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Valley-Free Silicon Fins Caused by Shear Strain
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Electron spins confined in silicon quantum dots are promising candidates for large-scale quantum
computers. However, the degeneracy of the conduction band of bulk silicon introduces additional levels
dangerously close to the window of computational energies, where the quantum information can leak.
The energy of the valley states—typically 0.1 meV—depends on hardly controllable atomistic disorder and
still constitutes a fundamental limit to the scalability of these architectures. In this work, we introduce
designs of complementary metal-oxide-semiconductor (CMOS)-compatible silicon fin field-effect tran-
sistors that enhance the energy gap to noncomputational states by more than one order of magnitude. Our
devices comprise realistic silicon-germanium nanostructures with a large shear strain, where troublesome
valley degrees of freedom are completely removed. The energy of noncomputational states is therefore not
affected by unavoidable atomistic disorder and can further be tuned in situ by applied electric fields. Our
design ideas are directly applicable to a variety of setups and will offer a blueprint toward silicon-based

large-scale quantum processors.

DOI: 10.1103/PhysRevLett.133.037001

Introduction.—Spins in silicon and germanium quantum
dots (QDs) are workhorses of modern semiconductor-based
quantum technology [1-12]. The most advanced platforms
to date utilize planar heterostructures comprising Si and
SiGe alloys, where quantum information is carried by
single electrons confined in the Si layer [9-13]. In these
systems, long spin coherence is enabled by the weak spin-
orbit interaction of the conduction band and by isotopically
purifying Si [14]. Electron spin resonance was harnessed
to selectively control individual qubits [15—-17] whereas
tunable exchange interactions mediate fast, high-fidelity
two-qubit gates [8,18-23]. The versatility of these archi-
tectures permitted remote coupling of distant qubits via
microwave cavities [24—26] and spin shuttling [27-30], as
well as entanglement of three spin states [31]. Readout
and two-qubit gate fidelities exceeding the error correction
threshold [13,32-34] and the recent demonstration of
six-qubit quantum processors [9] constitute promising steps
toward large-scale quantum processors.

Further progress in electron spin qubits in silicon is
currently hindered by the valley degeneracy of the silicon
conduction band. In planar Si/SiGe heterostructures tensile
in-plane strain partially lifts the six-fold degeneracy of bulk
silicon, pushing four valleys to higher energy; the ground
state remains twofold degenerate [35-37]. The residual
valleys introduce troublesome additional levels in the
vicinity of the computational energies where the quantum
information is processed. These states open the system to
decoherence and relaxation channels and constitute a
critical source of leakage [38—45]. The valley degeneracy
can be lifted by strong electric fields, but the induced
energy gap is relatively small 10-100 peV and dangerously
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close to the typical qubit energies ~10 peV. Because it
strongly depends on atomistic details of the Si/SiGe inter-
face, controlling this gap reliably and reproducibly is
challenging [46-52]. Moreover, in hot qubits, valley states
can be thermally excited, hindering the scalability of
quantum processors [53]. Larger valley splittings are reached
by periodically altering the concentration of Ge in the
well [54,55]. In metal-oxide-semiconductor (MOS) struc-
tures, splittings ~0.5 meV are reached by tightly confined
electrons at the interfaces between Si and SiO,, but these
values largely depend on interface disorder [53,56-58].

FIG. 1. Design of valley-free fins in Si/Si, Ge,_, heterostruc-
tures. (a) Equilateral triangular fin with inner and outer side
lengths L and L,, respectively. The wave function is localized in
the Si shell by uniaxial strain and the electric field E. The fin is
assumed to be grown on a Si substrate, but the results are similar
for a Ge substrate. (b) Rectangular Si slab with side lengths L,
and L, on Si,Ge|_, substrate. The electrons are confined at the
corners by E in the x-y plane. The blue dots show the position of
the QD hosting the spin qubit. We assume infinitely long systems
in the z direction. The coordinate system in (a) shows the
crystallographic growth directions for both geometries.
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In this work, we propose alternative Si/SiGe nano-
structures that completely lift the valley degeneracy and
thus provide ideal platforms for future spin-based quantum
processors. In our designs the electrons are confined in
quasi-one-dimensional (1D) Si fins compatible with CMOS
technology [59], see Fig. 1, where, in contrast to planar
heterostructures, the SiGe induces a large shear strain. The
growth of similar fin structures as in Fig. 1(a) has been
demonstrated in Ref. [60]. By detailed simulations based
on continuum elasticity theory and microscopic k - p theory,
we show that our engineered strain profile enables a non-
degenerate ground state split from the excited states by
energies ~1-10 meV, 2 to 3 orders of magnitude larger than
in current devices. Importantly, this energy gap remains large
for realistic values of applied electric fields and is indepen-
dent of atomistic disorder at the interfaces, rendering our
design robust in a wide variety of different fins.

Theoretical model.—The conduction band of bulk Si has
six degenerate minima in the first Brillouin zone (BZ),
which are located at distance +ky/27z = +0.15/ag; from
the X points (Si lattice constant ag; = 5.43 A [61]). Its low-
energy electronic states are described by the microscopic
two-band k - p Hamiltonian [62,63]:

h2 h2
H:ﬁ(ktzl +kz,) +2—mlk12+5u511+€E"'+V(")
t
h? 2 _
+ %l kokit, — (M kzlkt2 - 2‘:u’8t1t2> Tz» (1)

where [ is the longitudinal direction, and #; and ¢, are the
transversal directions, which are aligned with the main
crystallographic axes [100], [010], and [001]. The canoni-
cal momentum operators are hk; = —ihd; (j = 1,11, 1,).

This Hamiltonian is based on a small-momentum
expansion of the band structure around the X points and
the Pauli matrices 7; (i = x, y, z) refer to the two bands
crossing there. Because there are three inequivalent X
points, the six valleys are described by three indepen-
dent copies of Eq. (1). The spin degree of freedom is
neglected in H. The transversal and longitudinal masses
are m; = 0.19m, and m; = 0.91m,, respectively, with the
free electron mass m,; M~ (m;' —m;')~" is the band-
coupling mass [62,64].

The lattice constant of Ge ag, = 5.66 A [61] is larger
than ag;. Thus, the Si is strained in Si/SiGe heterostructures.
The uniaxial strain ¢;; and the shear strain ¢, ,, modify the
electron energy depending on the deformation potentials
2,=9¢eV [65-71] and E, =7 eV [62,72,73], respec-
tively. In the nanostructures sketched in Fig. 1, we simulate
the strain tensor elements & by finite-element methods
(FEM) based on continuum elasticity theory [74-77].
A short review of linear elasticity theory and details on
strain simulations is provided in the Supplemental Material
(SM) [78]. We assume that the lattice constant of an alloy of

Si,Ge;_, changes linearly from ag; to ag., and thus we use
the relation

£€si/si,Ge,_, — (1- X)ESi/Ge’ (2)

interpolating linearly from the minimal strain at 1 —x =0
to the maximal strain at 1 —x =1, which is a good
approximation for the actual relation [70,82,83].

Equation (1) includes the homogeneous electric field E
resulting in the electrostatic potential —eE - r, with the
electron charge e > 0, r = (x,y,7), and the confinement
potential V(r). We model the sharp interface between Si
and a Si,Ge;_, alloy by using the steplike potential
function

v 0 for r € Rg;,
(r) = (1 =x)500 meV for r € Rg; ge, .-

. (3)
where Rg; (Rs; e, ) indicates the region in the cross
section occupied by Si (Si,Ge;_,). In analogy to Eq. (2), we
also assume that V(r) decreases linearly from the maximal
value of 500 meV (band gap difference between Si and Ge)
as x increases.

Because Si has an anisotropic dispersion relation, we
emphasize electrons lying in the three different pairs of
valley states generally experience different confinement
potentials. To account for this effect, we fix the z direction
to be aligned to the fin and the y direction to be perpendicular
to the substrate, see Fig. 1. We also restrict ourselves to the
analysis of Si [001], with fins that are aligned to the [110]
crystallographic axis, i.e., y||[001] and z||[110]. This is the
standard orientation of current devices [1,2,4,84].

Shear-strain-induced lifting of the valley degeneracy.—
The Hamiltonian in Eq. (1) allows us to accurately analyze
the physics of conduction-band electrons in the fins shown
in Fig. 1. We discretize H for different cross sections with
lattice spacings a, and a, and we analyze the dispersion
relation of the lowest energy states. Importantly, we include
the inhomogeneous strain tensor € simulated by FEM with
COMSOL Multiphysics® [85]; see SM [78].

The effect of strain in our fins is illustrated in Fig. 2(a),
where we show the projection of the three-dimensional
(3D) bulk valleys in Si onto the 1D BZ along z||[110].
Along z, the four bulk Si valleys belonging to the xz plane
(purple ellipses) are projected close to the X points and the
two valleys along the y||[001] axis (turquoise circles) onto
the I' point (k, = 0). When € = 0 (dashed gray lines) all
valleys are close in energy up to a small contribution caused
by the anisotropic confinement. In analogy to planar
heterostructures [63,65,77,86] at finite values & (blue solid
lines) uniaxial strain splits away the states with minimum
close to the X points by several tens of meV.

Shear strain results in the splitting of the remaining
two valleys. A closeup into the dispersion relation in
the vicinity of I', highlighting the shear-strain-induced
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FIG. 2. Band dispersion of electrons confined in strained Si
fins. (a) Projection of the six valleys of the 3D BZ of bulk Si onto
the 1D BZ with momentum k_||[110]. The purple ellipses indicate
the four valleys in the xz plane, while the turquoise circles
indicate the two valleys near the X points in the out-of-plane
direction y. At the bottom, we show the dispersion relation £(k.)
of the lowest pair of sub-bands at the 1D I'" point and close to the
X point of the triangular Si fin sketched in Fig. 1(a). Without
strain (dashed gray lines) all the states are close in energy.
Including moderate strain induced by a Si,Ge,_, alloy with
x = 0.7 (solid blue lines), we observe that uniaxial strain e
pushes the states with minimum at finite k, several tens of meV
away and shear strain ¢, ,, induces a gap in the remaining two
valleys in the y direction (turquoise circles). (b) Zoom into
dispersion relation around the 1D I'" point. When ¢, ,, = 0, the
two valleys are quasidegenerate. The degeneracy is lifted by shear
strain induced by Si,Ge,_,. The resulting energy gap A ~ 1 meV
increases with decreasing concentration of Si x, as shown by the
blue and red lines obtained for x = 0.7 and x = 0.5, respectively.
The dispersion relation is qualitatively similar for the strained fin
in Fig. 1(b). Weused L; = 9.5 nm, L, = 19 nm, E, = 1 Vpm™!
(pointing along [001]), @, = 0.32 nm, and a, = 0.28 nm.

valley splitting A, is shown in Fig. 2(b). We focus here
on the triangular fin sketched in Fig. 1(a); however, the
results discussed are valid also for rectangular fins. In
the absence of strain the shear strain element ¢, =0
and the lowest two energy states (dashed gray line) are

quasidegenerate [56,87], see Eq. (1). The Si,Ge,_, induces
a finite &, ,, in the Si shell which lifts the valley degeneracy.
Details on the strain profile in our fins are provided in Fig. 3
and the SM [78]. Considering a moderate Ge concentration
of 1—x=03, we estimate A =0.65meV for E, =
1 Vum™! pointing along [001], significantly larger than
what is obtained in planar heterostructures [38—45]. By
increasing the Ge amount to 1 —x = 0.5, ¢, increases
[see Eq. (2)] and consequently a larger value of A =
2.35 meV is reached. The split states from the same sub-
band at k, = O are strongly hybridized.

Because the electron is localized at the top of the fin, the
substrate does not affect the values of A. We emphasize
in striking contrast to valley splittings arising in planar
heterostructures, our A arises from shear strain and there-
fore is reproducible and robust against atomistic disorder at
the Si/SiGe interfaces [36,88] and modifications of the
cross section (see SM [78]).

Electric-field dependence of valley splitting.—In planar
Si/SiGe structures, the valley splitting A strongly depends
on the applied electric field E. We show that in our fins, A
can also be tuned in situ by E; however at large enough
concentrations of Ge in the Si,Ge,_, alloy, A remains large.

The dependence of A on E and 1 —x is analyzed
in Figs. 3(a) and 3(e). In the triangular fin sketched in
Fig. 1(a), a positive electric field tends to decrease A.
This trend can be understood by observing that E shifts the
wave function toward the upper tip of the Si shell [see
Figs. 3(b)-3(d)], where shear strain first decreases and then
slightly increases with opposite sign, see Fig. 3(j). A
detailed explanation of FEM simulations is provided in
the SM [78]. As the concentration of Ge increases, strain
also increases, resulting in A 2 15 meV for a wide range of
E. Because A depends on shear strain, our results are robust
against variations in the shape of the cross section, which
we verify in the SM [78].

Large values of A also emerge for a wide range of
parameters in the rectangular Si fins on a SiGe substrate
sketched in Fig. 1(b). Similar Si nanostructures are current
state-of-the-art for spin qubits [4,84,89,90] and can be
adapted to our proposal by replacing the oxide substrate
by SiGe. In this device, we observe in Figs. 3(e)-3(i) a
nontrivial interplay of 1 — x and E, which we relate to the
position and spacial spread of the wave function in the cross
section. In this case, we study the effect of an electric field
E pushing the electron wave function toward the upper-
right corner of the fin; due to symmetry, the results are
equivalent if the electric field pushes the electron toward
the upper-left corner. In particular, ¢, is maximal at the
left and right bottom sides of the fin, see Fig. 3(k), and,
thus, A is large when the electron is localized close to these
areas. We should emphasize, however, that when it is too
close to the interface the electron risks leaking into the
substrate. In addition, the QD is also easier to control
electrostatically when it is localized at an upper corner.
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FIG. 3. Valley splitting A in Si/Si,Ge,_, fins: (a) A against Ge concentration 1 — x and electric field E in the triangular fin sketched
in Fig. 1(a). For a wide range of experimentally relevant parameters A 2 0.5 meV, substantially larger than in planar heterostructures;
A is maximized when shear strain increases, i.e., at 1 —x = 1, and at small values of E. The isocontours are defined in the colorbar.
(b)—(d) Probability densities |y|* of electron wave function at 1 —x = 0.5 for (b) E=0, (c) E=4 Vpm™', and (d) E =6 Vpum™,
marked in (a). The inhogomeneous uniaxial strain localizes the electron at the top of the fin. At E = 0 the electron lies at the Si/SiGe
interface, where shear strain is maximal, and resulting in the largest A. Increasing the electric field the electron is pushed toward the tip
of the Si shell, where shear strain is weaker and A decreases. We used L; = 9.5 nm and L, = 19 nm, as in Fig. 2. The same quantities
(e) A, and (H)—(1) |w\2 in the rectangular fin sketched in Fig. 1(b). Note the different directions of E in the two setups indicated by the
arrows in (b) and (f). Here shear strain is larger at the left and right sides of the cross section. At 1 — x < 0.75 and for small E the electron
is localized at the bottom of the cross section (not shown). (f) At 1 —x = 0.5 and E = 2 V pm™!, the electron is weakly localized at the
right of the fin, resulting in A < 0.5 meV. (g) At 1 —x = 0.5and E =9 V um™!, the electron is pushed toward the upper-right corner
of the fin and the valley splitting increases to A > 0.5 meV. (h) At 1 —x = 0.9 and E =2 Vum™!, the larger concentration of Ge
enhances locally the strain at the bottom corner of the rectangle. (i) At | —x = 0.9 and E = 9 V um™!, the large values of E in a strongly
strained device cause the wave function to spread out across the side. Then the situation is similar to (f) and A < 0.5 meV. We used
L, =50 nm, L,= 20 nm, a, = 0.28 nm, and a, = 0.34 nm. (j),(k) Shear strain ¢, ,, simulated with FEM for the two devices for pure
Ge instead of SiGe. (j) ¢,,,, is large above the tip of the inner Ge fin and becomes first weaker toward the tip of the Si shell and then
increases with opposite sign. (k) Large ¢, ,, is found close to the left and right side of the Si slab. In case of 1 — x = 0.3 the range of the
color bar for (j),(k) is [-0.82%, 0.82%)]. In the SM [78], we report cuts through (a) and (e) at certain values of 1 — x and misaligned

electric fields as well as a larger version of (j) and (k) and the strain simulation parameters used for our simulations.

For low concentrations of Ge (1 — x < 0.7) electrons are
localized at the upper corner of the cross section by a strong
field E, and thus A increases with increasing E. For weak E
the wave function is spread over the right side and A is
small. At larger values of 1 —x = 0.7, the inhomogeneous
uniaxial strain localizes the electrons close to the edges
already at weak FE, thus resulting in large values of A. In
this case, A is only weakly dependent on E, and it decreases
with increasing E because the electrons are pushed away
from the substrate. Details on the electric field dependence
are provided in the SM [78].

The large valley splitting due to shear strain has
important consequences for spin qubits realized in gate-
defined QDs in Si fins. The spin qubit lifetime in planar
Si/SiGe heterostructures is strongly limited at spin-valley
relaxation hot spots where the qubit Zeeman and valley
splittings become comparable [41,49,50,56,91]. These hot
spots are naturally avoided in our devices because of the
large difference between the typically small qubit Zeeman
splitting of ~10 peV and the valley splitting of ~1-10 meV
we predict.

Finally, we note that in quantum dot devices, an addi-
tional shear strain contribution arises because of the oxide
and gate stacking. The shear strain values are strongly
device dependent but simulations in Si/Ge heterostructures
estimate these terms to be approximately one order of
magnitude smaller than the values predicted here [92,93].
As a result, we expect that gate-induced strain will only
weakly renormalize the large valley splitting in our devices.

Conclusion.—In this work we show that shear strain
substantially enhances the valley splitting in Si/SiGe
heterostructures. In realistic Si fins we predict valley
splittings ~1-10 meV, orders of magnitude larger than
in current devices. We show that the amplitude of the gap
can be engineered by varying the composition of the
Si,Ge;_, alloy and is controllable in situ by electric fields.
Importantly, due to the large valley splitting, spin-valley
relaxation hot spots are avoided naturally in our proposed
Si fins. Our designs are robust against variations of the fin
shape and, in contrast to planar systems, not affected by
atomistic disorder. By removing a critical issue of current
electron spin qubits in Si, our devices will push these
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architectures toward new coherence standards and pave
the way toward large-scale semiconductor-based quantum
processors.
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