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SILICON-GERMANIUM 
HETEROSTRUCTURES WITH QUANTUM 

WELLS HAVING OSCILLATORY 
GERMANIUM CONCENTRATION PROFILES 

FOR INCREASED VALLEY SPLITTING 

REFERENCE TO GOVERNMENT RIGHTS 

This invention was made with government support under 
W911NF-17-1-0274 awarded by the ARMY/ARO. The gov­
ernment has certain rights in the invention. 

BACKGROUND 

Silicon-Germanium (SiGe) heterostructures are used for 
many purposes in the modern electronics industry, forming 
the basis of devices, such as SiGe heterojunction bipolar 
transistors and Si/SiGe modulation-doped field effect tran­
sistors. Most recently, SiGe alloys have become a material 
of choice for quantum computing applications. In particular, 
silicon quantum dots formed in the silicon well of an Si/Si Ge 
heterostructure have been used to trap electrons in qubits for 
quantum computing, wherein the spins of the trapped elec­
trons store and process quantum information. An advantage 
of the Si/SiGe heterostructures is that silicon provides a 
clean magnetic environment with a low noise level, a crucial 
requirement for quantum computing. 

The electrons in silicon quantum wells of the Si/SiGe 
quantum dot structures can occupy different valleys in the 
conduction band structure. For most purposes, and for many 
quantum bits for quantum computing, this valley degree of 
freedom for electrons is an unwanted complication, since the 
additional transitions prevent clean control of qubit states in 
quantum computing devices. This unwanted complication 
occurs because the energy splitting between valley states is 
comparable to the energy splitting between electron spin 
states. Hence much effort has been put into making the 
valley splittings in the conduction band of silicon larger, 
with limited success. 

SUMMARY 

2 
trolled quantum dot further includes one or more electro­
static gates in electrical communication with the semicon­
ductor heterostructure, wherein the one or more electrostatic 
gates are configured to apply a controllable potential to the 

5 quantum well that confines electrons in the quantum well in 
three dimensions. 

One embodiment of a quantum computing system for 
performing quantum includes a semiconductor heterostruc­
ture comprising: first quantum barrier comprising a layer of 

10 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 com­
prising strained, germanium-seeded silicon positioned 
between the first quantum barrier and the second quantum 

15 barrier, wherein the germanium concentration in the germa­
nium-seeded silicon has an oscillating profile across the 
quantum well. The quantum computing system further 
includes: one or more electrostatic gates in electrical com­
munication with the semiconductor heterostructure, the one 

20 or more electrostatic gates being configured to apply con­
trollable potentials to the quantum well, wherein the con­
trollable potentials define one or more gate-controlled qubits 
in the heterostructure; a controller for controlling the poten­
tials applied by the one or more electrostatic gates; and a 

25 sensor for reading out a state of the one or more qubits. 
One embodiment of a method of forming a quantum­

confined semiconductor heterostructure, the method includ­
ing the steps of: growing a quantum well layer of strained, 
germanium-seeded silicon on a first quantum barrier layer 

30 comprising germanium or a germanium-silicon alloy via 
pulsed chemical vapor deposition using a pulse sequence 
comprising: a first pulse having a germanium concentration 
that corresponds to a peak germanium concentration; and a 
germanium-free pulse, wherein the pulse sequence is 

35 repeated at least twice; and growing a second quantum 
barrier layer comprising germanium or a germanium-silicon 
alloy over the quantum well layer. 

Other principal features and advantages of the invention 
will become apparent to those skilled in the art upon review 

40 of the following drawings, the detailed description, and the 
appended claims. 

Semiconductor heterostructures, gate-controlled quantum 
dots based on the heterostructures, quantum computing 
systems, and methods of forming a quantum-confined semi- 45 

conductor heterostructures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. One embodiment of a semiconductor heterostructure 

includes: 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 50 

alloy or a layer of germanium; and a quantum well com­
prising strained, germanium-seeded silicon positioned 
between the first quantum barrier and the second quantum 
barrier. The germanium concentration in the germanium­
seeded silicon has an oscillating profile across the quantum 55 

well and the conduction band of the quantum well has a 
valley splitting of at least 80 µeV. 

One embodiment of a gate-controlled quantum dot 
includes a semiconductor heterostructure comprising: a first 
quantum barrier comprising a layer of silicon-germanium 60 

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 strained, ger­
manium-seeded silicon positioned between the first quantum 
barrier and the second quantum barrier, wherein the germa- 65 

nium concentration in the germanium-seeded silicon has an 
oscillating profile across the quantum well. The gate-con-

FIG. 1 is a band energy diagram showing the valley 
splitting in strained and quantum confined silicon. 

FIG. 2 is a schematic illustration of a heterostructure that 
includes a germanium-seeded quantum well sandwiched 
between two GeSi barriers. The sinusoidally-varying con­
centration of germanium in the silicon well is represented by 
the sine wave. 

FIG. 3A is a transmission electron microscope image of a 
layer of germanium-seeded silicon grown on a silicon wafer. 
The silicon has an oscillating concentration of germanium. 
FIG. 3B is a graph of the germanium concentration along the 
direction of the arrow, integrated over 1000 pixels. 

FIG. 4 is a schematic of an example system for use in 
quantum computation in accordance with the present dis­
closure. 

FIG. 5 shows the current-voltage relation produced by 
passing a current through a two-quantum dot assembly, in 
accordance with Example 2. 

FIG. 6 shows the measured energy-level structure of a 
single quantum dot, obtained by applying a 1 MHz square 
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pulse to a nearby gate. The levels show up as bright lines in 
a plot of voltage vs. pulse amplitude. Using standard meth­
ods, the voltages can be converted to energies of electron 
levels. 

DETAILED DESCRIPTION 

Semiconductor heterostructures, methods of making the 
heterostructures, and qubits based on the heterostructures 
are provided. The heterostructures include a quantum well of 
strained silicon seeded with germanium impurities posi­
tioned between two quantum barriers of germanium (Ge) or 
silicon-germanium (Si Ge) alloy. A key feature of the quan­
tum well is that the germanium concentration in the well has 
an oscillating profile that increases the valley splitting in the 
conduction band of the quantum well, relative to the valley 
splitting in the absence of the germanium impurities. The 
increased valley splitting makes it possible to cleanly control 
the qubit states of a qubit incorporating the heterostructure 
without interference from the valley splitting. The oscillat­
ing germanium concentration profile can be formed in the 
silicon using standard growth techniques, such as pulsed 
chemical vapor deposition (CVD), without the need to 
achieve atomically smooth interfaces and/or the need to use 
difficult to control processing conditions. 

FIG. 1 shows the valley splitting in silicon. Bulk silicon 
has a six-fold orbital degeneracy that can be lifted by both 
strain and quantum confinement. Under strain, the six-fold 
valley degeneracy in the silicon conduction band is reduced 
to two-fold. Quantum confinement further reduces this 
degeneracy. The energy gap to the first excited valley state 
is referred to as the valley splitting, llv. 

Although the inventors do not intend to be bound to any 
particular theory of the invention, the increased valley 
splitting in the quantum well may be explained as follows. 
The valleys in the conduction band in strained Si are at 
wavenumbers ko=(2it/a) (0,0,0.85). Here a=0.543 nm is the 
side of the conventional unit cell in Si. The electron wave­
functions for the lowest orbital states are: 

1jJ, --,;/x')~F,(z)<j>,(x')e';--,; o 7 

These are superpositions of states near the valley minima. 
The F's are envelope functions and the qJ's are Bloch 
functions at the minima. z is the depth from the surface of 
the structure. The valley splitting llv is approximately: 

IL\.) ~21fF2 (z )<I>* _(x')<1>.(x')e0 a«,zv(z)d3xl. 

The wavelength of the oscillating germanium concentration 
profile in the silicon quantum wells is designed to increase 
llv. This can be accomplished at a variety of wavelengths, 
where wavelength refers to the distance between neighbor­
ing maxima or minima in the oscillating germanium con­
centration profile. For example, by engineering the quantum 
well so that F2(z) V(z) has a large Fourier component at the 
wavenumber (0,0,4Jt/a-2k0 ) corresponding to a germanium 
concentration oscillation having wavelength of 1.8 nm. This 
will cancel the oscillation of the exponential factor in the 
integrand, producing a large enhancement in llv. F(z) is 
slowly varying, so it is principally V(z) that is the focus of 
the quantum well design strategy. By way of further illus­
tration, an alternative germanium concentration oscillation 
wavelength that produces similar effects uses the wavenum­
ber (0, 0,2k0 ) corresponding to a wavelength of 0.32 nm. 
Oscillations of V(z) with this repeat distance can also be 
used to increase llv. 

By using an oscillating germanium concentration in the 
quantum well layer, the size of the valley splitting can be 

4 
controlled, and valley splittings of at least 80 µeV, and even 
at least 100 µeV, can be achieved. The ability to engineer 
valley splittings in the range from about 20 µe V to about 40 
µeV is particularly advantageous because this is a desirable 

5 range for the valley splitting for quantum dot hybrid qubits 
(QDHQ) in silicon. The QDHQ, which is composed of three 
electrons in a tunnel-coupled double quantum dot, operates 
at zero magnetic field, and can be manipulated on time 
scales as short as a few nanoseconds. (See, for example, "A 

10 fast 'hybrid' silicon double quantum dot qubit." Zhan Shi et 
al., Phys. Rev. Lett. 108, 140503 (2012); "Quantum control 
and process tomography of a semiconductor quantum dot 
hybrid qubit." Dohun Kim et al., Nature 511, 70 (2014); and 
"Microwave-driven coherent operations of a semiconductor 

15 quantum dot charge qubit." Dohun Kim et al., Nature 
Nanotech. 10, 243 (2015).) An essential ingredient in the 
manipulation of the QDHQ is achieving an energy splitting 
between the qubit states O and 1 that simultaneously is 
greater than kT (-2 GHz in typical experiments) and low 

20 enough to be in a convenient microwave frequency range 
(less than 20 GHz is ideal). Valley splittings greater than 100 
µeV (about 25 GHz) can be achieved for the germanium­
seeded quantum wells described herein. This provides a way 
to get the qubit energy splitting much less than the valley 

25 splitting. This eliminates the uncontrolled degree of freedom 
for the electrons that prevents clean control of qubit states 

As used herein, the term oscillating concentration profile 
refers to a concentration profile that varies repetitively 
between maximum and minimum concentrations. The shape 

30 of the oscillating profile can take a variety of forms but will 
be characterized by a plurality of peaks alternating with a 
plurality of troughs. The peaks and troughs in the profile 
generally have a uniform or a substantially uniform spacing, 
width, and amplitude. By way of illustration, the concen-

35 tration of germanium may vary continuously and gradually 
between the peaks and troughs of the concentration profile, 
as in the case of a sinusoidal profile or a triangular wave 
profile, may change abruptly between a low ( e.g., zero) 
concentration of germanium and a maximum concentration 

40 of germanium, as in the case of a series of delta functions or 
a square wave function, or may take on a oscillating form 
intermediate between a continuously and gradually varying 
and an abruptly changing profile. By way of illustration, 
FIG. 2 shows a silicon quantum well 202 sandwiched 

45 between a first GeSi quantum barrier 204 and a second GeSi 
quantum barrier 206. The concentration of the germanium 
impurities as a function of position in the quantum well is 
represented by a sine wave. 

It should be noted, however, that perfectly uniform spac-
50 ings, widths, and amplitudes are not required. More particu­

larly, in the case of sinusoidal profile, a perfect sine wave 
profile is not required, as illustrated by the sine wave-like 
germanium concentration profile shown in FIGS. 3A and 
3B, which was achieved experimentally, as described in 

55 Example 1. 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 

60 profiles may be fit by or modeled as sine waves. 
The concentration of germanium in the silicon well will 

vary from a maximum value to a minimum value along the 
concentration profile. Generally, a higher germanium con­
centration can provide a higher splitting. However, higher 

65 germanium concentrations will also provide a less clean 
environment and may lead to electron scattering. Thus, in 
practice, the optimal germanium concentration may be 
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based on a trade-off between these considerations. By way 
of illustration, some embodiments of the silicon quantum 
well layers have a maximum germanium concentration (i.e., 
a germanium concentration at the peaks in the profile) in the 
range from about 5 atomic percent (at.%) to about 30 at.%. 5 

This includes embodiments of the silicon quantum well 
layers having a maximum germanium concentration in the 
range from about 10 at. % to about 30 at. %. 

6 
It should be noted, however, that other doping protocols 

and pulse sequences can be used to achieve the desired 
effect. Any procedure that gives a germanium density profile 
with the proper wavelength can be used to yield an increase 
in the valley splitting. For example, more pulses or pulses 
with different amplitudes may also be chosen. Different 
equipment and/or different sources of the constituent mate­
rials can also be used. For example, the quantum well layers 
can be made by molecular beam epitaxy as well as chemical 
vapor deposition. The epitaxy method may be more suitable 
for the shorter 0.32 nm repeat distance embodiment. 

Once the heterostructures are formed, one or more elec-
trodes ( 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 information 
processing device. In gate-controlled quantum dot systems, 
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 

The first and second quantum barrier layers comprise 
SiGe alloy or germanium. The quantum barrier layer mate- 10 

rial can be represented by the formula SixGe(l-x), wherein 
0sx<l, with a typical nominal value of 0. 7. 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 15 

a layer of SiGe epitaxially until it terminates in the desired 
composition. The quantum barrier layers and the quantum 
well layer are designed to provide quantum confinement of 
electrons in the well, with typical thicknesses ranging from 
tens to hundreds of nanometers. 20 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, 

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. In fact, a 
suitable sine-wave like germanium concentration profile can 
be achieved using standard pulsed CVD processing by 
cyclically varying the germanium concentration in sequen­
tial pulses. 

The SiGe barriers can be grown epitaxially using known 
techniques, and the germanium-seeded silicon quantum well 
can be grown on the GeSi. In one example of a method of 
making the germanium-seeded silicon layer, a pulsed CVD 
process is used in which the ratio of silicon to germanium is 
varied between pulses to produce a quasi-sinusoidal profile. 

25 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 

30 dots or reservoirs, the size and occupation of each dot can be 
controlled to obtain a wide variety of quantum systems for 

In this process, multiple cycles, each including a series of 35 

sequential pulses, are used to grow a layer of silicon in 
which the concentration of germanium oscillates as a func­
tion of depth through the layer. In a first pulse of the series, 
the concentration of germanium in the pulse corresponds to 
the peak germanium concentration in the profile. This first 40 

pulse is, optionally, followed by one or more intermediate 
pulses in which the concentration of germanium is between 
zero and the peak germanium concentration. A germanium­
free pulse is then used to define the minimum in the 
oscillating germanium concentration profile, optionally fol- 45 

lowed by one or more additional intermediate pulses to end 
the series. 

By way of illustration, a quasi-sinusoidal depth profile 
with a repeating period of 1.8 nm can be achieved by cycling 
through the following series of pulses: a 0.6 nm pulse of 50 

10% Ge and 90% Si, followed by a 0.3 nm pulse of 5% Ge 
and 95% Si, followed by a 0.6 nm pulse of 100% Si, 
followed by a 0.3 nm pulse of 5% Ge and 95% Si, where the 
depth of material deposited in nm is indicated for each pulse. 
This pattern is repeated until it fills the whole active region, 55 

defined as the depths at which the electron density is 
non-negligible. The peak in the long 10% Ge pulse is 
desirably positioned so that the center of one such pulse is 
at the maximum in the electron density. Using this pulsed 
CVD sequence protocol, a 200 nm-thick layer of silicon was 60 

grown on a silicon wafer with a germanium concentration 
oscillating between pure silicon and 90: 10 Si:Ge, as 
described in more detail in Example 1. A transmission 
electron microscope (TEM) image of the germanium-seeded 
silicon is shown in FIG. 3A, and the corresponding sine 65 

wave-like germanium concentration profile, having a nomi­
nal wavelength of 1.8 nm, is shown in FIG. 3B. 

use in quantum computation. 
A number of strategies can be used for designing elec­

trostatic gates for applying electric fields to the heterostruc­
tures in order to define quantum dots and to perform qubit 
transformations in a quantum computing system. Descrip­
tions of suitable gate configurations can be found in the 
literature, including in the following references: "Measure­
ments of capacitive coupling within a quadruple quantum 
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. Applied 12, 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). 

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. 

Turning now to FIG. 4, an example quantum computing 
system 400 for quantum computation or quantum informa­
tion processing in accordance with the present disclosure is 
shown. As shown, the system 400 can include qubit circuitry 
402, control hardware 404 in communication with the qubit 
circuitry 402, and a controller 406 for directing the control 
hardware 404 to carry out various qubit manipulations and 
measurements, along with other operations. The system 400 
also includes an output 408 for providing the quantum 
computation results. In general, the system 400 may be 
configured to operate over a broad range of conditions, and 
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as such may include capabilities and hardware for achieving 
those conditions. For instance, although not shown in FIG. 

8 
relative flow rates of silane and germane precursor gases 
during growth. A flow of the germane gas mixture (10% 
germane, balance hydrogen) of 4.92 seem for 10.9 seconds 
was used to yield a peak germanium concentration in the 

4, the system 400 may be configured to achieve and sustain 
ultra-low temperatures, such as temperatures below a few 
Kelvin, using, for example, a refrigeration unit. 

The qubit circuitry may be configured to initialize a qubit, 
perform qubit transformations, and read out the final state of 

5 quantum well of Si0 _9Ge0 _1 . This was followed by a 10.2 
second germane-free pulse. The flow rate of a gas mixture of 
20% silane, balance hydrogen, was kept at a constant flow 
rate of 90 seem. This pulse sequence was repeated until five a qubit or qubits. For instance, the qubit circuitry 402 may 

include one or more metallic gates configured to control 
charge confinement and states of the quantum dots in a 10 

quantum dot assembly. In addition to gates, the qubit cir­
cuitry 402 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- 15 

sistors, as well as other sensors for sensing charge. In 
addition, the qubit circuitry 402 may also include one or 
more sources or drains for measuring charge transport. 
Furthermore, the qubit circuitry 402 may also include ele­
ments for coupling of the quantum dot assembly to external 20 

components. 
Referring again to FIG. 4, the control hardware 404 can 

include any number of electronic systems, hardware, or 
circuitry components capable of a wide range of function­
ality for controlling the qubit circuitry 402. For instance, the 25 

control hardware 404 can include one or more voltage 

bi-layers were formed in the quantum well, the final layer 
being silicon and then the germane mixture flow of 16.6 
seem was resumed to grow a second Si0 _7 Ge0 _3 barrier over 
the quantum well. The deposition was performed at 600° C. 
and the total well thickness was 9 nm to give a 1.8 nm 
period. 

FIG. 3A is a transmission electron microscope image of a 
test structure of multiple bilayers layer of germanium­
seeded silicon grown on a silicon wafer. The silicon has an 
oscillating concentration of germanium. FIG. 3B is a graph 
of the germanium concentration along the direction of the 
arrow, integrated over 1000 pixels. 

Example 2: Demonstration of Single- and 
Double-Quantum Dot Systems 

sources, current sources, microwave sources, spectrometers, 
signal generators, amplifiers, and so forth. Such control 
hardware 404 may be configured to send, receive, and 
process a wide array of signals. For example, the control 
hardware 404 may be configured to generate a number of 
pulsed voltages, or currents, to achieved pulsed gates for 
implementing qubit operations. 

This example illustrates the fabrication of a double quan­
tum dot system formed from a heterostructure of the type 
described in Example 1 and further demonstrates the ability 
to achieve a valley splitting of approximately 100 µeV in a 
single quantum dot. 

30 The measured valley splitting for the single quantum dot 

In general, the control hardware 404, as directed by the 
controller 406, may be used to prepare the qubit(s) formed 
by the qubit circuitry 402, as described. For instance, the 
control hardware 404 may be configured to populate the 
quantum dot assembly with one or more electrons ( or holes). 

on three days is shown in Table 1. FIG. 5 shows the 
current-voltage relation produced by passing a current 
through a two-quantum dot assembly. These data were 
obtained by applying a 1 MHz square pulse to a nearby gate 

35 electrode. The levels show up as bright lines in a plot of 
voltage vs. pulse amplitude (FIG. 6). Using standard meth­
ods, the voltages were converted to energies of electron 
levels. 

In addition, the control hardware 404 may be configured to 
form qubit states for the charge qubit using different charge 40 

distributions having the same center of mass. In some 
aspects, the control hardware 404 may prepare and manipu­
late the qubit(s ). 

Date 

Day 1 

TABLE 1 

1" valley/ST (µeV) 2nd valley/ST (µe V) 

139 +/- 6 100 +/- 4 
The control hardware 404 may perform a number of 

quantum logic operations, including the application of ac 45 

gates, de gates, pulsed gates, and combinations thereof. The 
control hardware 404 can then readout the qubits(s), for 
instance, using one or more charge sensors, and provide, via 
the output 408, a report of any form for the quantum 
computation results obtained. 50 

1 electron 
Day 2 83 +/- 2 159 +/- 4 
1 electron 
Day 3 107 +/- 5 83 +/- 6 
2 electron 

The word "illustrative" is used herein to mean serving as 

EXAMPLES 

Example 1: CVD Growth of a Germanium-Seeded 
Silicon Quantum Well 

This example illustrates the growth of a silicon quantum 
well layer having an oscillating germanium concentration. 
Typically, a linearly-graded relaxed buffer layer ( e.g., graded 
to 30% Ge over 3 microns) is grown on a silicon wafer via 
CVD, followed by the CVD growth of a several micron 
thick layer of Si0 _7Ge0 _3 and the resulting structure is sub­
sequently chemo-mechanically polished. After cleaning, an 
additional 500 nm Si0 _7Ge0 _3 layer was deposited with CVD 
before the quantum well structure was grown. The concen­
tration of germanium in the germanium-seeded silicon layer 
was adjusted during quantum well growth by adjusting the 

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. Further, for the purposes of this disclosure and 

55 unless otherwise specified, "a" or "an" means "one or 
more." 

The foregoing description of illustrative embodiments of 
the invention has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 

60 limit the invention to the precise form disclosed, and modi­
fications 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 

65 applications of the invention to enable one skilled in the art 
to utilize the invention in various embodiments and with 
various modifications as suited to the particular use contem-
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plated. 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 semiconductor heterostructure comprising: 
a first quantum barrier comprising a layer of silicon- 5 

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 strained, germanium-seeded 

silicon disposed between the first quantum barrier and 10 

the second quantum barrier, wherein the germanium 
concentration in the germanium-seeded silicon has an 
oscillating profile across the quantum well and the 
conduction band of the quantum well has a valley 
splitting of at least 20 µeV. 15 

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

3. The heterostructure of claim 2, wherein the oscillating 
profile is a sinusoidally varying profile. 

4. The heterostructure of claim 2, wherein the oscillating 
profile has a wavelength of 1.8 nm. 

20 

10 
16. A quantum computing system for performing quantum 

computation, the system comprising: 
a semiconductor heterostructure comprising: 

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 strained, germanium­
seeded silicon disposed between the first quantum 
barrier and the second quantum barrier, wherein the 
germanium concentration in the germanium-seeded 
silicon has an oscillating profile across the quantum 
well; and 

one or more electrostatic gates in electrical communica-
tion with the semiconductor heterostructure, 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 controlling the potentials applied by the 
one or more electrostatic gates; and 

5. The heterostructure of claim 2, wherein the oscillating 
profile has a wavelength of 0.32 nm. 

6. The heterostructure of claim 2, wherein the maximum 
concentration of germanium along the germanium concen­
tration profile is no greater than 30 at. %. 

a sensor for reading out a state of the one or more qubits. 
17. The quantum computing system of claim 16, wherein 

25 the first quantum barrier and the second quantum barrier 
comprise the layer of silicon-germanium alloy. 

18. The quantum computing system of claim 17, wherein 
the oscillating profile is a sinusoidally varying profile. 7. The heterostructure of claim 2, wherein the maximum 

concentration of germanium along the germanium concen­
tration profile is no greater than 20 at. %. 

8. The heterostructure of claim 1, wherein the quantum 
well has a valley splitting in the range from 20 µeV to 100 
µeV. 

19. The quantum computing system of claim 17, wherein 
30 the oscillating profile has a wavelength of 1.8 nm. 

20. The quantum computing system of claim 17, wherein 
the oscillating profile has a wavelength of 0.32 nm. 

9. A gate-controlled quantum dot comprising: 
a semiconductor 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 

21. The quantum computing system of claim 17, wherein 

35 
the maximum concentration of germanium along the ger­
manium concentration profile is no greater than 30 at. %. 

22. The quantum computing system of claim 17, wherein 
the maximum concentration of germanium along the ger­
manium concentration profile is no greater than 20 at. %. 

23. A method of forming a quantum-confined semicon­
ductor heterostructure, the method comprising: 

a quantum well comprising strained, germanium- 40 

seeded silicon disposed between the first quantum 
barrier and the second quantum barrier, wherein the 
germanium concentration in the germanium-seeded 
silicon has an oscillating profile across the quantum 
well; and 45 

one or more electrostatic gates in electrical communica­
tion with the semiconductor 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 dimen- 50 

SJOnS. 

growing a quantum well layer of strained, germanium­
seeded silicon on a first quantum barrier layer com­
prising germanium or a germanium-silicon alloy via 
pulsed chemical vapor deposition using a pulse 
sequence comprising: 
a first pulse having a germanium concentration that 

corresponds to a peak germanium concentration; and 
a germanium-free pulse, wherein the pulse sequence is 

repeated at least twice; and 
growing a second quantum barrier layer comprising ger­

manium or a germanium-silicon alloy over the quantum 
well layer. 

10. The quantum dot of claim 9, wherein the first quantum 
barrier and the second quantum barrier comprise the layer of 
silicon-germanium alloy. 

11. The quantum dot of claim 9, wherein the oscillating 
profile is a sinusoidally varying profile. 

55 
24. The method of claim 23, wherein the pulse sequence 

further comprises: 

12. The quantum dot of claim 9, wherein the oscillating 
profile has a wavelength of 1.8 nm. 

13. The quantum dot of claim 9, wherein the oscillating 
profile has a wavelength of 0.32 nm. 

14. The quantum dot of claim 9, wherein the maximum 
concentration of germanium along the germanium concen­
tration profile is no greater than 30 at. %. 

60 

15. The quantum dot of claim 9, wherein the maximum 
concentration of germanium along the germanium concen- 65 

tration profile is no greater than 20 at. %. 

one or more intermediate pulses between the first pulse 
and the germanium-free pulse, the one or more inter­
mediate pulses having germanium concentrations 
between zero and the peak germanium concentration; 
and 

one or more additional intermediate pulses after the 
germanium-free pulse, the one or more additional inter­
mediate pulses having germanium concentrations 
between zero and the peak germanium concentration. 

* * * * * 




