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ABSTRACT 

Heterostructures having germanium-seeded, shear-strained 
silicon quantum wells are provided. Also provided are 
gate-controlled qubits based on the heterostructures, and 
quantum computing systems based on the qubits. The het­
erostructures include a quantum well of germanium-seeded 
silicon positioned between two quantum barriers of germa­
nium or a silicon-germanium alloy. The silicon of the 
quantum well is under a shear strain and is seeded with 
germanium such that the germanium concentration in the 
quantum well has an oscillating profile. 
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SILICON-GERMANIUM 
HETEROSTRUCTURES WITH SHEAR 

STRAIN AND GERMANIUM 
CONCENTRATION OSCILLATIONS FOR 

ENHANCED VALLEY SPLITTING 

BACKGROUND 

[0001] Quantum dot qubits in Si/SiGe quantum wells are 
an attractive platform for quantum computation due to their 
long coherence times, fast gate operations, nuclear-spin free 
isotopes, and compatibility with the microelectronics indus­
try. 
[0002] Useful quantum hardware will require vast arrays 
of reliable, low-error qubits. A key obstacle in realizing this 
with silicon (Si) quantum dots is the presence of two 
degenerate valleys near the Z point of the bulk band struc­
ture of Si. (F. A. Zwanenburg, et al., Rev. Mod. Phys. 85, 961 
(2013): M. Cardona et al., Phys. Rev. 142, 530 (1966).) This 
leads to a small energy spacing between ground and excited 
valley states, called valley splitting, which causes decoher­
ence in qubits if not sufficiently large. (Zwanenburg, et al., 
2013: D. Buterakos et al., PRX Quantum 2, 040358 (2021).) 
The most popular strategies for realizing large valley split­
tings involve engineering atomically sharp interfaces in 
either thin quantum wells or in the presence of a large 
electric field, where the small length scale features of the 
interface can directly couple the valleys that are separated by 
a large distance in the Brillouin zone. (T. B. Boykin, et al., 
Applied Physics Letters 84, 115 (2004): T. B. Boykin, et al., 
Phys. Rev. B 70, 165325 (2004): M. Friesen, et al., Phys. 
Rev. B 75, 115318 (2007).) Unfortunately, interface imper­
fections lead to valley splittings that vary from quantum dot 
to quantum dot and device to device, with typical values 
ranging from -10 µeV to 300 µeV. 
[0003] Recently, strategies to realize large valley splittings 
that do not rely upon the presence of a sharp interface have 
been studied, including alloy disorder and germanium (Ge) 
concentration modulations. There are two Ge modulation 
systems which have been named the long-wavelength and 
short-wavelength wiggle wells. In them, a small amount of 
Ge is included within a Si quantum well region. In the 
long-and short-wavelength wiggle wells, the Ge has con­
centration oscillations of wavelength A-1.68 nm and A-0.32 
nm, respectively. (T. McJunkin, et al., Nature Communica­
tions 13, 7777 (2022): Y. Feng and R. Joynt, Phys. Rev. B 
106, 085304 (2022)) However, the small scale of the Ge 
modulations in the short-wavelength wiggle well makes it 
difficult to produce, while the valley splitting for the long­
wavelength wiggle well, which lacks shear strain, is limited. 

SUMMARY 

[0004] Semiconductor heterostructures having Ge-seeded, 
shear-strained silicon quantum wells, gate-controlled qubits 
based on the heterostructures, and quantum computing sys­
tems based on the qubits are provided. 
[0005] One embodiment of a heterostructure includes: a 
first quantum barrier comprising a layer of silicon-germa­
nium alloy or a layer of germanium: a second quantum 
barrier comprising a layer of silicon-germanium alloy or a 
layer of germanium: and a quantum well comprising a layer 
of shear-strained germanium-seeded silicon disposed 
between the first quantum barrier and the second quantum 
barrier, wherein the layer of germanium-seeded silicon has 
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an oscillating germanium concentration along its thickness 
direction (z) and a shear strain, Exy, in a plane normal to the 
thickness direction. 
[0006] One embodiment of a gate-controlled quantum dot 
includes: a heterostructure of a type described herein: and 
one or more electrostatic gates in electrical communication 
with the heterostructure, wherein the one or more electro­
static gates are configured to apply a controllable potential 
to the quantum well that confines electrons in the quantum 
well in three dimensions. 
[0007] One embodiment of a quantum computing system 
for performing quantum computation includes: a hetero­
structure of a type described herein: one or more electro­
static gates in electrical communication with the heterostruc­
ture, the one or more electrostatic gates being configured to 
apply controllable potentials to the quantum well, wherein 
the controllable potentials define one or more gate-con­
trolled qubits in the heterostructure: a controller for control­
ling the potentials applied by the one or more electrostatic 
gates: and a sensor for reading out a state of the one or more 
gate-controlled qubits. 
[0008] Other principal features and advantages of the 
invention will become apparent to those skilled in the art 
upon review of the following drawings, the detailed descrip­
tion, and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] The patent or application file contains at least one 
drawing executed in color. Copies of this patent or patent 
application publication with color drawing(s) will be pro­
vided by the Office upon request and payment of the 
necessary fee. 
[0010] Illustrative embodiments of the invention will 
hereafter be described with reference to the accompanying 
drawings, wherein like numerals denote like elements. 
[0011] FIG. lA shows a heterostructure that provides 
enhanced valley splitting through a combination of Ge 
concentration oscillations and shear strain, Exy, in a silicon 
quantum well. The Ge concentration profile nGe in the 
quantum well region (shown in the insert) contains Ge 
concentration oscillations of wavelength A. Etched trenches 
aligned with the [110] crystallographic direction of silicon 
produce large shear strain Exy in a channel region between 
the trenches, as shown by the shading map taken from a 
COMSOL calculation with trenches that have a depth and 
width of 1 µm and are separated by 1 µm. (Alternatively, the 
tranches could be aligned along the orthogonal [ITO] crys­
tallographic direction.) FIG. lB shows system deformation 
under shear strain Exy- FIG. lC shows the diamond crystal 
structure of Si, where black and gray atoms belong to 
different sub lattices. The [111] (grey) and [!Tl] (black) 
bonds are elongated and shortened, respectively, for Exy>O. 

[0012] FIG. 2 is a schematic of an example system for use 
in quantum computation. 
[0013] FIGS. 3A-3C show the calculated valley splitting, 
Evs, as a function of shear strain Exy, Ge concentration 
oscillation wavelength, A, and average Ge concentration, 
nGe in the quantum well region, where Exy=0.15%, nGe=2.5 
atomic percent (at. %), and A=l.68 nm were fixed in FIG. 
3A, FIG. 3B, and FIG. 3C, respectively. The valley splitting 
Evs was significantly enhanced by the combination of shear 
strain Exy and Ge oscillations of A-1.68 nm. The quantum 
well was immersed in an electric field of F 

2 
=2 m V /nm and 
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had a large interface width of w= 1.9 run. System parameters 
corresponding to the black stars were the same for all panels. 
[0014] FIGS. 4A-4D show the calculated valley splitting 
Evs as a function of shear strain Exy and interface width w for 
different average Ge concentrations in the quantum well 
regions and electric fields F 

2
• The Ge oscillation wavelength 

was fixed at A=l.68 run. The valley splitting clearly 
increased more rapidly with increasing shear strain in the 
presence of Ge oscillations (FIGS. 4B and 4D). In the 
absence of Ge oscillations (FIGS. 4A and 4C), Evs was 
sensitive to F 

2 
since a relatively sharp interface is still 

necessary for large valley splitting. In contrast, Evs was 
largely independent of F 

2 
in the presence of Ge oscillations 

(FIGS. 4B and 4D), except for small w. This indicates the 
valley splitting enhancement in the presence of shear strain 
and Ge oscillations was a bulk effect, rather than being due 
to a sharp interface. 

DETAILED DESCRIPTION 

[0015] Semiconductor heterostructures having Ge-seeded, 
shear-strained Si quantum wells are provided. Also provided 
are gate-controlled qubits based on the heterostructures, and 
quantum computing systems based on the qubits. The het­
erostructures include a quantum well of Si positioned 
between two quantum barriers of Ge or silicon-germanium 
alloy (Si Ge). The Si of the quantum well is under a shear 
strain and is seeded with Ge such that the Ge concentration 
in the quantum well has an oscillating profile with a period 
that enhances valley splitting in this silicon. 
[0016] Together, the shear strain and the oscillating Ge 
concentration increase the valley splitting in the conduction 
band of the quantum well, relative to the valley splitting in 
the absence of the shear strain and oscillating Ge concen­
tration. The increase in the valley splitting improves the 
control of qubit states in a qubit incorporating the hetero­
structure. In addition, the long-period Ge concentration 
oscillations in the quantum well enhances spin-orbit cou­
pling in electron-spin qubits made from the heterostructures, 
enabling spin manipulation without the need for micromag­
nets, greatly improving the scalability of qubit devices. 
Notably, the quantum well design does not rely on atomi­
cally sharp interfaces between the quantum barrier layers 
and the quantum well layer or within the quantum well layer 
in order to achieve increased valley splitting. 
[0017] One embodiment of a heterostructure having a 
shear-strained and Ge-seeded Si quantum well layer 102 
with an oscillating Ge concentration between two barrier 
layers 104, 106 is shown in FIG. lA. In the heterostructure, 
Ge-seeded Si quantum well layer 102 is characterized by an 
oscillating Ge concentration throughout its thickness, where 
the thickness direction of the Si quantum well layer is the 
direction normal to the plane of the silicon and corresponds 
to the z-direction in FIG. lA. As used herein, the term 
oscillating Ge concentration refers to a concentration that 
varies repetitively between maximum and minimum con­
centrations. The shape of the oscillating profile may take a 
variety of forms but is characterized by a plurality of peaks 
alternating with a plurality of troughs. The concentration of 
Ge in Si quantum well layer 102 may vary continuously and 
gradually between the peaks and troughs of the concentra­
tion profile, as in the case of a sinusoidal germanium 
concentration profile (insert FIG. lA) or a germanium 
concentration having a triangular wave profile. Alterna­
tively, the germanium concentration may change abruptly 
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between a low ( e.g., zero) concentration of germanium and 
a maximum concentration of germanium, as in the case of a 
germanium concentration profile that forms a series of delta 
functions or a square wave function, or may take on an 
oscillating form intermediate between a continuously and 
gradually varying profile and an abruptly changing profile. 
It should be noted, however, that the peaks and troughs of 
the Ge concentration in the Si layer need not have perfectly 
uniform periods, widths, and/or amplitudes. More particu­
larly, in the case of sinusoidal Ge concentration profile, a 
perfect sine wave profile is not required. For the purposes of 
this disclosure, a sinusoidal profile includes true sine wave 
profiles as well as sine wave-like profiles that have a 
nominal wavelength and sine wave shape, but that deviate 
from a prefect sine wave due to experimental limitations. 
These sine wave-like sinusoidal profiles may be fit by or 
modeled as sine waves. 
[0018] The period of the oscillating Ge concentration in 
the Si quantum well, which corresponds to the wavelengths 
(A) for a sinusoidal concentration profile, is desirably suf­
ficiently close to 1.68 run that the Ge concentration oscil­
lations together with the shear strain in the system produce 
a silicon z valley splitting, Evs, of at least 50 µeV. For 
heterostructures with applications in quantum computing, it 
is also advantageous for the oscillating Ge concentration to 
have a period that provides an enhancement in the spin-orbit 
coupling of qubits made from the heterostructures. The 
period of oscillation needed to obtain a desired level of 
valley splitting will depend on various factors, including the 
level of shear strain and the Ge concentration in the quantum 
well, as discussed in more detail below. 
[0019] Shear strain in the Ge-seeded Si quantum well 
refers to an elongation along the [110 ] crystallographic 
direction of the Si, which may or may not be accompanied 
by a compression along the [ITO] crystallographic direction 
of the Si (FIG. 1B), or to a compression along the [110 ] 
crystallographic direction of the Si and an elongation along 
the [1 TO ] crystallographic direction of the Si. As shown in 
FIG. lA, this shear strain is present in the plane of the silicon 
quantum well layer of the heterostructure, which corre­
sponds to the xy plane of the heterostructure. Therefore, the 
shear strain is designated Exy- The shear strain can be created 
in the Si quantum well using different approaches. In the 
illustrative example of FIG. lA, shear strain is created by 
two trenches 110, 112 aligned along the [110 ] crystallo­
graphic direction of the Si, such that a large localized shear 
strain Exy arises in the channel 114 formed between the 
trenches. In FIG. lA, the crystallographic directions of the 
Si are labelled and the shading map at the top of the figure 
shows the level of shear strain Exy within the Ge-seeded Si 
quantum well. 

[0020] Without intending to be bound to any theory of the 
inventions disclosed herein, the mechanism behind the 
increased valley splitting produced by the Ge-seeded, shear­
strained silicon quantum wells may be attributed to a sec­
ond-order coupling between the two valley minima as 
follows. First, the periodic potential produced by the Ge 
concentration oscillations in the Si may couple each valley 
to satellite regions a distance 2rc/A away in momentum 
space. Second, the shear strain Exy can produce a coupling 
between the satellite region of a given valley to the opposite 
valley minimum provided the satellite-valley separation 
distance is 4rc/a in momentum space, where a=0.543 run is 
the side length of the conventional unit cell in Si, leading to 
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the condition "-""1.7 run. The shear strain produces a 4Jt/a 
coupling due to an alternating change of the bond lengths 
and angles in the Si crystal, where the [111] and [!Tl] bonds 
shown in FIG. lC are elongated and compressed, respec­
tively, for Exy>O. In turn, this alternating change of bond 
lengths may produce a change in coupling between neigh­
boring atoms containing a ( - 1 r factor, where m is the 
monolayer index. Finally, taking the Fourier transform of the 
( -1 r factor produces a coupling between states exactly 
halfway across momentum space, which corresponds to 
llk=4Jt/a. 
[0021] The enhanced intrinsic spin-orbit coupling arising 
from the long wavelength Ge concentration oscillations can 
be attributed to the wave function satellites of a given valley 
coupling strongly to the opposite valley through Dresselhaus 
spin-orbit coupling, whereby the selection rules of the 
Dresselhaus spin-orbit coupling lead to a spin-orbit coupling 
enhancement. More details regarding spin-orbit coupling 
enhancement can be found in Woods, Benjamin D., et al. 
"Spin-orbit enhancement in Si/SiGe heterostructures with 
oscillating Ge concentration." Physical Review B 107.3 
(2023): 035418. 
[0022] While the embodiment of the heterostructure 
shown in FIG. lA uses two open trenches etched into the top 
side of the heterostructure to form a channel under shear 
strain, a single channel and/or other mechanisms for creating 
a shear strain in a Ge-seeded Si quantum well can also be 
used. For example, instead of using open trenches 110, 112, 
the trenches can be at least partially filled with a material 
that imparts a large thermal contraction or expansion while 
the device is being fabricated, or when the device is cooled 
to operating temperatures near or below 1 K. In addition, it 
may be advantageous to fill the trenches to the top of the 
heterostructure near the channel region, because the filling 
material would provide more space on the exposed upper 
surface of the heterostructure for gating electrodes used to 
create qubits in the heterostructure, as described in greater 
detail below. 
[0023] When trenches are used to impart the shear strain 
on the Ge-seeded Si quantum well, the trenches can be 
etched into the heterostructure from the top side, as shown 
in FIG. lA. However, the trenches can also be etched into 
the heterostructure from the backside, provided that an etch 
stop is used to prevent the etching of the quantum barrier and 
quantum well layers. A backside etch may be advantageous 
because it preserves more space on the exposed upper 
surface of the heterostructure for gating electrodes used to 
create qubits in the heterostructure, as described in greater 
detail below. In addition, trenches etched from the bottom of 
the heterostructure make the system much more amenable to 
shear strain from materials placed on the top of the hetero­
structure, such as the gating electrodes and silicon nitride 
stressors. 
[0024] The creation of a shear strain need not involve 
trenches. For example, a shear strain can be produced by a 
physical deformation of the heterostructure, such as bend­
ing. twisting, and/or stretching the heterostructure. Such 
stresses can be produced, for example, by an external 
mechanical assembly. A shear strain can also be imparted by 
the patterned growth of materials having a lattice mismatch 
with the material of the barrier layer on said barrier layer, or 
by patterned growth of a material with an intrinsic, deposi­
tional strain, or with a different thermal contraction coeffi­
cient than the barrier layer, which can impart a tensile or 
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compressive strain when the device is cooled to operating 
temperatures near or below 1 K. Using this approach, 
materials that induce a tensile strain on the heterostructure 
can be used to elongate the Ge-seeded silicon quantum well 
along the [110] or [ITO] crystallographic direction and 
materials that induce a compressive strain on the hetero­
structure can be used to compress the Ge-seeded silicon 
quantum well along the [!Tl] or [110 ] crystallographic 
direction. 
[0025] A desired degree of valley splitting can be achieved 
by various combinations of Ge concentration, Ge concen­
tration oscillation period, and shear strain in the Si quantum 
well. Moreover, while the proposed theory of operation 
presented above suggests an optimal Ge oscillation period of 
approximately 1.7 run in the Si quantum well, the valley 
splitting and spin-orbit coupling can be achieved over a 
range of periods centered at or near 1.7 run. Generally, a 
higher Ge concentration will provide a higher valley split­
ting. However, higher Ge concentrations will also provide a 
less clean envirorunent and may lead to electron scattering. 
Thus, in practice, the optimal Ge concentration may be 
based on a trade-off between these considerations. By way 
of illustration only, in some embodiments of the heterostruc­
tures the average concentration of Ge in the Ge-seeded 
silicon of the quantum well layer, average nGe, is in the range 
from 0.5 atomic percent (at.%) to 10 at.%, including in the 
range from 1 at. % to 6 at. %, and further including in the 
range from 1 at. % to 4 at. %. In some embodiments of the 
heterostructures, the period of the Ge oscillations in the Si 
quantum well is in the range from 1.2 run to 2.5 run, 
including periods in the range from 1.4 run to 2.3 run, and 
further including periods in the range from 1.5 run to 1.9 run. 
In some embodiments of the heterostructures, the shear 
strain is in the range from 0.1 % to 0.4%, including in the 
range from 0.1 % to 0.2%, where the shear strain can be 
determined by ellipsometry. However, concentrations, peri­
ods, and/or shear strains outside of these ranges can be used 
to achieve a desired level of valley splitting. 
[0026] The quantum barrier and quantum well layers of 
the heterostructures can be grown using standard growth 
techniques, such as chemical vapor deposition (CVD) or 
molecular beam epitaxy (MBE). The barrier layers are layers 
of a silicon-germanium alloy (SiGe) or pure germanium. 
Thus, the quantum barrier layer material can be represented 
by the formula SixGe(l-x), wherein Osx<l. When a graded 
and relaxed Si Ge is used as a barrier layer, a strained silicon 
quantum well layer can be grown thereon. Graded and 
relaxed SiGe can be formed on a silicon wafer by growing 
a barrier layer of SixGeci-x) epitaxially until it terminates in 
the desired composition. The quantum barrier layers and the 
quantum well layer are designed to provide quantum con­
finement of electrons in the well, with typical thicknesses 
ranging from tens to hundreds of nanometers. 
[0027] The ability to achieve large valley splitting with 
long-period Ge concentration oscillations is advantageous 
because such long-period oscillations are readily achieved 
using conventional growth techniques, such as pulsed CVD 
or MBE. In one example of a method of making the 
Ge-seeded Si layer, a pulsed CVD process is used in which 
the ratio of Si to Ge is varied between pulses to produce a 
sinusoidal or quasi-sinusoidal profile. In this process, mul­
tiple cycles, each including a series of sequential pulses, are 
used to grow a layer of Si in which the concentration of Ge 
oscillates as a function of depth through the layer. In a first 
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pulse of the series, the concentration of Ge in the pulse 
corresponds to the peak Ge concentration in the profile. This 
first pulse is, optionally, followed by one or more interme­
diate pulses in which the concentration of Ge is between 
zero and the peak Ge concentration. A Ge-free or low-Ge 
pulse is then used to define the minimum in the oscillating 
Ge concentration profile, optionally followed by one or 
more additional intermediate pulses to end the series. CVD 
growth of a Si quantum well layer having a sinusoidally 
varying Ge concentration is described in detail in McJunkin, 
Thomas, et al. "SiGe quantum wells with oscillating Ge 
concentrations for quantum dot qubits." Nature Communi­
cations 13.1 (2022): 7777. 
[0028] Once the heterostructures are formed, one or more 
electrodes ( electrostatic gates) can be used to define one or 
more quantum dots in the heterostructures, and these one or 
more quantum dots can act as qubits in a quantum informa­
tion processing device. In gate-controlled quantum dot sys­
tems, the electrostatic gates provide a controllable horizontal 
potential profile for the confinement of electrons in three 
dimensions. The movement of electrons in the quantum dots 
is restricted due to the confining potential, which results in 
bound states with discrete energy levels. The wavefunctions 
describing these states may then be utilized to establish the 
two-level system. Specifically, if the spatial part of an 
electron wavefunction is used, a charge qubit is achieved, 
with the spatial wavefunction defining the electron charge 
distribution. On the other hand, if the spin portion of the 
wavefunction is used, a spin qubit is produced. By tuning the 
confinement strength and electrochemical potential using 
lateral and/or vertical gates, as well as the coupling to other 
quantum dots or reservoirs, the size and occupation of each 
quantum dot can be controlled to obtain a wide variety of 
quantum systems for use in quantum computation. 
[0029] A number of strategies can be used for designing 
electrostatic gates for applying electric fields to the hetero­
structures in order to define quantum dots and to perform 
qubit transformations in a quantum computing system. 
Descriptions of suitable gate configurations can be found in 
the literature, including in the following references: "Mea­
surements of capacitive coupling within a quadruple quan­
tum dot array." S. F. Neyens, E. R. MacQuarrie, J. P. 
Dodson, J. Corrigan, Nathan Holman, B. Thorgrimsson, M. 
Palma, T. McJunkin, L. F. Edge, Mark Friesen, S. N. 
Coppersmith, and M. A. Eriksson, Phys. Rev. Appliedl2, 
064049 (2019): and "A programmable two-qubit quantum 
processor in silicon." T. F. Watson, S. G. J. Philips, E. 
Kawakami, D. R. Ward, P. Scarlino, M. Veldhorst, D. E. 
Savage, M. G. Lagally, Mark Friesen, S. N. Coppersmith, M. 
A. Eriksson, and L. M. K. Vandersypen, Nature 555, 633 
(2018). 
[0030] One example of a quantum computing system 
includes at least two qubits located in quantum dots based on 
the heterostructures described herein. In some embodiments, 
more qubits are included in a quantum dot assembly. The 
system also includes a controller for controlling the qubits to 
perform a quantum computation and an output for providing 
a report generated using information obtained from the 
quantum computation performed. 
[0031] Turning now to FIG. 2, an example quantum com­
puting system 200 for quantum computation or quantum 
information processing is shown. The system 200 can 
include qubit circuitry 202, control hardware 204 in com­
munication with the qubit circuitry 202, and a controller 206 
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for directing the control hardware 204 to carry out various 
qubit manipulations and measurements, along with other 
operations. The system 200 also includes an output 208 for 
providing the quantum computation results. In general, the 
system 200 may be configured to operate over a broad range 
of conditions, and may include capabilities and hardware for 
achieving those conditions. For instance, although not 
shown in FIG. 2, the system 200 may be configured to 
achieve and sustain ultra-low temperatures, such as tem­
peratures below a few Kelvin, using a refrigeration unit. 
[0032] The qubit circuitry may be configured to initialize 
a qubit, perform qubit transformations, and read out the final 
state of a qubit or qubits. For instance, the qubit circuitry 202 
may include one or more metallic gates configured to control 
charge confinement and states of the quantum dots in a 
quantum dot assembly. In addition to gates, the qubit cir­
cuitry 202 may also include one or more charge sensors 
coupled to the quantum dot assembly configured for mea­
suring qubit states. Example charge sensors can include 
tunnel probes, quantum point contacts, single electron tran­
sistors, as well as other sensors for sensing charge. In 
addition, the qubit circuitry 202 may also include one or 
more sources or drains for measuring charge transport. 
Furthermore, the qubit circuitry 202 may also include ele­
ments for coupling of the quantum dot assembly to external 
components. 
[0033] Referring again to FIG. 2, the control hardware 204 
can include any number of electronic systems, hardware, or 
circuitry components capable of a wide range of function­
ality for controlling the qubit circuitry 202. For instance, the 
control hardware 204 can include one or more voltage 
sources, current sources, microwave sources, spectrometers, 
signal generators, amplifiers, and so forth. Such control 
hardware 204 may be configured to send, receive, and 
process a wide array of signals. For example, the control 
hardware 204 may be configured to generate a number of 
pulsed voltages, or currents, to achieved pulsed gates for 
implementing qubit operations. 
[0034] In general, the control hardware 204, as directed by 
the controller 206, may be used to prepare the qubit(s) 
formed by the qubit circuitry 202, as described. For instance, 
the control hardware 204 may be configured to populate the 
quantum dot assembly with one or more electrons (or holes). 
In addition, the control hardware 204 may be configured to 
form qubit states for the charge qubit using different charge 
distributions having the same center of mass. In some 
aspects, the control hardware 204 may prepare and manipu­
late the qubit(s ). 
[0035] The control hardware 204 may perform a number 
of quantum logic operations, including the application of ac 
gates, de gates, pulsed gates, and combinations thereof. The 
control hardware 204 can then readout the qubits(s), for 
instance, using one or more charge sensors, and provide, via 
the output 208, a report of any form for the quantum 
computation results obtained. 

EXAMPLE 

[0036] This example demonstrates that a combination of 
shear strain Exy and long-wavelength, "-""1.7 nm, sinusoidal 
Ge concentration oscillations in a SiGe/Ge-Seeded Si/SiGe 
heterostructure yields an enhanced valley splitting. The 
valley splitting Evs is calculated as a function of shear strain 
Exy, Ge concentration oscillation wavelength A, and Ge 
concentration nGe and the results are shown in FIGS. 3A-3C. 
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The calculations are based on a modified version of the 
one-dimensional (ID) single-orbital tight-binding model of 
Boykin, Timothy B., et al. "Valley splitting in strained 
silicon quantum wells." Applied Physics Letters 84.1 (2004): 
115-117 and the more sophisticated sp3 d5 s* tight-binding 
model described in Niquet, Yann-Michel, et al. "Onsite 
matrix elements of the tight-binding Hamiltonian of a 
strained crystal: Application to silicon, germanium, and their 
alloys." Physical Review B 79.24 (2009): 245201 and Jancu. 
Jean-Marc. et al. "Empirical spds* tight-binding calculation 
for cubic semiconductors: General method and material 
parameters." Physical Review B 57.11 (1998): 6493. 
[0037] The heterostructure design for this example corre­
sponds to that shown in FIG. lA with a large interface width 
of w= 1.9 nm and moderate vertical electric field of F 
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=2 

mV/nm, such that the valley splitting Evs<l0 µeV in the 
absence of shear strain and Ge concentration oscillations. 
Fixing the shear strain Exy=0.15% in FIG. 3A, an increasing 
valley splitting Evs was found with increasing Ge concen­
tration nGe near A=l.7 nm. Importantly, the enhancement 
occurred over a wide range of Ge wavelengths centered near 
A= 1. 7 nm, demonstrating that the valley-satellite condition 
of llk=4it/a does not need to be perfectly satisfied. Fixing the 
Ge concentration nGe =2.5 at. % in FIG. 3B, similar behavior 
ofEvs was found with increasing shear strain Exy near A=l .7 
nm. The data of FIGS. 3A and 3B show that Evs has a linear 
dependence on both ExyandnGenearA=l.7 nm. Finally, FIG. 
3C shows Evs as a function of Exy and nice for A=l .68 nm, 
which was the Ge concentration wavelength for the data in 
FIGS. 3A and 3B for which the valley splitting grew most 
quickly. This result clearly shows that it is the combination 
of Ge oscillations and shear strain that produces the valley 
splitting enhancement, rather than both properties separately 
contributing significantly to the enhancement. Indeed, in 
FIG. 3C along the x and y axes, where Exy =0 and nGe =0, 
respectively. Evs<50 AeV was found for all parameter val­
ues. 
[0038] To further illustrate the benefits of including long 
wavelength Ge concentration oscillations alongside shear 
strain in the quantum well, the valley splitting was calcu­
lated as a function of shear strain Exy and interface width w 
in FIGS. 4A-4D. Results are shown for two electric field 
values, F

2
=2 and 5 mV/nm, in both the absence (nGe=0) and 

presence (nGe =2.5%) of Ge oscillations. The Ge oscillation 
wavelength was fixed at A=l.68 nm for FIGS. 4B and 4D. 
As can been seen in FIGS. 4A and 4C, shear strain in the 
absence of Ge oscillations increased the valley splitting. 
However, except for small interface width w values, where 
the first-order coupling of the valley minima by the interface 
dominated over the second-order process involving the shear 
strain, it was found by comparing FIGS. 4Aand 4C to FIGS. 
4B and 4D that the valley splitting increased more rapidly 
with increasing shear strain in the presence of Ge oscilla­
tions. This can be explained by the fact that the system with 
Ge oscillations had a potential whose Fourier coefficients 
were concentrated near the wave vector corresponding to 
A=l.7 nm. In contrast, the interface potential had a Fourier 
decomposition that was spread over a wide range of wave 
vectors, making the second-order process much less pro­
nounced. 
[0039] FIGS. 4A-4D also illustrate the contrasting impact 
of the interface on the valley splitting in the absence and 
presence of Ge oscillations. In the absence of Ge oscillations 
(FIGS. 4A and 4C), Evs is quite sensitive to both the 
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interface width w and electric field Fz- This is because the 
valley splitting in this case was essentially an interface 
effect, where the potential Fourier components correspond­
ing to Assl.7 nm coming from the interface and electric field 
produced a residual form of the second-order process when 
combined with shear strain. In contrast, Evs in the presence 
of Ge oscillations was largely independent of both F2 and w, 
except for small w:S0.32 where the first-order process 
mentioned above dominated. This shows that the valley 
enhancement from the combination of shear strain and Ge 
oscillations was fundamentally not an effect from a sharp 
interface but was rather a bulk property of the quantum well. 
[0040] The word "illustrative" is used herein to mean 
serving as an example, instance, or illustration. Any aspect 
or design described herein as "illustrative" is not necessarily 
to be construed as preferred or advantageous over other 
aspects or designs. 
[0041] The foregoing description of illustrative embodi­
ments of the invention has been presented for purposes of 
illustration and of description. It is not intended to be 
exhaustive or to limit the invention to the precise form 
disclosed, and modifications and variations are possible in 
light of the above teachings or may be acquired from 
practice of the invention. The embodiments were chosen and 
described in order to explain the principles of the invention 
and as practical applications of the invention to enable one 
skilled in the art to utilize the invention in various embodi­
ments and with various modifications as suited to the 
particular use contemplated. It is intended that the scope of 
the invention be defined by the claims appended hereto and 
their equivalents. 

What is claimed is: 
1. A heterostructure comprising: 
a first quantum barrier comprising a layer of silicon­

germanium alloy or a layer of germanium; 
a second quantum barrier comprising a layer of silicon­

germanium alloy or a layer of germanium; and 
a quantum well comprising a layer of shear-strained 

germanium-seeded silicon disposed between the first 
quantum barrier and the second quantum barrier, 
wherein the layer of germanium-seeded silicon has an 
oscillating germanium concentration along its thick­
ness direction (z) and a shear strain, Exy, in a plane 
normal to the thickness direction. 

2. The heterostructure of claim 1, wherein the shear­
strained germanium-seeded silicon has a valley splitting of 
at least 100 µeV. 

3. The heterostructure of claim 1, wherein the shear­
strained germanium-seeded silicon has a valley splitting of 
at least 200 µeV. 

4. The heterostructure of claim 1, wherein the oscillating 
germanium concentration has a sinusoidal profile. 

5. The heterostructure of claim 4, wherein the sinusoidal 
profile has a wavelength in the range from 1.2 nm to 2.5 nm. 

6. The heterostructure of claim 4, wherein the sinusoidal 
profile has a wavelength in the range from 1.4 nm to 2.3 nm. 

7. The heterostructure of claim 5, wherein the average 
concentration of germanium in the shear-strained germa­
nium-seeded silicon is in the range from 1 atomic percent to 
10 atomic percent, the shear strain is in the range from 0.1 % 
to 10%, or both. 

8. The heterostructure of claim 1, wherein the shear strain 
is induced by one or more trenches formed in the hetero-
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structure and aligned along a crystallographic direction or a 
crystallographic direction of the silicon. 

9. The heterostructure of claim 8, wherein the shear strain 
is localized in a channel formed in the heterostructure 
between a pair of trenches aligned along a crystallographic 
direction or a pair of trenches aligned along a crystallo­
graphic direction of the silicon. 

10. The heterostructure of claim 1, wherein the first 
quantum barrier and the second quantum barrier comprise 
the layer of silicon-germanium alloy. 

11. A gate-controlled quantum dot comprising: 
a heterostructure comprising: 

a first quantum barrier comprising a layer of silicon­
germanium alloy or a layer of germanium; 

a second quantum barrier comprising a layer of silicon­
germanium alloy or a layer of germanium; and 

a quantum well comprising a layer of shear-strained 
germanium-seeded silicon disposed between the first 
quantum barrier and the second quantum barrier, 
wherein the layer of germanium-seeded silicon has 
an oscillating germanium concentration along its 
thickness direction (z) and a shear strain, Exy, in a 
plane normal to the thickness direction; and 

one or more electrostatic gates in electrical communica­
tion with the heterostructure, wherein the one or more 
electrostatic gates are configured to apply a controllable 
potential to the quantum well that confines electrons in 
the quantum well in three dimensions. 

12. The gate-controlled quantum dot of claim 11, wherein 
the shear-strained germanium-seeded silicon has a valley 
splitting of at least 100 µeV. 

13. The gate-controlled quantum dot of claim 11, wherein 
the shear-strained germanium-seeded silicon has a valley 
splitting of at least 200 µeV. 

14. The gate-controlled quantum dot of claim 11, wherein 
the oscillating germanium concentration has a sinusoidal 
profile. 

15. The gate-controlled quantum dot of claim 14, wherein 
the sinusoidal profile has a wavelength in the range from 1.2 
nm to 2.5 nm. 
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16. A quantum computing system for performing quantum 
computation, the system comprising: 

a heterostructure comprising: 
a first quantum barrier comprising a layer of silicon­

germanium alloy or a layer of germanium; 
a second quantum barrier comprising a layer of silicon­

germanium alloy or a layer of germanium; and 

a quantum well comprising a layer of shear-strained 
germanium-seeded silicon disposed between the first 
quantum barrier and the second quantum barrier, 
wherein the layer of germanium-seeded silicon has 
an oscillating germanium concentration along its 
thickness direction (z) and a shear strain, Exy, in a 
plane normal to the thickness direction; 

one or more electrostatic gates in electrical communica­
tion with the heterostructure, the one or more electro­
static gates being configured to apply controllable 
potentials to the quantum well, wherein the controllable 
potentials define one or more gate-controlled qubits in 
the heterostructure; 

a controller for controlling the potentials applied by the 
one or more electrostatic gates; and 

a sensor for reading out a state of the one or more 
gate-controlled qubits. 

17. The quantum computing system of claim 16, wherein 
the shear-strained germanium-seeded silicon has a valley 
splitting of at least 100 µe V. 

18. The quantum computing system of claim 16, wherein 
the shear-strained germanium-seeded silicon has a valley 
splitting of at least 200 µeV. 

19. The quantum computing system of claim 16, wherein 
the oscillating germanium concentration has a sinusoidal 
profile. 

20. The quantum computing system of claim 19, wherein 
the sinusoidal profile has a wavelength in the range from 1.2 
nm to 2.5 nm. 

* * * * * 




