinsic spin-orbit coupling is inefficient in the con-
duction band of silicon owing, in part, to the indirect
nature of the band gap [32]. Therefore, a synthetic spin-
orbit coupling must be introduced in order to allow for
the electrical manipulation of electron spin qubits. This
can be achieved by placing the qubits in a gradient of
magnetic field provided by micromagnets [8,10—12,38].
The rf electric field from the gate shakes the electron in
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FIG. 1. (a) Sample of the rough devices generated for this study. The silicon channel is in red, the buried oxide in green, and the
gates in gray (the 5-nm-thick gate oxide surrounding the whole channel is partly removed for clarity). The dot is controlled by the
central gate, while the substrate below the buried oxide and the side gates are grounded. The interface roughness is here characterized
by rms A = 0.4 nm and correlation length L. = 8 nm. (b) I[llustration of the micromagnets’ layout used for electron devices. The cobalt
micromagnets are in purple. The height of the micromagnets is not to scale for the sake of readability. The external magnetic field is
oriented along (a) x + y for holes, and (b) y for electrons (c) Maps of the squared ground-state hole wave function in the cross section
of the channel at Vgg = —50 mV and Vgg = —100 mV. The cross-section plane is outlined by the shaded pink area in (a). Vertical
motion (along z) is dominated by structural confinement in the channel with thickness H, while lateral motion (along y) is dominated
by electrical confinement by the top gate (with characteristic length scale £g, < W). £g, decreases with increasingly negative Vrg;

therefore, a rf signal on the central gate (EDSR) drives the dot from left to right and modulates its lateral extension.

this gradient; this translates into a time-dependent mag-
netic field in the frame of the electron, which acts on its
spin. We add, therefore, two semi-infinite Co micromag-
nets 100 nm above the channel. They are 300 nm thick
and are split apart by 200 nm [Fig. 1(b)]. We assume
that the magnetic polarization J = 1.84 T of the Co mag-
nets [53] is saturated in a transverse, external magnetic
field Bexy = 1 T along y. The vector potential created by
these micromagnets is calculated with a technique similar
to Refs. [54,55] (see Appendix A); and its action on the
real space and spin motions is described by an anisotropic
effective-mass model for the Z valleys (with longitudinal
mass m; = 0.916m, and transverse mass m; = 0.191my,
see Appendix B). We discard spin-valley and valley-orbit
interactions in this study. The effects of interface roughness
and steps and charge traps on the valley splitting have been
discussed, for example, in Refs. [45,46,56—60] (see further
discussion in Sec. V A).

B. Disorders and methodology

In this work, we focus on two kinds of disorder at the
Si/Si0; interface: interface roughness and charge traps (P
defects). We also briefly address disorder in the micromag-
nets in Appendix D.

1. Interface roughness

Interface roughness is explicitly added in the solvers
for Poisson’s equation and for the six bands k-p or

effective-mass models. For that purpose, samples of rough-
ness are randomly generated on each facet of the wire with
a target Gaussian autocorrelation function [61]:

E[Sh(R)Sh(Ry+r))] = A2e 15, 1)

where 84(r)) is the out-of-plane displacement of the inter-
face, R and r| are in-plane positions, and E[-] denotes an
ensemble average. A is the rms amplitude of the rough-
ness, and L. is a correlation length that characterizes the
lateral extent of the fluctuations. The samples are gener-
ated in Fourier space, then transformed to real space, along
the lines of Ref. [62].

In microelectronic grade devices, atomic scale TEM
images and room-temperature mobility measurements sug-
gest A in the 0.2-0.4 nm range and L. in the 14
nm range [61,63—67]. However, the interface-roughness
limited mobility is typically measured at high carrier
density, and therefore probes short-length-scale fluctua-
tions, whereas spin qubits operate at low carrier density,
and are thus presumably more sensitive to longer-length-
scale fluctuations (as revealed, for example, by atomic
force microscopy [63]). We vary, therefore, L. between
1 and 30 nm, in order to span the experimentally rele-
vant range and allow for a systematic exploration of the
trends.
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2. Charge traps

The Si/Si0O, interface separates a crystalline and an
amorphous material, and is therefore prone to be defective.
The prototype of these defects is the dangling bond (Pp)
at the interface [68—72]. P, defects are amphoteric: they
trap electrons on shallow to deep acceptor levels in n-type
devices, and trap holes on donor levels in p-type devices.
For simplicity, we model the charged defects as negative
(—e) point charges at the interface in electron spin qubits,
and as positive (+e) point charges in hole spin qubits,
with densities #; ranging from 10'° to 10'' cm™2. These
densities are, again, typical of microelectronic grade inter-
faces [73—76]. Our point-charge model neglects the finite
extension of the bound charge density around the defects;
however, this is not very relevant as the majority of carri-
ers in the dots get repelled by a charged Pj, and, therefore,
do not probe the Coulomb singularity much.

3. Methodology

The Larmor and Rabi frequencies are collected on sets
on N > 500 random samples of disorder (either interface
roughness or charge traps) [77]. Then the average Larmor
or Rabi frequency £, and its standard deviation o (f) are
estimated as [78]

fis (2)

1/2
1 =2
o(f) = [ﬁZ(ﬁ—f) } Sl

i=1

where the f; are the sampled frequencies. We characterize
the variability by the relative standard deviation (RSD):

() =aN/f. 3)

and by the interquartile range (IQR):
Afso = £ (0.75) = £ (0.25), )

where f (o) is the frequency such that a proportion o
of the devices have f; < f (). Therefore, 50% of the
qubits lie within the IQR. Confidence intervals on ', & (f )
and the IQR are estimated using a percentile bootstrap
(resampling) method [79].

ITI. INTERFACE ROUGHNESS

A. Holes
The RSD & (fz) of the Rabi frequency and the RSD
o (fy) of the Larmor frequency of rough hole qubits are
plotted as a function of L. for different A and front-
gate voltages Vrg in Fig. 2(a). They are normalized with
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FIG. 2. (a) RSD & (fz) of the Rabi frequency and RSD & (f7) of

the Larmor frequency of rough hole qubits as a function of L. for
different A and gate voltages Vrg. The error bars outline the 95%
confidence interval. (b) Distribution of the rough hole devices in
the (f1,/z) plane for different A and L, at Vgg = —50 mV. Each
green point is a particular realization of the interface-roughness
disorder. The orange dashed line is the pristine device frequen-
cies as a function of Vg (crosses by steps of 10 mV, increasingly
negative from top right to down left, with the orange point at
Veg = =50 mV).

respect to the average Rabi frequency fz ~ fR0 and aver-
age Larmor frequency f; ~ £;°, which are very close to the
Rabi frequency f;” and Larmor frequency f,° of the pris-
tine device given in Table I. The interquartile ranges are
IQR(fz) =~ 40 (fz)/3 and IQR(f1) ~ 40 (f1) /3, as expected
for quasinormal distributions.

The interface roughness primarily modulates the thick-
ness of the channel. This alters the shape of the hole
envelopes, and hence the dipole or momentum matrix

024022-4



VARIABILITY OF ELECTRON AND HOLE SPIN QUBITS. ..

PHYS. REV. APPLIED 17, 024022 (2022)

TABLE 1. Larmor frequency f;° and Rabi frequency f of the
pristine hole devices, computed at By = 1 T along y + z, and
Vi = 1 mV. The confinement length E;) =/ (¥?) — (y)? is also
given (see Sec. I1I C).

Ve (mV) 1% (GHz) 12 (MHz) €9 (nm)
—-50 40.46 128.47 3.28
~75 37.62 84.00 271
—100 36.06 56.19 2.38

elements relevant for the Larmor and Rabi frequencies
[39]. This is further analyzed in Sec. III C.

On the one hand, the variability increases, as expected,
with the rms amplitude A of the interface-roughness fluc-
tuations (almost linearly in this range). On the other
hand, the variability shows a nonmonotonic behavior with
respect to the correlation length L. of the fluctuations, and
peaks near L, = 10 nm. Indeed, fluctuations with length
scales much shorter than the characteristic size of the dot
tend to be averaged out and have little effect on the enve-
lope functions of the holes. On the opposite, the interfaces
become flat again on the scale of the dot when L. is much
greater than the gate dimensions. Yet the variability does
not tend to zero when L. — o0: in fact, the thickness and
width of the channel can still vary from device to device
(with rms +~/2A) as top-down, left-right interface fluctua-
tions are uncorrelated. The variability is maximal when the
length scale of the fluctuations is comparable with the size
of the dot (see Sec. III C).

As the front-gate voltage is made further negative, the
dot gets squeezed on the side of the channel by the lat-
eral electric field £, [see Fig. 1(c) and Table I] [49,52]. In
this regime, the electric confinement length shall prevail
over the characteristic scales of disorder on the top and
bottom facets of the channel. The absolute standard devia-
tions o (f7) and o (fz), are, therefore, expected to decrease.
However, f;° also decreases continuously with increasingly
negative Vgg because the strongly confined dot can hardly
be shaken anymore by the rf electric field [39,52]. As a
consequence, the RSD 6 (fz) shows a rather weak scaling
with Vgg. The RSD 6 (f;) exhibits an even weaker scal-
ing even though the Larmor frequency £, remains finite at
large negative Vgg. As discussed in Ref. III C, this results
from the increasing role of the disorder on the side facets.

For a rms A = 0.3 nm, 6 (f;) can be as large as 8%,
and o (fz) as large as 20% (Vg = —50 mV). The distribu-
tion of devices in the (f7,fz) plane is plotted in Fig. 2(b).
There are no clear correlations between the deviations of
Larmor and Rabi frequencies. The [f; (Vrg),fr(VEg)] line
of the pristine device is also reported on this figure. It out-
lines the average electrical tunability of the Larmor and
Rabi frequencies. The deviations of Larmor frequencies
must, in particular, be correctable if one wishes to address
all qubits at a well-defined rf frequency. The extent of bias

corrections is, however, limited by the stability diagram
of the device. Assuming a charging energy U >~ 10 meV
typical for these qubits, the range of gate voltage giving
rise to chemical potential shifts [6u| < U/2 in the dot is
only |8Vkg| < 10 meV. This limitation can nonetheless be
overcome if interdot tunneling can be cut down sufficiently
during single-qubit operations. The deviations of Rabi fre-
quencies may also be corrected by tuning the driving rf
power for each qubit. This is further discussed in Sec. V.

B. Electrons

The data for electron qubits are shown in Fig. 3.

First of all, the Rabi frequencies of the pristine elec-
tron qubits (Table II, in the MHz range) are much smaller
than the Rabi frequencies of the pristine hole qubits (Table
I, in the tens of MHz range). These ranges are consis-
tent with the Rabi frequencies measured in electron and
hole spin qubits with different layouts [10,13,17,20,22,24].
Intrinsic spin-orbit coupling in the valence band is indeed,
much more efficient than synthetic spin-orbit coupling in
the conduction band. As a consequence, fast electrical
driving calls for much larger real-space motion (larger
electric dipoles) in electron than in hole qubits, hence
for larger and shallower dots. For the sake of consis-
tency, we nonetheless compare electron and hole qubits
with the same topology and structural dimensions here.
Alternatively, the Rabi frequencies may be increased using
stronger micromagnets or bringing them closer to the
qubits, when technologically feasible.

The wvariability of Larmor frequencies is as low as
0.05%, but increases monotonously and saturates at large
L. Tt results from the vertical displacement of the dot as
a whole in the gradient of magnetic field, induced by the
interface roughness (see discussion in the next section).

The trends for the Rabi frequencies are the same as in
hole qubits. The dependence of & (fz) on gate voltage is
slightly stronger for electrons than for holes; yet variabil-
ity remains much smaller in electron qubits [o (fz) < 5% at
A = 0.3 nm and Vgg = 50 mV]. We emphasize, though,
that electron qubits are subject to additional sources of
variability (e.g., alignment and homogeneity of the micro-
magnets [48,80]) that are discussed in Sec. V A.

TABLEII. Larmor frequency f;° and Rabi frequency f;° of the
pristine electron devices, computed at Bey = 1 T along y and

Vie = 1 mV. The confinement length ES = {? — (y)? is also
given (see Sec. I1I C).

Ve (mV) £,° (GHz) /2 (MHz) €9 (nm)
25 35.837 3.20 5.20
50 35.845 222 4.69
75 35.853 1.48 421
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FIG. 3. (a) RSD &6 (fz) of the Rabi frequency and RSD & (f7)
of the Larmor frequency of rough electron qubits as a function
of L. for different A and gate voltages Vrg. They are normalized
with respect to the average Rabi frequency fz > f; and average
Larmor frequency f; > f;° given in Table II. The error bars out-
line the 95% confidence interval. (b) Distribution of the rough
electron devices in the (f,fr) plane for different A and L. at
Vg = 50 mV. Each blue point is a particular realization of the
interface-roughness disorder. The orange dashed line is the pris-
tine device frequencies as a function of Vg (crosses by steps of
10 mV, increasing from top to down, with the orange point at
VFG =50 mV)

We analyze below the mechanisms responsible for vari-
ability and the differences between electron and hole
qubits.

C. Mechanisms responsible for the variability

The electrons and holes are confined in the cross section
of the channel by the vertical component &£, and the
lateral component &, of the electric field from the

central gate. The strength of this electric field can, there-
fore, be characterized by the electric confinement lengths
Le, = [7‘L2/(2m’ie52)]1/3 and lg, = [hz/(2mﬁeé’y)]1/3,where
m’| is the vertical confinement mass along [001], and mj
the in-plane mass [39]. In the regimes explored in this
work, £, 2> H while Le, < W: the vertical confinement is
dominated by the structure, while the in-plane confinement
is dominated by the electric field [see Fig. 1(c)].

When H < {¢_, the interface roughness on the main top
and bottom facets essentially modulates the thickness H
of the channel and the associated structural confinement
energy E| = h*n?/(2m* H?*). Therefore, in a single-band
model, long wavelength thickness fluctuations of §H (x, y)
translate into a potential

2.2

W) ~ SH ) P ~ —sHE ) (5)
x,y) X SH(x,y) - & V)

for the motion in the weakly confined (x-y) plane [81-83].
In the opposite limit £s, < H, W(x,y) ~ —e&,8zi(x,y)
would be dominated by the fluctuations of the position
z:(x, y) of the top interface in the vertical electric field. This
regime is, however, more relevant for the iso-Zeeman driv-
ing mode of the holes (whose optimum is at strong field),
and for the contribution of the side facets (whose role is
discussed below).

The dot essentially oscillates along y when the driv-
ing rf signal is applied to the central gate because the
electric dipole is small along the strong confinement
axis z. The model for the electron qubits developed in
Appendix B shows that the Rabi frequency of the electrons
is then proportional to (dB,/dy) x (3{(y)/dVkg), Where
(v) = (¥ly|¥) is the expectation value of the in-plane y
coordinate in the ground state |y) at zero magnetic field.
The interface roughness shapes the envelope function of
the electron in the (x-y) plane and hence the electrical
response d(y)/dVgg of the dot.

In the simplest models for the dot (hard-wall or har-
monic confinement potential with homogeneous electric
field along y [39,52]), a dimensional analysis of the per-
turbation series for (y)(V,) suggests that d(y)/0Vpg Z;‘,

where £, = /(y?) — (y)? is the extension of the dot along

y: the stronger the confinement, the weaker the electri-
cal response. Although the disordered potential considered
here is rather complex, we can still expect correlations
between the lateral size of the dot and the Rabi frequency.

In order to highlight such correlations, we plot the Rabi
frequency fr of the electron qubits as a function of the
extensions £, = /(x?) — (x)?, £, and €. = \/(z?) — (z)?
of the ground state in Fig. 4(a) (Vgg =50 mV, A =04
nm, L. = 10 nm). The correlation coefficient p between
the abscissas (X = £,, ¢, or £;) and the ordinates (¥ = fz),
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FIG. 4. (a) Correlations between the Rabi frequency fr of the
electron qubits and the extension £, £,, and £, of the dots
along the x, y, and z axes, respectively. Each point is a partic-
ular realization of interface-roughness disorder with A = 0.4 nm
and L, = 10 nm (Vgg = 50 mV). The orange dot is the pris-
tine device. The correlation coefficient p [Eq. (6)] between the
abscissas and ordinates is given in each panel. The dashed orange
line 8fz/f = 45, /E;) is a guide to the eye for the discussion of
Sec. III C. (b) Same for hole qubits: correlations between the
Rabi frequency fz, the Larmor frequency f;, the gyromagnetic
factors g, and g, and the extension of the dots £, £,, and £,
(V¥ = —50 mV). The dashed orange line 8/z/fz’ = 35¢, /¢ is
a guide to the eye.

defined as

1 — _
p= mE[(X—X)(Y—Y)],

1 al - -
= eV =T ;oc -NT-D, (6)

is reported in each panel (p =0 for uncorrelated and
|p| — 1 for linearly correlated X and Y). The correlations
are much more significant between f and £, than between
fr and £, or £,, and follow approximately the relation
Srlfy) ~ 4s¢, /62 expected from the E; dependence of
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FIG. 5. Dependence of the RSD 6 (fz) of the Rabi frequency of
electrons and hole qubits on the channel thickness H (interface-
roughness disorder with A = 0.4 nm and L. = 10 nm; Vgg =
450 mV for electrons and Vg = —50 mV for holes). The dashed
lines are o< 1/H? extrapolations from H = 6 nm.

() /0ViG (with 8fg = fr — fr» 84, = £, — 63, and E;) the
extension of the ground state in the pristine device). This
supports the conclusion that the Rabi frequency is primar-
ily modulated by the distortions of the dot along y induced
by the interface roughness. Note that the distribution of £,
is skewed towards large ¢, > €2, as the electron tends to
localize in the thickest parts of the channel [84].

A simple analytical model for variability in a parabolic
in-plane confinement potential, based on first-order per-
turbation theory, is discussed in Appendix C. This model
explains most trends outlined above, even though con-
finement is highly anharmonic in the present devices. It
confirms, in particular, that & (fz) o< A/(m* H?) in rough
films with thickness H < {¢_, as evidenced by Fig. 5. It
also highlights that ¢ (fz) increases, in general, with the in-
plane mass m: the heavier the particles, the stronger they
localize in the disorder. Finally, this model shows that the
variability peaks when L. ~ ZE(y): fluctuations with wave-
lengths comparable to the size of the dot are expected to
have the largest impact on its shape. The data of Fig. 3 peak
at a slightly larger L., owing, likely, to the anharmonicity
of the in-plane confinement.

The analysis is more intricate for holes. The model of
Ref. [39] suggests that the Rabi frequency of the holes
is inversely proportional to the gap Ay oc 1/H? between
the heavy- and light-hole sub-bands, and proportional to
¢}, where a can range from 1 (W < £g,) to 4 (W > Lg,).
This behavior essentially results from the fact that fz o
8<ky2)/8 Vig instead of o< d(y)/0Veg, where k, = —id/dy
and the expectation value is computed for the ground-
state heavy-hole envelope function. We may, therefore,
expect correlations between fz and £,, and/or £.. Figure 4(b)
actually shows stronger correlations with ¢, (8fz/f3 ~
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3s¢, /63) than with £,. The variability of the Rabi fre-
quency is still, therefore, dominated by fluctuations of the
in-plane size of the dot (at least for L. < 20 nm).

As for the Larmor frequency of electrons, 8f; = f; — f;°
depends on the position of the dot in the inhomogeneous
field of the micromagnets. The largest components of the
gradient are dB./dy = 9B, /0z (see Appendix A), but only
the latter gives rise to first-order variations of the Lar-
mor frequency in a static magnetic field along y (while the
former is responsible for the Rabi oscillations). As a con-
sequence, the Larmor frequency correlates with (z) instead
of £,. The spread of (z) is expected to grow monotonously
with increasing L.; when L. — 00, the roughness profile
becomes flat again on the scale of the dot so that

1
(2) > 5 @ +2), (7

where z, and z, are the positions of the bottom and
top interfaces. As o[(zp +2z1)/2] = A/ V2 (the interfaces
being uncorrelated),

i 1 9B, A
— == 8
0> 5o s ®)

where B, is the total (external and micromagnets) field
along y at the center of the channel. In the present layout,
o (fy) remains small because the inhomogeneous compo-
nent of the magnetic field A x 9B, /9z is much lower than
the external magnetic field Bexy = 1 T.

For holes, the heavy-hole ground state gets mixed with
a light-hole component by the electric field &, [49], due to
the competition between vertical (mostly structural) con-
finement along z and lateral (electric) confinement along
y. As a consequence, the gyromagnetic factor g, decreases
while g, increases with decreasing ¢, and increasing
L. [see Fig. 4(b)] [39]. Both g, and g. show in fact
stronger correlations with £, than with £. because the
system is more polarizable along y than along z. The

Larmor frequency f, = jtpBext,/ (g7 + g2)/2 is, therefore,

also expected to show dominant correlations with £, even
though the variations of g, and g. do partly cancel. The
correlations between f; and £, are, actually, further blurred
by the fact that y and z are not principal axes of the g ten-
sor anymore in rough channels, as the coupling between in-
and out-of-plane motions introduces an extra off-diagonal
g,- factor in the above expression for f; [85]. Finally, the
balance between vertical and lateral confinement is also
controlled by interface roughness on the lateral facets of
the channel, which play an increasing role when decreas-
ing Vig < 0; this partly explains why & (f;) [and to a lesser
extent & (fz)] shows little dependence on Vg at least in the
investigated bias range.

The variability due to interface roughness is signif-
icantly larger in hole than in electron qubits (also see

Fig. 5). For the Larmor frequencies, this results from
the dependence of the g factors of holes on the con-
finement discussed above. For the Rabi frequencies, this
mostly results from the different electron and hole effective
masses. Indeed, the in-plane mass of electrons and holes
are similar (m} >~ 0.2my), but the confinement mass m’
are different: m", = m; = 0.916my, for electrons and m’ =
mo/(y1 — 2y2) = 0.277my for heavy holes. According to
Eq. (5), the interface roughness has, therefore, stronger
impact on the hole than on the electron qubits when H <
£¢_ (vertical confinement dominated by the structure). This
may not be the case, however, in thicker channels operat-
ing in the £¢, <« H limit (vertical confinement dominated
by the electric field).

IV. CHARGE TRAPS
A. Holes

The average Rabi frequency f, the average Larmor fre-
quency f;, and the RSDs & (f) and & (f;) of the hole qubits
are plotted as a function of the density of charge traps
n; in Fig. 6(a). The distribution of the Larmor and Rabi
frequencies of the qubits is plotted in Fig. 6(b) for n; =
5 x 10'° cm~2 and Vg = —50 mV. Each point represents
a particular realization of five unit charges in the whole
device of Fig. 1(a). The reference data £, and f,” for the
pristine device are recomputed with a homogeneous den-
sity of charges o = n;e at the Si/SiO; interface (in order to
capture the average electrostatic effect of the defects), and
do therefore differ from those for interface roughness.

The data are much scattered, the Rabi-frequency span-
ning, in particular, more than one order of magnitude. The
distribution of Rabi frequencies is non-normal at large
o (fr), so that we add the first and third quartiles of this
distribution on Fig. 6(a) as an extra measure of the vari-
ability (25% of the devices lie below, 25% above, and 50%
within the shaded areas). There are also a few strong out-
liers with Rabi frequencies > 500 MHz that are removed
from the statistics [86]. The envelope functions are, indeed,
strongly shifted and distorted by the disorder, especially
along the channel (the weakest confinement axis), as illus-
trated in Fig. 7(c). These real-space distortions give rise
to large fluctuations of f; and f; owing to the strong spin-
orbit coupling in the valence band. The displacements of
the dots along the channel will also complicate the man-
agement of the exchange interactions between neighboring
dots.

Remarkably, and in contrast with interface roughness,
the charge traps directly modulate the lateral (rather than
vertical) confinement, because the hole gets excluded from
the whole thickness of the film in the vicinity of a defect
[0(£;) =0.01 A at n; =5 x 10" cm™2 and Vig = —50
meV, while o (€,) = 0.6 A on Fig. 4(b)]. As a consequence,
y and z remain good principal axes of the g tensor, so
that f; shows significant correlations with £, despite partial
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FIG. 6. (a) Average fz and RSD 6 (fz) of the Rabi frequency
of hole qubits as a function of the density of charge traps #; at the
Si/Si0, interface, for different Vig; average]TL and RSD & (f1)
of the Larmor frequency of the same hole qubits. The error bars
are the 95% confidence intervals. The first and third quartiles of
the distribution of devices are also displayed as a shaded area
for each Vig; 25% of the devices lie below, 25% above, and 50%
within this shaded area. (b) Distribution of the hole devices in the
(f1,/2) plane at n; = 5 x 10'° cm™2 and Vgg = —50 mV. Each
green point is a particular realization of the charge disorder. The
orange point is the pristine device (recomputed with a homoge-
neous density of charges at the Si/SiO, interface), and the purple
star the disordered device of Fig. 7(b).

cancellations between the variations of g, and g. (Fig. 8).
The deviations of the Larmor and Rabi frequencies are,
therefore, both primarily dependent on £,, and are broadly
correlated (Fig. 6). In general, the charge traps, which repel
the holes, squeeze the dots and hinder their motion, so
that the average Rabi frequency decreases with increasing
n;. As a matter of fact, E = 2.66 nm on Fig. 8, which is
smaller than Z;’ = 3.28 nm in the pristine, traps-free device
(Table I), but larger than E;)’ = 2.47 nm in the reference
device with a homogeneous distribution of charges at the
Si/Si0O; interface (orange point in Figs. 6-8). In the same
way, the average fz = 88.8 MHz is larger than the Rabi
frequency /"' = 62.8 MHz in that reference device, which

(a)

(b)

(c) —20
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2 (nm)
FIG. 7. TIso-density surface of the squared ground-state wave

function of (a) the pristine hole device [orange point of Figs. 6(b)
and 8] and (b) a disordered device [purple star of Figs. 6(b) and 8]
at m; = 5 x 10" cm~2 and Vg = —50 mV. (c) Distribution of
the average position of the ground state ({x), (y)) for different
realizations of the charge disorder at n; = 5 x 10'° ¢cm~2 and
Ve = —50 mV. The orange point and purple star are the devices
of (a),(b).

outlines the nonlinear response of the spins to nearby traps
(they are indeed expected equal in a first-order perturbation
theory such as Appendix C). The highest Rabi frequencies
typically result from the the formation of strongly coupled
multiple dots below the gate, allowing for large charge
oscillations under electrical driving.

o (fr) decreases with decreasing #n;, but remains signifi-
cant down to #; = 10'© cm™2 [only one charge trap in the
whole device of Fig. 1(a)]. Indeed, a single stray defect
can have a sizable effect of the nearby qubit(s), as shown
in Appendix E. As discussed in Appendix C, the scat-
tering strength of the charged traps is expected to scale
as /n; within first-order perturbation theory; & (fz) actu-
ally increases faster than ,/n;, but slower than n;. This is
presumably due to the facts that f; also decreases with
increasing #;, and that o (fz) is dominated by the P, defects
very near or in the dot, to which the response is nonlinear.
6 (f;) tends to saturate at large n; due to a complex inter-
play between the variations of the g factors g, and g. of
the strongly distorted dots.
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FIG. 8. Correlations between the Rabi frequency fz, the Lar-

mor frequency f;, the gyromagnetic factors g, and g. of the hole
qubits and the extension ¢, of the dots along y. Each point is a
particular realization of charge disorder at n; = 5 x 10! cm™2
and Vgg = —50 mV. The orange point is the pristine device, and
the purple star the disordered device of Fig. 7(b). The correla-
tion coeflicient p [Eq. (6)] between the abscissas and ordinates is
given in each panel. The dashed orange line 8fx/f” = 3¢, /E;)’
is a guide to the eye.

B. Electrons

The data for electrons are shown in Fig. 9. We remind
that P, defects are amphoteric, and therefore repel elec-
trons in n-type devices (as they do repel holes in p-type
devices) once charged. The variability of the Larmor fre-
quency is much smaller for electrons than for holes for
the same reasons as for interface roughness (weak depen-
dence of B, on vertical confinement). The average Larmor
frequency f; slightly increases with increasing n; as the
electron tends to move upward in the channel (the charged
defects being less screened by the gate on the bottom
than on the top interface). The variability of the Rabi fre-
quency is, nonetheless, as large as for holes, especially
at the highest trap densities. The potential of the charge
traps is, indeed, the same for electrons and holes, in con-
trast with the effective potential for interface roughness,
which depends on the confinement mass of the carriers
[Eq. (5)]. Also, this potential is expected to have similar
effects on the in-plane motion of electrons and holes, since
the in-plane mass mj; =~ 0.2my of both carriers is compara-
ble [87]. The Rabi frequency of electrons remains largely
correlated to £, except for some specific trap configura-
tions where the dot is strongly displaced or squeezed, or,
on the opposite, where coupled dots form under the gate as
a result of the disorder.

The charge disorder variability of the Larmor and Rabi
frequencies of both electron and hole qubits shows only a
weak dependence on the channel thickness H.

a ]
(@) 3] 35.87
. 3586
= 2] = :
= O 3585 3
= S ]

1 35.84 3 ._.__./.

LA | LA |

WV, =25mV
OV, =50mV

Vg =75 mV
O\E 60 -
— / r
E 10 //
i) : |4
RN g
0 -"'I LR | L |
101 oM 101 oM
Trap density n; (cm™2)
(b) 61
Sl B AR O
jam
s
K2
S
0 T LI T
35.825  35.850  35.875
fr (GHz)
FIG. 9. (a) Average fz and RSD & (fz) of the Rabi frequency

of electron qubits as a function of the density of charge traps »;
at the Si/SiO, interface, for different Vpg; average f; and RSD
o (1) of the Larmor frequency of the same electron qubits. The
error bars are the 95% confidence intervals. The first and third
quartiles of the distribution of devices are also displayed as a
shaded area; 25% of the devices lie below, 25% above, and 50%
within this shaded area. (b) Distribution of the electron devices in
the (f7,fz) plane at n; = 5 x 10'° cm™2 and Vig = 50 mV. Each
blue point is a particular realization of the charge disorder. The
orange point is the pristine device.

V. DISCUSSIONS

We now outline the implications of the above results
and possible strategies to mitigate disorder. We discuss,
in particular, the relations between the variability of the
Rabi frequencies and of the qubit lifetimes (77, T3), and
the consequences for multiqubit systems.

A. Sensitivity to disorder

Spin-orbit qubits are sensitive to disorder. This is the
price to pay for the possibility to manipulate the spins
electrically. Unless material and device engineering can
mitigate the disorder, each individual qubit needs to be
characterized separately in order to account for its own
“personality.” On the other hand, the same spin-electric
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coupling provides opportunities to tune the qubits and
partly correct for device-to-device deviations. This, of
course, requires that the spread of characteristics is man-
ageable, and that the qubits remain functional and can be
coupled together.

In this respect, charge traps are much more critical than
interface roughness. This is reminiscent of the behavior
of classical field effect transistors. Indeed, a spin qubit at
a Si/Si0O, interface is in essence a field-effect transistor
operating in the low electric field and low carrier-density
range; the carrier mobility is well known to be primar-
ily limited by the (unscreened) Coulomb disorder in this
regime [62,64,65]. Disorder is an even stronger concern for
qubits as the relevant energy scales are typically in the sub-
meV range (as compared to the kT or source-drain voltage
range for classical transport) while fluctuations are in the
few meV range.

We would like to draw attention to the fact that electron
spin qubits are subject to additional sources of variabil-
ity not accounted for in this work. First, spin-valley-orbit
coupling (SVOC) is neglected in the present effective-
mass approximation. Interface roughness is known to be
responsible for a significant variability of the valley split-
ting and spin-valley mixing, as discussed, for example,
in Refs. [45,56]. This is not expected to have a strong
impact on the Rabi frequencies (the dipole matrix ele-
ments between valley states being small along the main
direction y of the EDSR motion), unless the valley and
Zeeman splittings are close enough to allow for intrinsic
SVOC-driven Rabi oscillations [32,45]. However, SVOC
may slightly lower the g factor of electrons (by up to a
few hundredths) [88-91]; device-to-device fluctuations of
the g factor g = 0.005 would give rise to variations of
the Larmor frequency §f; = 70 MHz at a net field B =1
T. Such fluctuations are on the scale or even larger than
those reported in Figs. 3 and 9. Achieving robust and con-
trollable valley splitting is actually a key to the realization
of well-defined two-level systems for spin manipulation
and readout. Also, the electron spin qubits may be sen-
sitive to local inhomogeneities (roughness, variations of
the magnetic polarization...) and global misalignment
(misplacement and misorientation) of the micromagnets
[48,80]. These disorders, which are specific of extrinsic
spin-orbit coupling, are addressed in Appendix D.

As pointed out in Sec. II, we may attempt to drive
the hole devices with the two side gates on the left and
right of the dot (the present micromagnets’ layout is not
suitable for that purpose in the electron qubits). The dot
then essentially moves as a whole along the channel axis
x. As discussed in Ref. [39], the Rabi frequency in this
“iso-Zeeman” mode is proportional to £#. The situation is
not, therefore, expected to be more favorable: the channel
axis being typically the direction of weakest confinement,
£, shows strong device-to-device variations (as evidenced
in Figs. 4 and 7). This conclusion is supported by

numerical simulations showing comparable or even larger
Rabi-frequency variability in this driving mode (see
Appendix E). As a matter of fact, these simulations also
show the emergence of a significant g-TMR contribution
on top of the original iso-Zeeman one, the disorder giv-
ing rise to sizable modulations of the gyromagnetic factors
under driving.

Finally, we would like to emphasize that the present
data are collected at fixed gate voltage. We may, alterna-
tively, collect data at fixed chemical potential p in the dot
(fixed ground-state energy), with the prospect of reduc-
ing the variability (because w shall also correlate with the
extension of the ground-state wave function). This is more-
over closer to the experimental situation when the dots
remain connected to reservoirs of particles while being
operated. The computational procedure is, however, more
complex and time consuming, as the bias must be corrected
for each disordered device in order to achieve the target
chemical potential. Yet our attempts for interface rough-
ness and charge traps did not show any clear improvement
of the variability. As a matter of fact, even in a separa-
ble three-dimensional model, working at fixed chemical
potential does not ensure that the x, y, z motion energies
are all preserved (only their sum is). As suggested above,
the variability can indeed be partly compensated by bias
adjustments, however aimed at correcting, e.g., the exten-
sion along y or the position along z, and not the total energy
of the dot. Such bias corrections may nonetheless be lim-
ited by the stability diagram of the devices. To be more
specific, the Larmor frequency of 46% of the rough hole
qubits, and of 55% of the hole quits with charged traps
can be matched to the pristine device with bias corrections
[AVrg| <20 mV (Vpg = —50 mV; A =04 nm, L, = 10
nm; n; = 5 x 10'° em™2). This |AVgg| = 20 mV is how-
ever already about twice the typical charging energy and
therefore calls for tight control over the barriers to pre-
vent interdot tunneling. The situation is not much better
for electrons despite the smaller variability of the Larmor
frequency, as the Stark effect (electrical tunability of f7) is
much weaker than for holes.

B. Relations with qubit lifetimes

The disorder will also give rise to variability in the
qubit relaxation time 77 and dephasing time T5. This can
have detrimental consequences on the performances of a
multiqubit processor.

First, we expect as a general trend that the devices
with the largest Rabi frequencies also show the short-
est relaxation times 7j. Indeed, 'y = 1/T; oc Y. f;"|M; |?
in the Fermi golden rule or Bloch-Redfield approxima-
tion, where the exponent n depends on the relaxation
mechanism (n = 1 for Johnson-Nyquist noise, n = 3 to
5 for phonons [29,92-94]), and M| = (ft|] M ||} is the
matrix element of an operator M that describes some
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spin-electric coupling. M, can, therefore, be expected to
scale with fz (which is also such a transverse spin-electric
coupling matrix element).

The pure dephasing rate is, likewise, I'; = 1/7;
Y M|, where My = (fflMa) — (JIM:]1) for some
coupling operator M,, m = 2 for regular noise (Bloch-
Redfield approximation) and m = 1 for quasistatic 1/f
noise [92]. Although the relations between the longitudinal
matrix elements involved in I'; and the transverse matrix
elements involved in fz and I'; is far from obvious, we
can still expect that devices with stronger spin-electric cou-
pling show, on average, larger fz, I'1, and I';, unless some
sweet spot has been found. Some P, defects themselves
may be a source of 1/f noise if their charge trapping and
detrapping or structural rearrangement times are shorter
than the duration of an experiment [95]. This problem
goes, however, beyond the scope of the present work.

We illustrate these trends on the relaxation time 77 and
on the pure dephasing time 75 of holes. The phonon-
limited I'; is calculated along the lines of Ref. [29]. As for
I}, we assume a quasistatic 1/ noise with finite band-
width whose action on the qubit can be modeled as an
effective fluctuation 6 Veg(¢) of the gate voltage with rms
amplitude § Vg ms. Then [96],

N 1
> 2k

where D(r) is the derivative of the total potential V'(r) in
the device with respect to the gate voltage Vpg. We set
8VeGms =5 'V as an illustration. Note that for such a
1/f noise the coherence decays as exp[—(#/T3)*] instead
of exp[—#/T;].

The distribution of Rabi frequencies fz and relaxation
rates I'; is plotted in Fig. 10(a) for interface-roughness
disorder (A = 0.4 nm, L. = 10 nm). The corresponding
data for I'; are plotted in Fig. 10(c). They are computed
at Bexy = 1 T along y 4 z (T} scales as ngt [29] and I'] as
Bext). As hinted above, the larger the Rabi frequency, the
larger I'y (and, to a much lesser extent, I';) tends to be.
There is, nonetheless, a significant spread of the single-
qubit quality factors Q) =2fz x T1 and Q5 =2fp x T
(number of 7 rotations that can be achieved within 7 or
T%), as shown in Figs. 10(b) and 10(d).

In an ensemble of qubits, the relevant figure of merit
for relaxation is, however, Ql = 2min(fz) x min(7y). It
is limited by the slowest and by the shortest-lived qubits,
which are in principle different. Assuming I'; o (fz/ fRO)"‘,

e[(MIDIM) — (LD I8 VEGms, ()

we can give an estimate for Q;:

~ min(ﬁzg)/fR0
! [max(ﬁg)/fRO]a ’

where Q(l) is the quality factor of the pristine device. A

0 (10)

similar expression can be obtained for Q5 = 2min(fz) x

(@ o4 -
w
o=
£}
-~ 0.1 o
—
0.05 e :
50 100 300 1000 2000 3000
Jr (MHz) @
(c)
N
o=
s
*L’_"“
1 4+ . ‘
50 100 300 100 200
fr (MHz) 0
FIG. 10. (a) Distribution of the rough hole devices in the

(fr,T'1) plane (A = 0.4 nm, L. = 10 nm, Vgg = —50 mV, and
Bext = 1 T). Each green point is a particular realization of the
interface-roughness disorder. The orange point is the pristine
device. The dashed orange line, I'y oc (fz/f;’)?, is provided as
a guide to the eye. (b) Histogram of the quality factors Q; =
Jfr x T for the same set of devices. The orange dashed line is the
quality factor of the pristine device. (c) Distribution of the rough
hole devices in the (fz, I'5) plane (same conditions as before).
The dashed orange line, I'; o fz/f’, is provided as a guide to the
eye. (d) Histogram of the quality factors Q% = fz x T; for the
same set of devices.

min(7;), with a possibly different oc. This highlights how
detrimental the variability can be for the operation of
an ensemble of qubits. In the case of Fig. 10, Q1 =
444 on the 90% best qubits (450 best individual Q; out
of 500 devices), and Qz = 16.7, much lower than QY =
1895 and Q3" = 76.0. The operation of slow qubits can
be sped up by increasing the driving rf power (Q —
Q°/[max(f)/f"]* at same power-corrected Rabi frequen-
cies), yet at the expense of a more complex rf management
on the chip, and at the risk of heating up the qubits.

C. Mitigation of the disorder

The qubits may be made more resilient to variability
through material and/or device engineering. In particular,
the previous sections highlight how critical is the quality of
materials and interfaces for the control and reproducibility
of spin qubits. Improving the smoothness and passivation
of the Si/SiO; interface will definitely reduce variability;
aRSD &6 (fz) < 10%, however, calls for very clean and sta-
ble interfaces with charged defect densities n; < 10'% cm—2
that are at the state of the art.

The interface-roughness variability can be largely
alleviated by a proper optimization of the channel or film
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thickness and vertical electric field in order to reach the
best balance between single-qubit performances and sensi-
tivity to disorder (see Fig. 5). This optimum is presumably
dependent on the device layout and mechanisms used to
drive the spin.

Nevertheless, one of the most reliable solutions to
the variability problem is to switch from a crystalline-
amorphous interface such as Si/SiO; to an epitaxial inter-
face such as Si/SiGe (electron qubits), or Ge/SiGe (hole
qubits). Indeed, epitaxial interfaces show, in principle, low
roughness and very small density of traps. Strains must
be carefully addressed in order to avoid threading disloca-
tions in the active areas, but this is now fluently managed
in group-1V materials. The four-hole qubit device of Ref.
[19] was actually realized in a Ge/SiGe quantum well
controlled by accumulation gates.

The charged defects are then deported at the surface
of the heterostructures on which the metal gates are
deposited. This surface is usually no more than 50 nm
away from the well (in order to keep a tight enough elec-
trostatic control on the qubits). We emphasize, though, that
the impact of charge traps decreases significantly once they
are taken away from the quantum dots. As an illustration,
we consider SOI hole devices with a SiO, /HfO, gate stack
[Fig. 11(a)]. The channel is therefore now separated from
the gate by a layer of SiO, with thickness fsio,, and by
a layer of HfO, with thickness tnro, (kufo, = 20). This
HfO, layer extends only below the gates and not under
the spacers. We then introduce the charged defects at the
Si0, /HfO, instead of the Si/SiO, interface, with density
ni =5 x 10" em~2 chosen only [97] for illustrative pur-
poses [98]. The RSDs & (f7) and & (fz) of the Larmor and
Rabi frequencies are plotted as a function of fsjo, and tgyo,
in Fig. 11(b). The variability decreases when the SiO; is
made thicker and the traps are moved away from the chan-
nel. Remarkably, the variability increases rapidly with the
thickness of the HfO, layer because the screening of the
charge traps by the metal gate is softened [98]. In general,
surrounding the qubits by materials with higher dielec-
tric constant (SiGe versus Si0;), and by a dense set of
gates will reduce the impact of charged defects on variabil-
ity (and possibly of charge noise on qubit lifetimes) [99].
Working in the many electrons or holes regime may also
enhance screening, but usually makes the dots larger and
more responsive to disorder. The optimal number of parti-
cles in the dots (as far as variability is concerned) remains,
therefore, an open question [100].

Finally, the model of Appendix C shows that the vari-
ability increases with the in-plane mass m| (at given dot
sizes ) and £}). Heavier particles indeed localize more
efficiently in the disorder. It is, therefore, a priori advan-
tageous to switch from silicon to lighter mass materials
such as germanium for holes (for interface roughness,
the variability is o< mj/m’ when H < £, so that Ge is
advantageous over Si even in this regime). However, the

(a) = o

.

(b)
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FIG. 11. (a) Hole device with a SiO,/HfO, gate stack. The
thickness of the SiO; layer (green) is tsio,, and the thickness of
the HfO, layer (purple) is tyro,. The HfO, layer extends only
under the gates. (b) RSDs 6 (f1) and 6 (fz) of the Larmor and Rabi
frequencies plotted as a function of £si0, (at fufo, = 2 nm), and
as a function of tyso, (at f5i0, = 2 nm). The density of trapped
charges at the SiO,/HfO, interface is n; = 5 x 10'' em™2, and
the bias voltage is chosen so that the ground-state energy of the
pristine device remains the same as in the original qubit of Fig.
1 at Vgg = —50 mV whatever fsio, and tufo,. The error bars are
the 95% confidence intervals.

dots are usually made larger in light mass materials [the
dot sizes €0 and K;) scale as (m) ~1/4 in a given parabolic
potential for example, and as (m)~'/? at given confine-
ment energy], hence can be more polarizable and sen-
sitive to disorder. Equation (C14) actually suggests that
the variability may not necessarily improve when decreas-
ing the mass at given confinement energy, especially in
the presence of long-wavelength disorders such as charge

traps.

VI. CONCLUSIONS

We investigate the variability of single-qubit proper-
ties (Larmor and Rabi frequencies) due to disorder at the
Si/Si0; interface (roughness and charge traps) in MOS-
like devices. We compare, in particular, hole qubits subject
to intrinsic spin-orbit coupling and electron qubits subject
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to a synthetic spin-orbit coupling created by micromag-
nets. The Larmor frequencies of electrons are more robust
to disorder than the Larmor frequencies of holes, which
are rather sensitive to changes in the potential landscape.
The Rabi frequencies show anyway much larger variabil-
ity than the Larmor frequencies for both kinds of carriers.
The deviations of the Rabi frequencies can be traced back
to the modulations of the size of the dots by the disorder.
In thin (001) films, holes are more sensitive to interface
roughness than electrons because the confinement mass of
the heavy holes is smaller than the confinement mass of the
electrons in the Z valleys (hence the effects of fluctuations
of the film thickness are larger). The main source of vari-
ability is, however, charge traps at the Si/SiO, interface,
which can spread both electron and hole Rabi frequencies
over one order of magnitude. The dots can be significantly
distorted and displaced by charge disorder, which does not
only scatter one-qubit properties, but may also compli-
cate the management of exchange interactions between the
dots. The disorder also scatters the relaxation and dephas-
ing times, which systematically degrades the figures of
merit of an ensemble of qubits (as the lifetimes of such an
ensemble are limited by the poorest qubits). Low variabil-
ity o (fz) < 10% calls for smooth and clean interfaces with
charge-trap densities #; < 10'© cm~2. This is presumably
more easily achieved with epitaxial heterostructures such
as Si/SiGe or Ge/SiGe, where the residual (surface) charge
traps can be deported tens of nanometers away from the
active layer. The impact of charge traps indeed decreases
very fast once they are moved away from the qubits, espe-
cially when the latter are embedded in materials with high
dielectric constants and are controlled by dense sets of
gates that screen the Coulomb disorder.
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APPENDIX A: VECTOR POTENTIAL CREATED
BY THE MICROMAGNETS

The magnetic field created by micromagnets has been
discussed, for example, in Refs. [53—55,80]. Here we deal
with the calculation of the corresponding vector potential,
which is the natural input for quantum-mechanics codes
(see Appendix B).

We consider a micromagnet layout that can be viewed
as an arrangement of homogeneous bar magnets. The total
vector potential and magnetic field are hence the sum of
those of each individual bar magnet. Let 3 be a bar mag-
net with magnetic moment density M = Mw and sides L,,

Ly, and L,, along three orthonormal axes u, v, and w. The
vector potential A created at point r by this magnet is

A(r):ﬂMx/cPr’ r-r (A1)
B

4 r—r/|3
Setting r = (u, v, w) in the {u, v, w} axis set with the origin
at the center of the magnet, explicit integration yields

1
J » L,
Ao (u,v,w) = i E (—DTEE, <“+ (—1)17511
i k=0

L (L
FED R D) @)

where o € {u,v,w} and J = uoM is the magnetic polar-
ization. The F functions are

w
F,(U,V,W) = —Vatan (U—> + Win (R + U)

VR
+UnR+ W), (A3a)
F,(U,V,W) = Uatan <1V> —WinR+ V)
UR
—VIn(R+ W), (A3Db)
F.(UV, W) =0, (A3c)

with R = /U2 + V2 + W?. The components of the mag-
netic field B = V x A then read

1
J -7 'Lu
By (u,v,w) = o d (=D HG, (u+(—1>’—2,

irj k=0
v+ (—1y %,w+ (—1>"L2—W), (A4)
with
G (U V,W)y=InR+V), (ASa)
G,(U,V,W) =In(R+ U), (A5b)
uv
G, (U, V,W) = —atan (ﬁ) . (A5c)

The above expressions for the vector potential and mag-
netic field are valid outside the magnet.

In the present calculations, L, > L, > L. and we
assume that the magnetic polarization of cobalt J = 1.84
T [53] is saturated in an external magnetic field Bey = 1
T along y. The total vector potential A = A} + Ay + Aext
is the sum of the vector potentials A; and A, of the two
micromagnets, and of the vector potential Agyy = —r X
B.yt/2 of the external magnetic field.
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APPENDIX B: RABI FREQUENCY IN A
GRADIENT OF MAGNETIC FIELD

We compute the Rabi frequencies of the electrons with
an anisotropic effective-mass model for the Z valleys. We
make the substitution Ak — —iV 4 eA (with k the wave
vector) and add the spin Zeeman Hamiltonian:

1
Hz = EgOMB(V x A)-o,

(BI)
where gy >~ 2, upg is Bohr’s magneton and o is the vector of
Pauli matrices. We next compute the energies £ /4 and the
wave functions of the the ground state ||}) and first excited
state |{I') in the electrostatic potential V' (r) of the gates with
a finite-difference method. When a time-dependent modu-
lation § Vpg () = Viesin(2mfif) is applied to the front gate,
resonant with the Zeeman splitting £, = hf; = Ey — Ey,
the spin rotates at Rabi frequency [45,49]:

ﬁ=§rmmmwu (B2)

where D(r) = 0V(r)/dVgg is the derivative of the elec-
trostatic potential V(r) in the device with respect to the
front-gate voltage Vgg (the potential created by a unit
potential on that gate while all others are grounded when
the electrostatics is linear, as is the case here).

When the gradient of magnetic field is homogeneous
enough, we can derive an alternative formulation for
the Rabi frequency that emphasizes its dependence on the
electric dipole of the dot. We hence assume that the
magnetic field B,, created by the micromagnets can be
approximated near the dot as

B, (r) =~ B, (ro) + G(r —ry), (B3)
where r, is some reference point and G is the matrix of
derivatives of the magnetic field components B,,, (¢ €

{x,y,2}):

aBma
al’ﬂ

Gup =

(ro). (B4)

Note that the G,4’s are not independent as they must fulfill
Maxwell’s equations V - B,, = 0 and V x B,, = 0 outside
the magnets, namely,

Gxx + ny + Gzz = Oa
Gozﬁ = Gﬂa (Ol ?é IB)

(B5a)
(B5b)

Neglecting the action of the vector potential on the
orbital motion, the effective Hamiltonian of the spin can

then be written:

1 1
H = S80kz (Bext + (By)) -0 + EgOPLBB Vi (1)

a(r)
x |G -0

Vg
Here, (r) = (ftIr|M) = (Y|r|{) is the average position
of the dot in the ground state at zero magnetic field,
(By) = B,u(rg) + G({r) — ry) is the average micromag-
net field seen by the dot, and Vg (?) = Virsin(wi) is the
time-dependent modulation of the gate voltage Vg that

drives the spin. When hw is resonant with the Zeemann
splitting E7 = gotp|Bext + (Bu)|, the spin rotates at Rabi

frequency:
d
bx (G20
0VrG

where b is the unit vector aligned with the total mag-
netic field B = Bey + (B,;). The derivation is similar to
the g-matrix formula for intrinsic spin-orbit coupling [49].

The response d(r)/dVgg can be evaluated using either
perturbation theory [38] or finite differences at two biases
VFG and VFG + 46V

(B6)

Vrf

Jr= ﬁgolig

; (B7)

o) (Ve +8V) — () (Veg)

~

Ve 14

(B8)

Although the above estimation is not necessarily much
faster than Eq. (B2) for a single orientation of the mag-
netic field Bey, it clearly highlights the relation between
the Rabi frequency and the electrical response of the dot.
In the present devices, (B,,) and the G matrix read at the
average position of the pristine dot (Vgg = 50 mV)

(B,,) = (0.00,0.28,—0.01) T, (B9a)
0.00 0.00 0.00
G=10.00 012 2.56 | mT/nm. (B9b)
0.00 2.56 —0.12
Therefore,
dB. 9(y)
, B10
ook (B10)

because the dot essentially moves along y when driven by
the central gate.

APPENDIX C: SIMPLE MODEL FOR THE
VARIABILITY OF THE RABI FREQUENCY OF
ELECTRONS

According to Appendix B, the Rabi frequency of elec-
trons is fr & d(y)/0Vpg in the present setup. In this
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Appendix, we derive a simple model for the variability of
fr in a disordered dot using first-order perturbation theory.

We consider a quantum dot with energies E,, and eigen-
states |v,) at zero magnetic field (we discard, therefore,
the spin index for simplicity). In the presence of a disorder
potential W(r), the first-order ground state reads

o) = o) + )~ “’”'W 1Y) + O,

n>0

(CDH

) = 2(¥gly o)

n>0

+ (Woly 1) (Yl W) —

4

Eo—E

where /'’ stands for 3" /9 Vgg. Moreover,

—e{alDIY), (C4a)
m D n

Wy = —e 3 HPH ) (can)
m#n n mn

where, as before, D(r) = 0V(r)/dVgg is the derivative of
the electrostatic potential V'(r) in the device with respect to
the front-gate voltage Vrg.

This problem can be solved analytically in some
paradigmatic cases. We assume that the motions along x, y,
z are separable in the pristine dot, and that the confinement
along y is harmonic, with characteristic energy hw,. We
also assume that the gate creates a homogeneous electric
field along y, that is D(r) = y /L with L some characteristic
device length. Then, using the relation

iylj) = F+ 16 8 — C5
1) = [ (VI T80 1) (€9)

for the eigenstates |i) of the harmonic oscillator, we get

) = 7l (1+F[W]), (C6)
where
PN = o [ dwwpm. (©7)
and
p(r) = Yo — Y1 (1) — V29 ¥a(r).  (C8)

— F
“ (Yoly i) (Ul W10} | + OO,

so that

V) (Yl W)
E, — E,

W) = (Wolylvo) +2) Wol| +OW).

n>0

(€2)

We assume real wave functions (as always possible at zero
magnetic field in the absence of spin-orbit coupling). Next,

{<W6|y|¢n>(1ﬁn|W|1/fo) + (Yol [¥,) (Yal W10} (Yo [y [ W) (W, | W 1400)

(©3)

(

Here v (r) and v, (r) are the wave functions with, respec-
tively, one and two quanta of excitation along y. Therefore,
if E[W(r)] = 0, the average Rabi frequency fz = f;_ is that
of the pristine device, and

G(fp) =6 ((y)) =0o(F), (€9)
where
1
) = G / & / PRS()p(R)P(R +1),

(C10)

with S(r) = E[W(R)W(R + r)] the autocorrelation func-
tion of the disorder (assumed independent on R). We
next introduce the Fourier transform of S(r) (the power
spectrum of the disorder):

S(q) = / drS(rye ar, (C11)
and reach
N d’q
2 _ 2
a°(fr) = ()2 (2n)3S(q)|p(q)l : (C12)

We now apply this expression to interface-roughness
disorder in a thin film with thickness H. When H < {¢_,
the disorder potential W(r) is given by Eq. (5), and the
autocorrelation function S(r) is twice Eq. (1) (because
there are two independent top and bottom interfaces).
Since W(r) depends only on rj, we just need to spec-
ify the wave function in that plane, and to integrate Eq.
(C12) over q; [d*°q/(27)* — d?q/(27)?]. Therefore, we
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also assume parabolic confinement along x, with a possibly
different characteristic energy hw;, so that

( ) 1 x2 yZ
r)=——exp|—=—— |exp| ———=
PR = 000 P\ 7202 ) TP\ 2000y

.
@y )

where €0 = /hi/2miw,) and €) = [h/(2mio,) are the

characteristic sizes of the pristine dot. Substituting the
Fourier transforms of Egs. (1) and (C13) into Eq. (C12),
we finally reach

* 0 /p0\1/2
5 (i) = or2 L ALl (E_y) (

(C13)

4(K0)2 )1/4

mi H \ 0 4(00)2 + L2

082 5/4
X —4(£y) .
4(€9)* + L2

This expression highlights several key points discussed in
this work.

(C14)

(a) The variability is proportional to the rms fluctua-
tions A (see Figs. 2 and 3), and scales as dE,/0H
1/(m"H 3) with the thickness of the film and the confine-
ment mass of the carriers [Eq. (5)].

(b) The variability has a nonmonotonous behavior with
L., and shows a peak at

L, = %(\/@3)4 +26(€2€9)? + 9(€9)*

1/2
+ ) =3?) (Clsa)
2 0 0 0
~2 gﬂy when £ > £}, (C15b)
~¢) when £) > (). (C15c¢)

As discussed in Sec. III, fluctuations with wavelengths
A K E;’ are averaged out, while the interface becomes flat

again on the scale of the dot when A > KJ?. The fluctua-
tions with wavelengths comparable to the size of the dot
are actually the most detrimental to the variability.

(c) At given dot sizes ¢ and ES, the variability is pro-
portional to the in-plane mass m: the heavier the particles,
the stronger they localize in the disorder. We emphasize
nonetheless that £ and £) also depend on m for a given
confinement potential.

(d) When increasing the dot size £ or €7, the dot
becomes more polarizable and responsive to the disorder.
Yet fluctuations along the driving axis y are expected to

have much more impact on the motion of the dot than fluc-
tuations along the transverse axis x. Actually, o (fz) even
decreases monotonously with increasing €%, because the
fluctuations get better averaged out on the scale of the dot.
However, 6 (fz) increases monotonously with increasing
va); it scales as (63)4 when 63 <« L., and as (63)3/ 2 when
E‘y) > L.. The relative variability & (fz) decays slower than
the absolute variability o (fz) when €2 — 0 because o (fz)

also tends to 0 as (£9)*.

We point out that the expression of ¢ (fz) as a function
of 62, E(v), and L. is distinctive of the confinement potential
(e.g., parabolic versus triangular), of the operators cou-
pling the spin and electric fields (e.g., y for electrons and k>
for holes), and on the power spectrum S(q) of the disorder.
In the devices investigated in this work, the dots are con-
fined in an anharmonic potential along y, and show weaker
scalings with 63 (see Fig. 2) than expected from Eq. (C14),
especially for holes.

Finally, we briefly discuss the dependence of the vari-
ability of f on the density n; of P, defects at the Si/SiO,
interface. As a prototypical example, we consider an
ensemble of N defects at random positions {R;} on a pla-
nar interface S with area S located at z = 0. We assume
that the vertical confinement at this interface is strong
enough that we can introduce an effective two-dimensional
potential v(r), R) for a point charge at position R} (the
defect potential averaged over the ground-state envelope
function along z). We also assume that the interface
is homogeneous, so that v(r;,Ry) = v(r; — R;) depends
only on r; — Ry [101]. Then, the total disorder potential
reads

N

Wrp) =Y v —Ry).

i=1

(C16)

If the R;; are uncorrelated, we reach when S — oo [62]

E[W(r)] =nv, (C17a)
S(rp) = miSe(ry) + mii, (C17b)
where
b= fs IRV (Ry), (C18)
and
Se(ry) = fs IRy (R (Ry+r1)) (C19)

is the spatial autocorrelation function of the potential of a
single charge. E[W(r))] is the potential created by a homo-
geneous density of traps at the interface that simply shifts
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the dot energies, while only S.(r) gives rise to variabil-
ity. Therefore, & (fz) is expected to scale as ,/n; according
to Eq. (C12). Indeed, two defects would scatter Rabi fre-
quencies twice as much as a single defect only if they were
systematically at the same positions.

The data of Figs. 6 and 9 scale faster than ./n; but
slower than n;. We attribute this discrepancy to the break-
down of the above assumptions. In particular, the average
Rabi frequency f; decreases with increasing #; in the non-
parabolic confinement potential of the one-dimensional
channel, which strengthen the scaling of & (fz). Also, the
variability is dominated by the defects that are close to or
within the dot, and whose effects go beyond first-order per-
turbation theory. At small densities, the likelihood to have
a defect within the dot directly scales as #;.

APPENDIX D: EFFECTS OF MICROMAGNET
IMPERFECTIONS

In this Appendix, we briefly discuss the effects of disor-
der in the micromagnets on the variability of electron spin
qubits. The relevant parameters of the micromagnets are
displayed in Fig. 12(a).

The qubits may be sensitive to local inhomogeneities
of the magnets (roughness, variations of the magnetic
polarization J), and to “global” (but more systematic)
deficiencies such as misalignment (misplacement and mis-
orientation) [48,80]. The roughness of the magnets tends
to be softened in the far field and is likely not a strong
concern, unless particularly large or long ranged. The
variations of the magnetic polarization J due to mate-
rial inhomogeneity or incomplete saturation can be readily
addressed when they take place over length scales much
longer than the distance to the qubits (that is, in the hun-
dreds of nm range). The magnetic polarization J can then
be considered as locally homogeneous, but device depen-
dent. The Larmor and Rabi frequencies of the pristine qubit
are thus plotted in Figs. 12(b) and 12(c) as a function of the
average magnetic polarisation J = (J; +.J,)/2 of the two
magnets (they are almost independent on AJ =J; — J; in
this range). The Rabi frequency being directly proportional
to the gradient of the micromagnets’ field, any relative
variation of J results in a similar relative variation of fx
[dotted lined f; o J in Fig. 12(c)]. The Larmor frequency
f1 shows a weaker, yet significant linear dependence on
J as the micromagnets’ field is only ~ 20% of the total
magnetic field [dotted lined in Fig. 12(b)]. As a matter of
fact, a 1.3% variation of J results in a 100-MHz drift of
the Larmor frequency, which is sizable with respect to the
distributions shown in Figs. 3 and 9. The homogeneity of
the magnets can, therefore, be critical for the control of the
Larmor frequencies.

We also plot in Figs. 12(d) and 12(e) the Larmor and
Rabi frequencies as a function of the width W, of the
trench between the magnets (nominally W, =200 nm).

Co micromagnet

Co micromagnet

h ' J2

180 200 220 180 200 220
W, (nm) W, (nm)
() (9)
i 8 2.22 - & %,
() i °
< 358 e % | = S
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= 357 A o218 2
[ ]
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FIG. 12. (a) Sketch of the device with the definition of the

width W, and misalignment A, of the trench between the micro-
magnets. (b) Larmor and (c) Rabi frequency of the pristine
electron qubit as a function of the average magnetic polarization
J = (J; +J,)/2 of the two micromagnets. The plots collect data
for different AJ = J; — J, ranging from —0.17 to 0.17 T. The
orange lines are simple linear models f; o< J and f; o J + Jo,
where Jy accounts for the static magnetic field. (d) Larmor and
(e) Rabi frequency as a function of the width W, of the trench
between the two magnets. (f) Larmor and (g) Rabi frequency as
a function of the misalignment Ay between the channel and the
trench. In all panels, Vrg = 50 mV and the orange point is the
nominal device (J = 1.84 T, W, = 200 nm, and Ay = 0).

f1 increases and fp decreases when widening the trench
because B, increases (the qubit looks better aligned with
the magnets) but dB,/dy decreases. Making a bevel trench
is actually a solution to detune the qubits on purpose
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in order to address them individually at different Larmor
frequencies (df;/0W, ~ 18 MHz/nm) [80]. Finally, the
Larmor and Rabi frequencies are plotted in Figs. 12(f) and
12(g) as a function of the misalignment Ay between the
channel and the micromagnets’ trench. The variations are
small and mostly second order in the |Ay| < 20 nm range
because symmetric positions on both sides of the (x-z)

(a) Electrons

-V =25mV
1 =Vig=50mv
5 Vi =75 mV

LI [N B S S S B B S B N S e E e

—50 —25 0 25 50
2 (nm)
(b) , Holes
o
2
£
~N
jan)
<
<=
x (nm)
FIG. 13. (a) Rabi frequency of electron qubits as a function

of the position x of a single negative charge along the chan-
nel, for different gate voltages Vgg. The charge is located on the
top Si/SiO, interface, at y = 10 nm. The horizontal lines are the
Rabi frequencies of the pristine qubits. (b) Rabi and Larmor fre-
quency of hole qubits as a function of the position x of a single
positive charge along the channel, for different gate voltages V.
The charge is located on the top Si/SiO, interface, at y = 0 nm.
The horizontal lines are the frequencies of the pristine qubits.

mirror plane of the magnets are roughly (but not strictly)
equivalent (the major component B, is the same but the
minor component B, changes sign). If the micromagnets
are misoriented by 2° with respect to the channel axis,
neighboring qubits (that are 60 nm apart in the design of
Fig. 1) are shifted by Ay = £2 nm.

APPENDIX E: ADDITIONAL FIGURES

In this Appendix, we provide additional data on the
effects of charge traps on the Larmor and Rabi frequen-
cies of electron and hole qubits, and discuss some results
on hole qubits driven in the iso-Zeeman EDSR mode.

1. Effects of a single charge on electron and hole qubits

The Larmor and Rabi frequency of electron and hole
qubits is plotted in Fig. 13 as a function of the position
x of a single charge along the channel. This charge is pos-
itive for hole qubits, negative for electron qubits, and is
located on the top facet. The deviations from the pristine
qubit are sizable when the charge is within approximately
25 nm from the qubit. Note the “overshoot” of the Rabi fre-
quency at small bias when the charge goes through the gate
and tends to split the dot in two strongly coupled pieces.

@ T (b) 3
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FIG. 14. (a) Distribution of the Larmor and Rabi frequencies,
and (b) histogram of the Rabi frequencies of rough hole devices
driven in the iso-Zeeman EDSR mode (A = 0.4 nm, L. = 10
nm, and Vpg = —50 mV). The pure g-TMR contribution f"™R
arising from the sole modulation of the principal g factors is
plotted as a function of the total Rabi frequency in (c), and its
histogram in (d). Each green point of (a) and (c) is a particular
realization of the interface-roughness disorder. The orange points
and lines are the pristine device, while the purple dots and lines
are the average device.
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2. Hole qubits driven in the iso-Zeeman EDSR mode

We now consider a hole qubit driven by a rf field
Vi(t) = Viesin(Rrfpf)/2 on the left gate and V,(f) =
—Viesin(2rf1£) /2 on the right gate. This field shakes the
dot as a whole in the quasiharmonic confinement potential
along the channel axis; the principal g factors are there-
fore not very dependent on the position (x) of the hole (no
g-TMR in the pristine device). The dot, however, expe-
riences Rashba-type spin-orbit interactions that rotate the
spin [27,28,39]. The magnetic field By is oriented along
y — z, which is closer to the optimum in this configuration.

At variance with the g-TMR mode, the Rabi frequency
of the pristine device increases with increasingly negative
VrG because the Rashba spin-orbit coupling gets enhanced
by the lateral and vertical electric fields. It reaches fz ~
7 MHz at Vgg = —100 mV (where it is almost saturated)
[102]. It is much smaller than the g-TMR Rabi frequency
because g-tensor modulation is more efficient than Rashba
spin-orbit interactions over a wide range of bias voltages in
such heavy-hole devices [39]. Moreover, the left and right
gates are pretty far from the qubit in the present layout (and
are partly screened by the front gate), which can, however,
be compensated by a larger drive amplitude.

(@) ¢ - (b) -
. s> t'”.'?:
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FIG. 15. (a) Distribution of the Larmor and Rabi frequen-
cies, and (b) histogram of the Rabi frequencies of hole devices
with charge traps driven in the iso-Zeeman EDSR mode (n; =
5% 10" cm™2, Vgg = —50 mV). The pure g-TMR contribution
f2™MR arising from the sole modulation of the principal g fac-
tors is plotted as a function of the total Rabi frequency in (c),
and its histogram in (d). Each green point of (a),(c) is a particular
realization of the interface-roughness disorder. The orange points
and lines are the pristine device, while the purple dots and lines
are the average device.

The distribution of Larmor and Rabi frequencies for
interface roughness (A = 0.4 nm, L. = 10 nm) and charge
traps (n; = 5 x 10'° cm™2) are plotted in Figs. 14 and 15.
The RSD & (fz) = 67.13% for interface roughness and
6 (fr) = 100.28% for charge traps are much larger than
in the g-TMR mode [respectively, & (fz) = 24.44% and
o (fr) = 63.07%]. Strikingly, the average Rabi frequency
systematically increases in the presence of disorder. This
results from the emergence of a strong g-TMR contribu-
tion on top of the original iso-Zeeman mechanism in the
disordered qubits (the gyromagnetic factors now depend-
ing significantly on the position of the dot along x). To
support this conclusion, we plot the distribution of this g-
TMR contribution, calculated from the sole dependence
of the principal g factors on the driving rf field, in Figs.
14 and 15. It is indeed zero in the pristine qubit, but can
reach up to a few tens of MHz in the disordered devices.
2-TMR even becomes the prevalent mechanism in a signif-
icant fraction of the qubits in the presence of charge traps
(as the wave function can be substantially distorted by the
rf drive). The weak confinement along x, necessary for effi-
cient driving (the iso-Zeeman Rabi frequency scales as Ei
[39]), as well as the mixing with a strong, disorder-induced
g-TMR contribution explain the huge variability of the
Rabi frequencies. The average Rabi frequency fz, and the
absolute standard deviation o (fg) are also plotted as a
function of the rms interface roughness A in Fig. 16. As
expected, o (fz) increases almost linearly with strengthen-
ing A, while f increases quadratically (since this increase
is second order in the disorder when the latter averages

20
] B L.=10nmm
Le = 20 nm
N 15 1 .
jan)
2 n
1= 10 o
m
5 T T T T
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~ 501 [ |
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FIG. 16. Average Rabi frequency fz, and absolute standard
deviation o (fg) as a function of the rms interface roughness A
for two correlation lengths L, = 10 and 20 nm. The orange dot
is the pristine device.
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to zero, as suggested by Appendix C). These trends were
confirmed with atomistic tight-binding calculations [45] on
selected devices.

[1] D.Lossand D. P. DiVincenzo, Quantum computation with
quantum dots, Phys. Rev. A 57, 120 (1998).

[2] R. Hanson, L. P. Kouwenhoven, J. R. Petta, S. Tarucha,
and L. M. K. Vandersypen, Spins in few-electron quantum
dots, Rev. Mod. Phys. 79, 1217 (2007).

[3] J. J. Pla, K. Y. Tan, J. P. Dehollain, W. H. Lim, J. J. L.
Morton, D. N. Jamieson, A. S. Dzurak, and A. Morello, A
single-atom electron spin qubit in silicon, Nature 489, 541
(2012).

[4] F. A. Zwanenburg, A. S. Dzurak, A. Morello, M. Y. Sim-
mons, L. C. L. Hollenberg, G. Klimeck, S. Rogge, S.
N. Coppersmith, and M. A. Eriksson, Silicon quantum
electronics, Rev. Mod. Phys. 85, 961 (2013).

[51 G. Scappucci, C. Kloeffel, F. A. Zwanenburg, D. Loss, M.
Myronov, J.-J. Zhang, S. De Franceschi, G. Katsaros, and
M. Veldhorst, The germanium quantum information route,
Nat. Rev. Mater. 6, 926 (2020).

[6] A.M. Tyryshkin, S. Tojo, J. J. L. Morton, H. Riemann, N.
V. Abrosimov, P. Becker, P. H. J. T. Schenkel, M. L. W.
Thewalt, K. M. Itoh, and S. A. Lyon, Electron spin coher-
ence exceeding seconds in high-purity silicon, Nat. Mater.
11, 143 (2012).

[71 M. Veldhorst, J. C. C. Hwang, C. H. Yang, A. W. Leenstra,
B. de Ronde, J. P. Dehollain, J. T. Muhonen, F. E. Hudson,
K. M. Itoh, A. Morello, and A. S. Dzurak, An address-
able quantum dot qubit with fault-tolerant control-fidelity,
Nat. Nanotechnol. 9, 981 (2014).

[8] E.Kawakami, P. Scarlino, D. R. Ward, F. R. Braakman, D.
E. Savage, M. G. Lagally, M. Friesen, S. N. Coppersmith,
M. A. Eriksson, and L. M. K. Vandersypen, Electrical con-
trol of a long-lived spin qubit in a Si/SiGe quantum dot,
Nat. Nanotechnol. 9, 666 (2014).

[9] M. Veldhorst, C. H. Yang, J. C. C. Hwang, W. Huang, J.
P. Dehollain, J. T. Muhonen, S. Simmons, A. Laucht, F.
E. Hudson, K. M. Itoh, A. Morello, and A. S. Dzurak, A
two-qubit logic gate in silicon, Nature 526, 410 (2015).

[10] E. Kawakami, T. Jullien, P. Scarlino, D. R. Ward, D. E.
Savage, M. G. Lagally, V. V. Dobrovitski, M. Friesen, S.
N. Coppersmith, M. A. Eriksson, and L. M. K. Vander-
sypen, Gate fidelity and coherence of an electron spin in an
Si/SiGe quantum dot with micromagnet, Proc. Natl. Acad.
Sci. 113, 11738 (2016).

[11] K. Takeda,J. Kamioka, T. Otsuka, J. Yoneda, T. Nakajima,
M. R. Delbecq, S. Amaha, G. Allison, T. Kodera, S. Oda,
and S. Tarucha, A fault-tolerant addressable spin qubit in a
natural silicon quantum dot, Sci. Adv. 2, ¢1600694 (2016).

[12] J. Yoneda, K. Takeda, T. Otsuka, T. Nakajima, M. R. Del-
becq, G. Allison, T. Honda, T. Kodera, S. Oda, Y. Hoshi,
N. Usami, K. M. Itoh, and S. Tarucha, A quantum-dot spin
qubit with coherence limited by charge noise and fidelity
higher than 99.9%, Nat. Nanotechnol. 13, 102 (2018).

[13] T. F. Watson, S. G. J. Philips, E. Kawakami, D. R. Ward,
P. Scarlino, M. Veldhorst, D. E. Savage, M. G. Lagally,
M. Friesen, S. N. Coppersmith, M. A. Eriksson, and L.

M. K. Vandersypen, A programmable two-qubit quantum
processor in silicon, Nature 555, 633 (2018).

[14] D.M. Zajac, A. J. Sigillito, M. Russ, F. Borjans, J. M. Tay-
lor, G. Burkard, and J. R. Petta, Resonantly driven CNOT
gate for electron spins, Science 359, 439 (2018).

[15] W. Huang, C. H. Yang, K. W. Chan, T. Tanttu, B. Hensen,
R. C. C. Leon, M. A. Fogarty, J. C. C. Hwang, F. E. Hud-
son, K. M. Itoh, A. Morello, A. Laucht, and A. S. Dzurak,
Fidelity benchmarks for two-qubit gates in silicon, Nature
569, 532 (2019).

[16] X. Xue, T. F. Watson, J. Helsen, D. R. Ward, D. E. Sav-
age, M. G. Lagally, S. N. Coppersmith, M. A. Eriksson, S.
Wehner, and L. M. K. Vandersypen, Benchmarking Gate
Fidelities in a Si/SiGe Two-Qubit Device, Phys. Rev. X 9,
021011 (2019).

[17] C. H. Yang, R. C. C. Leon, J. C. C. Hwang, A. Saraiva,
T. Tanttu, W. Huang, J. Camirand Lemyre, K. W. Chan,
K. Y. Tan, F. E. Hudson, K. M. Itoh, A. Morello, M.
Pioro-Ladriere, A. Laucht, and A. S. Dzurak, Operation
of a silicon quantum processor unit cell above one kelvin,
Nature 580, 350 (2020).

[18] L. Petit, H. G. J. Eenink, M. Russ, W. I. L. Lawrie, N. W.
Hendrickx, S. G. J. Philips, J. S. Clarke, L. M. K. Vander-
sypen, and M. Veldhorst, Universal quantum logic in hot
silicon qubits, Nature 580, 355 (2020).

[19] N. W. Hendrickx, I. L. Lawrie William, M. Russ, F. van
Riggelen, S. L. de Snoo, R. N. Schouten, A. Sammak,
G. Scappucci, and M. Veldhorst, A four-qubit germanium
quantum processor, Nature 591, 580 (2021).

[20] R. Maurand, X. Jehl, D. Kotekar-Patil, A. Corna, H.
Bohuslavskyi, R. Laviéville, L. Hutin, S. Barraud, M.
Vinet, M. Sanquer, and S. de Franceschi, A CMOS silicon
spin qubit, Nat. Commun. 7, 13575 (2016).

[21] A. Crippa, R. Maurand, L. Bourdet, D. Kotekar-Patil,
A. Amisse, X. Jehl, M. Sanquer, R. Laviéville, H.
Bohuslavskyi, L. Hutin, S. Barraud, M. Vinet, Y.-M.
Niquet, and S. De Franceschi, Electrical Spin Driving
by g-Matrix Modulation in Spin-Orbit Qubits, Phys. Rev.
Lett. 120, 137702 (2018).

[22] H. Watzinger, J. Kukucka, L. Vukusi¢, F. Gao, T. Wang, F.
Schiffler, J.-J. Zhang, and G. Katsaros, A germanium hole
spin qubit, Nat. Commun. 9, 3902 (2018).

[23] N. W. Hendrickx, D. P. Franke, A. Sammak, G. Scap-
pucci, and M. Veldhorst, Fast two-qubit logic with holes
in germanium, Nature 577, 487 (2020).

[24] N. W. Hendrickx, W. 1. L. Lawrie, L. Petit, A. Sammak,
G. Scappucci, and M. Veldhorst, A single-hole spin qubit,
Nat. Commun. 11, 3478 (2020).

[25] L. C. Camenzind, S. Geyer, A. Fuhrer, R. J. Warbur-
ton, D. M. Zumbiihl, and A. V. Kuhlmann, A spin
qubit in a fin field-effect transistor, ArXiv:2103.07369

(2021).

[26] R. Winkler, Spin-Orbit Coupling in Two-Dimensional
Electron and Hole Systems (Springer, Berlin,
2003).

[27] C. Kloeffel, M. Trif, and D. Loss, Strong spin-orbit
interaction and helical hole states in Ge/Si nanowires,
Phys. Rev. B 84, 195314 (2011).

[28] C. Kloeffel, M. J. Ranci¢, and D. Loss, Direct Rashba
spin-orbit interaction in Si and Ge nanowires with

024022-21


https://doi.org/10.1103/PhysRevA.57.120
https://doi.org/10.1103/RevModPhys.79.1217
https://doi.org/10.1038/nature11449
https://doi.org/10.1103/RevModPhys.85.961
https://doi.org/10.1038/s41578-020-00262-z
https://doi.org/10.1038/nmat3182
https://doi.org/10.1038/nnano.2014.216
https://doi.org/10.1038/nnano.2014.153
https://doi.org/10.1038/nature15263
https://doi.org/10.1073/pnas.1603251113
https://doi.org/10.1126/sciadv.1600694
https://doi.org/10.1038/s41565-017-0014-x
https://doi.org/10.1038/nature25766
https://doi.org/10.1126/science.aao5965
https://doi.org/10.1038/s41586-019-1197-0
https://doi.org/10.1103/PhysRevX.9.021011
https://doi.org/10.1038/s41586-020-2171-6
https://doi.org/10.1038/s41586-020-2170-7
https://doi.org/10.1038/s41586-021-03332-6
https://doi.org/10.1038/ncomms13575
https://doi.org/10.1103/PhysRevLett.120.137702
https://doi.org/10.1038/s41467-018-06418-4
https://doi.org/10.1038/s41586-019-1919-3
https://doi.org/10.1038/s41467-020-17211-7
https://arxiv.org/abs/2103.07369
https://doi.org/10.1103/PhysRevB.84.195314

BIEL MARTINEZ and YANN-MICHEL NIQUET

PHYS. REV. APPLIED 17, 024022 (2022)

different growth directions, Phys. Rev. B 97, 235422
(2018).

[29] J. Li, B. Venitucci, and Y.-M. Niquet, Hole-phonon inter-
actions in quantum dots: Effects of phonon confinement
and encapsulation materials on spin-orbit qubits, Phys.
Rev. B 102, 075415 (2020).

[30] W. I. L. Lawrie, N. W. Hendrickx, F. van Riggelen, M.
Russ, L. Petit, A. Sammak, G. Scappucci, and M. Veld-
horst, Spin relaxation benchmarks and individual qubit
addressability for holes in quantum dots, Nano Lett. 20,
7237 (2020).

[31] V. N. Ciriano-Tejel, M. A. Fogarty, S. Schaal, L. Hutin,
B. Bertrand, L. Ibberson, M. F. Gonzalez-Zalba, J. Li, Y.-
M. Niquet, M. Vinet, and J. J. L. Morton, Spin readout
of a CMOS quantum dot by gate reflectometry and spin-
dependent tunneling, PRX Quantum 2, 010353 (2021).

[32] A.Corna, L. Bourdet, R. Maurand, A. Crippa, D. Kotekar-
Patil, H. Bohuslavskyi, R. Laviéville, L. Hutin, S. Bar-
raud, X. Jehl, M. Vinet, S. De Franceschi, Y.-M. Niquet,
and M. Sanquer, Electrically driven electron spin reso-
nance mediated by spin-valley-orbit coupling in a silicon
quantum dot, npj Quantum Inf. 4, 6 (2018).

[33] E. 1. Rashba and A. L. Efros, Orbital Mechanisms of
Electron-Spin Manipulation by an Electric Field, Phys.
Rev. Lett. 91, 126405 (2003).

[34] V.N. Golovach, M. Borhani, and D. Loss, Electric-dipole-
induced spin resonance in quantum dots, Phys. Rev. B 74,
165319 (20006).

[35] E. I. Rashba, Theory of electric dipole spin resonance in
quantum dots: Mean field theory with gaussian fluctua-
tions and beyond, Phys. Rev. B 78, 195302 (2008).

[36] Y. Tokura, W. G. van der Wiel, T. Obata, and S. Tarucha,
Coherent Single Electron Spin Control in a Slanting Zee-
man Field, Phys. Rev. Lett. 96, 047202 (2006).

[37] M. Pioro-Ladriere, Y. Tokura, T. Obata, T. Kubo, and
S. Tarucha, Micromagnets for coherent control of spin-
charge qubit in lateral quantum dots, Appl. Phys. Lett. 90,
024105 (2007).

[38] M. Pioro-Ladriére, T. Obata, Y. Tokura, Y.-S. Shin, T.
Kubo, K. Yoshida, T. Taniyama, and S. Tarucha, Electri-
cally driven single-electron spin resonance in a slanting
Zeeman field, Nat. Phys. 4, 776 (2008).

[39] V. P. Michal, B. Venitucci, and Y.-M. Niquet, Longitu-
dinal and transverse electric field manipulation of hole
spin-orbit qubits in one-dimensional channels, Phys. Rev.
B 103, 045305 (2021).

[40] A. M. J. Zwerver, et al., Qubits made by advanced semi-
conductor manufacturing, ArXiv:2101.12650 (2021).

[41] K. Bernstein, D. J. Frank, A. E. Gattiker, W. Haensch, B.
L. Ji, S. R. Nassif, E. J. Nowak, D. J. Pearson, and N. J.
Rohrer, High-performance CMOS variability in the 65-nm
regime and beyond, IBM J. Res. Dev. 50, 433 (2006).

[42] G. Roy, A. R. Brown, F. Adamu-Lema, S. Roy, and A.
Asenov, Simulation study of individual and combined
sources of intrinsic parameter fluctuations in conventional
nano-MOSFETs, IEEE. Trans. Electron Devices 53, 3063
(2006).

[43] A. Asenov, A. R. Brown, G. Roy, B. Cheng, C. Alexan-
der, C. Riddet, U. Kovac, A. Martinez, N. Seoane,
and S. Roy, Simulation of statistical variability in

nano-CMOS transistors using drift-diffusion, Monte-Carlo
and non-equilibrium Green’s function techniques, J. Com-
put. Electron. 8, 349 (2009).

[44] C. M. Mezzomo, A. Bajolet, A. Cathignol, R. Di Frenza,
and G. Ghibaudo, Characterization and modeling of tran-
sistor variability in advanced CMOS technologies, IEEE.
Trans. Electron Devices 58, 2235 (2011).

[45] L. Bourdet and Y.-M. Niquet, All-electrical manipulation
of silicon spin qubits with tunable spin-valley mixing,
Phys. Rev. B 97, 155433 (2018).

[46] D.J. Ibberson, L. Bourdet, J. C. Abadillo-Uriel, I. Ahmed,
S. Barraud, M. J. Calderén, Y.-M. Niquet, and M. F.
Gonzalez-Zalba, Electric-field tuning of the valley split-
ting in silicon corner dots, Appl. Phys. Lett. 113, 053104
(2018).

[47] T. Wu and J. Guo, Variability and fidelity limits of silicon
quantum gates due to random interface charge traps, IEEE
Electron Device Lett. 41, 1078 (2020).

[48] G. Simion, F. A. Mohiyaddin, R. Li, M. Shehata, N. 1.
Dumoulin Stuyck, A. Elsayed, F. Ciubotaru, S. Kubicek,
J. Jussot, B. Chan, T. Ivanov, C. Godfrin, A. Spessot, P.
Matagne, B. Govoreanu, and 1. P. Radu, in 2020 IEEE
International Electron Devices Meeting (IEDM) (IEEE,
2020) p. 30.2.1.

[49] B. Venitucci, L. Bourdet, D. Pouzada, and Y.-M. Niquet,
Electrical manipulation of semiconductor spin qubits
within the g-matrix formalism, Phys. Rev. B 98, 155319
(2018).

[50] The valence-band-edge energy is set to £, = 0 eV in hole
qubits; likewise, the conduction-edge energy is setto £, =
0 eV in electron qubits..

[51] Y. Kato, R. C. Myers, D. C. Driscoll, A. C. Gossard,
J. Levy, and D. D. Awschalom, Gigahertz electron spin
manipulation using voltage-controlled g-tensor modula-
tion, Science 299, 1201 (2003).

[52] B. Venitucci and Y.-M. Niquet, Simple model for elec-
trical hole spin manipulation in semiconductor quantum
dots: Impact of dot material and orientation, Phys. Rev. B
99, 115317 (2019).

[53] R. Neumann and L. R. Schreiber, Simulation of micro-
magnet stray-field dynamics for spin qubit manipulation,
J. Appl. Phys. 117, 193903 (2015).

[54] Z. J. Yang, T. H. Johansen, H. Bratsberg, G. Helgesen,
and A. T. Skjeltorp, Potential and force between a mag-
net and a bulk Y,Ba,Cu307_;s superconductor studied by
a mechanical pendulum, Supercond. Sci. Technol. 3, 591
(1990).

[55]1 J. R. Goldman, T. D. Ladd, F. Yamaguchi, and Y.
Yamamoto, Magnet designs for a crystal-lattice quantum
computer, Appl. Phys. A 71, 11 (2000).

[56] D. Culcer, X. Hu, and S. Das Sarma, Interface roughness,
valley-orbit coupling, and valley manipulation in quantum
dots, Phys. Rev. B 82, 205315 (2010).

[57] Z. Jiang, N. Kharche, T. Boykin, and G. Klimeck, Effects
of interface disorder on valley splitting in SiGe/Si/SiGe
quantum wells, Appl. Phys. Lett. 100, 103502 (2012).

[58] J. C. Abadillo-Uriel, B. Thorgrimsson, D. Kim, L. W.
Smith, C. B. Simmons, D. R. Ward, R. H. Foote, J. Cor-
rigan, D. E. Savage, M. G. Lagally, M. J. Calderén, S. N.
Coppersmith, M. A. Eriksson, and M. Friesen, Signatures

024022-22


https://doi.org/10.1103/PhysRevB.97.235422
https://doi.org/10.1103/PhysRevB.102.075415
https://doi.org/10.1021/acs.nanolett.0c02589
https://doi.org/10.1103/PRXQuantum.2.010353
https://doi.org/10.1038/s41534-018-0059-1
https://doi.org/10.1103/PhysRevLett.91.126405
https://doi.org/10.1103/PhysRevB.74.165319
https://doi.org/10.1103/PhysRevB.78.195302
https://doi.org/10.1103/PhysRevLett.96.047202
https://doi.org/10.1063/1.2430906
https://doi.org/10.1038/nphys1053
https://doi.org/10.1103/PhysRevB.103.045305
https://arxiv.org/abs/2101.12650
https://doi.org/10.1147/rd.504.0433
https://doi.org/10.1109/TED.2006.885683
https://doi.org/10.1007/s10825-009-0292-0
https://doi.org/10.1109/TED.2011.2141140
https://doi.org/10.1103/PhysRevB.97.155433
https://doi.org/10.1063/1.5040474
https://doi.org/10.1109/LED.2020.2997009
https://doi.org/10.1109/IEDM13553.2020.9372067
https://doi.org/10.1103/PhysRevB.98.155319
https://doi.org/10.1126/science.1080880
https://doi.org/10.1103/PhysRevB.99.115317
https://doi.org/10.1063/1.4921291
https://doi.org/10.1088/0953-2048/3/12/004
https://doi.org/10.1007/PL00021084
https://doi.org/10.1103/PhysRevB.82.205315
https://doi.org/10.1063/1.3692174

VARIABILITY OF ELECTRON AND HOLE SPIN QUBITS. ..

PHYS. REV. APPLIED 17, 024022 (2022)

of atomic-scale structure in the energy dispersion and
coherence of a Si quantum-dot qubit, Phys. Rev. B 98,
165438 (2018).

[59] B. Tariqand X. Hu, Effects of interface steps on the valley-
orbit coupling in a Si/SiGe quantum dot, Phys. Rev. B 100,
125309 (2019).

[60] A.Hosseinkhani and G. Burkard, Electromagnetic control
of valley splitting in ideal and disordered Si quantum dots,
Phys. Rev. Res. 2, 043180 (2020).

[61] S. M. Goodnick, D. K. Ferry, C. W. Wilmsen, Z. Liliental,
D. Fathy, and O. L. Krivanek, Surface roughness at the
Si(100)-SiO; interface, Phys. Rev. B 32, 8171 (1985).

[62] Y.-M. Niquet, V.-H. Nguyen, F. Triozon, I. Duchemin, O.
Nier, and D. Rideau, Quantum calculations of the carrier
mobility: Methodology, Matthiessen’s rule, and compar-
ison with semi-classical approaches, J. Appl. Phys. 115,
054512 (2014).

[63] A. Pirovano, A. Lacaita, G. Ghidini, and G. Tallarida, On
the correlation between surface roughness and inversion
layer mobility in Si-MOSFETSs, IEEE Electron Device
Lett. 21, 34 (2000).

[64] D. Esseni, A. Abramo, L. Selmi, and E. Sangiorgi, Phys-
ically based modeling of low field electron mobility in
ultrathin single- and double-gate SOI n~-MOSFETs, IEEE.
Trans. Electron Devices 50, 2445 (2003).

[65] V.-H. Nguyen, Y.-M. Niquet, F. Triozon, I. Duchemin,
O. Nier, and D. Rideau, Quantum modeling of the car-
rier mobility in FDSOI devices, IEEE. Trans. Electron
Devices 61, 3096 (2014).

[66] L. Bourdet, J. Li, J. Pelloux-Prayer, F. Triozon, M. Cassé¢,
S. Barraud, S. Martinie, D. Rideau, and Y.-M. Niquet,
Contact resistances in trigate and FinFET devices in a non-
equilibrium Green’s functions approach, J. Appl. Phys.
119, 084503 (2016).

[67] Z. Zeng, F. Triozon, S. Barraud, and Y.-M. Niquet, A
simple interpolation model for the carrier mobility in tri-
gate and gate-all-around silicon NWFETs, IEEE. Trans.
Electron Devices 64, 2485 (2017).

[68] E. H. Poindexter, G. J. Gerardi, M. Rueckel, P. J. Caplan,
N. M. Johnson, and D. K. Biegelsen, Electronic traps
and P, centers at the Si/SiO, interface: Band-gap energy
distribution, J. Appl. Phys. 56, 2844 (1984).

[69] G. J. Gerardi, E. H. Poindexter, P. J. Caplan, and N. M.
Johnson, Interface traps and Pj centers in oxidized (100)
silicon wafers, Appl. Phys. Lett. 49, 348 (1986).

[70] E. H. Poindexter, MOS interface states: Overview and
physicochemical perspective, Semicond. Sci. Technol. 4,
961 (1989).

[71] C. R. Helms and E. H. Poindexter, The silicon-silicon
dioxide system: Its microstructure and imperfections, Rep.
Prog. Phys. 57, 791 (1994).

[72] N. H. Thoan, K. Keunen, V. V. Afanas’ev, and A. Stes-
mans, Interface state energy distribution and P, defects
at Si(110)/SiO; interfaces: Comparison to (111) and
(100) silicon orientations, J. Appl. Phys. 109, 013710
(2011).

[73] D. Bauza, Extraction of Si-SiO; interface trap densities
in MOS structures with ultrathin oxides, IEEE Electron
Device Lett. 23, 658 (2002).

[74] L. Brunet, X. Garros, F. Andrieu, G. Reimbold, E. Vin-
cent, A. Bravaix, and F. Boulanger, in 2009 I[EEE Interna-
tional SOI Conference (IEEE, 2009), p. 1.

[75] L. Pirro, L. Ionica, G. Ghibaudo, X. Mescot, L. Faraone,
and S. Cristoloveanu, Interface trap density evaluation
on bare silicon-on-insulator wafers using the quasi-static
capacitance technique, J. Appl. Phys. 119, 175702 (2016).

[76] M. L. Vermeer, R. J. E. Hueting, L. Pirro, J. Hoentschel,
and J. Schmitz, Interface states characterization of UTB
SOI MOSFETs from the subthreshold current, IEEE.
Trans. Electron Devices 68, 497 (2021).

[77] We model one device at a time, with a different seed for the
random number generator used by the geometry builder.

[78] The factor N — 1 (instead of N) on the denominator of
Eq. (2b) follows from the definition of the “unbiased” esti-
mate of the variance. This so-called Bessel correction does
not make significant differences given the large data sets
considered here (N > 500).

[79] A. C. Davison and D. V. Hinkley, Bootstrap Methods
and Their Application, Cambridge Series in Statistical and
Probabilistic Mathematics (Cambridge University Press,
1997).

[80] J. Yoneda, T. Otsuka, T. Takakura, M. Pioro-Ladriére, R.
Brunner, H. Lu, T. Nakajima, T. Obata, A. Noiri, C. J.
Palmstrom, A. C. Gossard, and S. Tarucha, Robust micro-
magnet design for fast electrical manipulations of single
spins in quantum dots, Appl. Phys. Express 8, 084401
(2015).

[81] H. Sakaki, T. Noda, K. Hirakawa, M. Tanaka, and T.
Matsusue, Interface roughness scattering in GaAs/AlAs
quantum wells, Appl. Phys. Lett. 51, 1934 (1987).

[82] K. Uchida and S. Takagi, Carrier scattering induced
by thickness fluctuation of silicon-on-insulator film
in ultrathin-body metal-oxide-semiconductor field-effect
transistors, Appl. Phys. Lett. 82, 2916 (2003).

[83] S. Jin, M. V. Fischetti, and T.-W. Tang, Modeling of
surface-roughness scattering in ultrathin-body SOI MOS-
FETs, IEEE. Trans. Electron Devices 54, 2191 (2007).

[84] As a matter of fact, 0 = /72 — 6H /(2+/31m) ~ 0.18H
in a thin film with thickness H. Since 95% of the thick-
ness fluctuations lie within a £3 A range, and the electron
and hole tends to localize in the thickest parts of the chan-
nel (A > 0), we expect 0 < €, — €2 < 0.18 x 3A ~ 0.22
nm, in agreement with Fig. 4.

[85] In the pristine device, x, y, and z are very good approx-
imations to the principal axes of the g matrix [49]. In
disordered devices, the channel axis x remains, in gen-
eral, a good principal axis; yet in the presence of interface
roughness (but not charge traps), the two other principal
axes can make an angle of up to approximately equal to
10° with y and z. This rotation results from the coupling
between the in-plane and out-of-plane motions induced
by the interface roughness. Although small, it has sizable
effects on the distribution of Larmor frequencies.

[86] We actually remove from the statistics approximately
equal to 3% strong outliers with Rabi frequencies greater
than f r(0.75) 4+ 4IQR(fz). They usually result from the
resonance between two coupled dots and are extremely
sensitive to the bias point.

024022-23


https://doi.org/10.1103/PhysRevB.98.165438
https://doi.org/10.1103/PhysRevB.100.125309
https://doi.org/10.1103/PhysRevResearch.2.043180
https://doi.org/10.1103/PhysRevB.32.8171
https://doi.org/10.1063/1.4864376
https://doi.org/10.1109/55.817444
https://doi.org/10.1109/TED.2003.819256
https://doi.org/10.1109/TED.2014.2337713
https://doi.org/10.1063/1.4942217
https://doi.org/10.1109/TED.2017.2691406
https://doi.org/10.1063/1.333819
https://doi.org/10.1063/1.97611
https://doi.org/10.1088/0268-1242/4/12/001
https://doi.org/10.1088/0034-4885/57/8/002
https://doi.org/10.1063/1.3527909
https://doi.org/10.1109/LED.2002.805008
https://doi.org/10.1109/SOI.2009.5318747
https://doi.org/10.1063/1.4947498
https://doi.org/10.1109/TED.2020.3043223
https://doi.org/10.7567/apex.8.084401
https://doi.org/10.1063/1.98305
https://doi.org/10.1063/1.1571227
https://doi.org/10.1109/TED.2007.902712

BIEL MARTINEZ and YANN-MICHEL NIQUET

PHYS. REV. APPLIED 17, 024022 (2022)

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

In fact, the charge traps have a stronger effect on the
in-plane motion of holes [larger & (£,)] owing to the multi-
band character of the Hamiltonian. Yet the scaling of the
Rabi frequency is softer for holes (8fz/f = 38¢,/¢%)

than for electrons (3fz/f” ~ 48¢,/ KB/ ). Therefore, the net
impact of charged traps is about the same for electrons and
holes.

M. Veldhorst, R. Ruskov, C. H. Yang, J. C. C. Hwang, F.
E. Hudson, M. E. Flatté, C. Tahan, K. M. Itoh, A. Morello,
and A. S. Dzurak, Spin-orbit coupling and operation of
multivalley spin qubits, Phys. Rev. B 92, 201401 (2015).
R. Ruskov, M. Veldhorst, A. S. Dzurak, and C. Tahan,
Electron g-factor of valley states in realistic silicon quan-
tum dots, Phys. Rev. B 98, 245424 (2018).

Ferdous Rifat, Kawakami Erika, Scarlino Pasquale,
Michal P. Nowak, D. R. Ward, D. E. Savage, M. G.
Lagally, S. N. Coppersmith, Friesen Mark, Mark A. Eriks-
son, Lieven M. K. Vandersypen, and Rahman Rajib, Val-
ley dependent anisotropic spin splitting in silicon quantum
dots, npj Quantum Inf. 4, 26 (2018).

T. Tanttu, B. Hensen, K. W. Chan, C. H. Yang, W.
W. Huang, M. Fogarty, F. Hudson, K. Itoh, D. Cul-
cer, A. Laucht, A. Morello, and A. Dzurak, Controlling
Spin-Orbit Interactions in Silicon Quantum Dots Using
Magnetic Field Direction, Phys. Rev. X 9, 021028 (2019).
E. Paladino, Y. M. Galperin, G. Falci, and B. L. Alt-
shuler, 1/f noise: Implications for solid-state quantum
information, Rev. Mod. Phys. 86, 361 (2014).

C. Tahan and R. Joynt, Relaxation of excited spin, orbital,
and valley qubit states in ideal silicon quantum dots, Phys.
Rev. B 89, 075302 (2014).

P. Huang and X. Hu, Spin relaxation in a Si quantum
dot due to spin-valley mixing, Phys. Rev. B 90, 235315
(2014).

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

024022-24

R. de Sousa, Dangling-bond spin relaxation and mag-
netic 1/f" noise from the amorphous-semiconductor/oxide
interface: Theory, Phys. Rev. B 76, 245306
(2007).

O. E. Dial, M. D. Shulman, S. P. Harvey, H. Bluhm,
V. Umansky, and A. Yacoby, Charge Noise Spec-
troscopy Using Coherent Exchange Oscillations in a
Singlet-Triplet Qubit, Phys. Rev. Lett. 110, 146804
(2013).

We emphasize that the SiO,/HfO, interface is known
to be a strong source of Coulomb scattering in classi-
cal CMOS devices [98], with apparent charge densities
n; reaching 10'® cm™2. This test system is introduced to
illustrate trends in a device similar to Sec. IV, and is
not meant to give a realistic account of disorder at the
Si0, /HfO; interfaces, which shall preferably be avoided
in qubit devices.

Z. Zeng, F. Triozon, and Y.-M. Niquet, Carrier scattering
in high-k /metal gate stacks, J. Appl. Phys. 121, 114503
(2017).

This “electrostatic” argument assumes that these materials
are not themselves sources of additional static or dynamic
noise.

R. C. C. Leon, C. H. Yang, J. C. C. Hwang, J. C. Lemyre,
T. Tanttu, W. Huang, K. W. Chan, K. Y. Tan, F. E. Hud-

son, K. M. Itoh, A. Morello, A. Laucht, M. Pioro-Ladriére,
A. Saraiva, and A. S. Dzurak, Coherent spin control of

s-, p-, d- and f -electrons in a silicon quantum dot, Nat.
Commun. 11, 797 (2020).

We emphasize that v(r)) decays typically faster than
1/Ir;| due to the presence of metal gates in the device.
The static bias on the left and right gates is set to V; =
V., = =75 meV in order not to impede the motion of the
dot by a stiff confinement along x.


https://doi.org/10.1103/PhysRevB.92.201401
https://doi.org/10.1103/PhysRevB.98.245424
https://doi.org/10.1038/s41534-018-0075-1
https://doi.org/10.1103/PhysRevX.9.021028
https://doi.org/10.1103/RevModPhys.86.361
https://doi.org/10.1103/PhysRevB.89.075302
https://doi.org/10.1103/PhysRevB.90.235315
https://doi.org/10.1103/PhysRevB.76.245306
https://doi.org/10.1103/PhysRevLett.110.146804
https://doi.org/10.1063/1.4978357
https://doi.org/10.1038/s41467-019-14053-w

	I. INTRODUCTION
	II. DEVICES AND METHODOLOGY
	A. Devices
	1. Hole devices
	2. Electron devices

	B. Disorders and methodology
	1. Interface roughness
	2. Charge traps
	3. Methodology


	III. INTERFACE ROUGHNESS
	A. Holes
	B. Electrons
	C. Mechanisms responsible for the variability

	IV. CHARGE TRAPS
	A. Holes
	B. Electrons

	V. DISCUSSIONS
	A. Sensitivity to disorder
	B. Relations with qubit lifetimes
	C. Mitigation of the disorder

	VI. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: VECTOR POTENTIAL CREATED BY THE MICROMAGNETS
	B. APPENDIX B: RABI FREQUENCY IN A GRADIENT OF MAGNETIC FIELD
	C. APPENDIX C: SIMPLE MODEL FOR THE VARIABILITY OF THE RABI FREQUENCY OF ELECTRONS
	D. APPENDIX D: EFFECTS OF MICROMAGNET IMPERFECTIONS
	E. APPENDIX E: ADDITIONAL FIGURES
	1. Effects of a single charge on electron and hole qubits
	2. Hole qubits driven in the iso-Zeeman EDSR mode

	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


