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Ultrashallow heavily constrained quantum wells: The cradle for fully electrically controlled
and microwave coupled quantum bits
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Ge/SiGe heterostructure quantum well structures based on Ge two-dimensional hole gas have become one
of the most promising research directions for preparing spin quantum bits due to their low disorder and high
mobility. In this study, high-quality virtual substrates were epitaxially grown on 8-in silicon substrates using
reduced pressure chemical vapor deposition. The surface roughness of the samples was optimized by adjusting
key parameters such as the thickness of the reverse gradient buffer layer and Si1−xGex buffer layer. Based on the
strain modulation of dislocation dynamics, high-quality strained quantum wells with a density of stress accumu-
lation points (DSAP) of 0.301/µm2 and surface RMS roughness less than 3 nm were achieved. Ultimately, an
ultrashallow heavily constrained and undoped quantum well with a well depth of 15 nm, in-plane compressive
strain of ε‖ = −1.19%, and a mobility of 3.382 × 105 cm2/Vs was obtained. A novel characterization method
for quantum wells was proposed based on the defined DSAP. The ultrashallow quantum well depth and higher
compressive strain enable the quantum well to maintain a high effective g factor (up to 8.3), becoming the cradle
for fully electrically controlled and microwave coupled quantum bits.
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I. INTRODUCTION

Recent theoretical developments have revealed that het-
erojunction quantum well structures based on Ge two-
dimensional hole gas (2DHG) have become one of the most
promising research directions for spin quantum bits due
to their low disorder and intrinsic high mobility. Silicon-
based quantum bits are quantum computing units that use
electron/hole or nuclear spins [1] in silicon as quantum infor-
mation carriers, which have the advantages of compatibility
with existing semiconductor processes, scalability, long re-
laxation time, and high fidelity and are one of the most
promising platforms for realizing large-scale quantum com-
puting. Significant progress has been made in the past five
years in germanium hole-gas qubits; in particular, they can
offer a high degree of quantum dot tunability [2], fast and
all-electrical driving [2], and Ohmic contacts to superconduc-
tors for hybrids [2]. In addition, germanium has progressed
from the formation of stable quantum dots and quantum dot
arrays [3] to demonstrations of single-qubit logic, long spin
lifetimes [4,5], and the formation of a four-qubit quantum
processor based on germanium hole spin quantum dots [6].
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Silicon-based strained Ge quantum well-hole-gas qubits have
become a pioneer material platform for silicon-based qubits
due to their high mobility, light hole effective mass, and strong
spin-orbit interaction [7,8]. The long manipulation time and
high fidelity [9] needed by qubits put forward extremely high
requirements on the quality of material quantum wells, and
the level of mobility reflects the strength of remote impu-
rity scattering on quantum wells [10], which will directly
affect the quantum bit decoherence time and fidelity. There-
fore, the level of mobility will directly reflect the quality of
quantum wells from the material. Generally, high mobility
means high-quality quantum wells with low disorder [11]. The
growth of high-mobility, high-quality silicon-based strained
Ge-hole-gas quantum wells is the only way to the future of
semiconductor quantum computing [12].

Silicon-based strained Ge-hole-gas quantum wells can
be divided into light strain, standard strained, and heavily
strained quantum wells according to the strength of the com-
pressive stress. The standard compressive strain quantum well
(ε‖ = −0.63%) has achieved a 2 × 2 bit processor array [4]
because of its higher mobility and stronger orbit spin coupling
(SOC) effect [1,13], which is now the mainstream direction
of semiconductor quantum computing multibit integration re-
search. Lightly strained quantum wells (ε‖ > −0.63%) have
been shown to be of great significance for faster qubit drives
and topological quantum devices [10,11,14]. The compressive
strain and potential barrier confinement in the heavily con-
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strained quantum well (ε‖ < −0.63%) can move the light hole
energy band (LHs) to a higher energy band, and the holes lim-
ited in this quantum well at this time belong to the heavy hole
(HHs) type. It plays an important role in the preparation of
single-triplet qubits [15], but due to the large lattice mismatch
of higher strains, it will inevitably lead to a decline in the
quality of quantum wells, posing a great challenge to the dis-
location dynamic growth mode of heteroepitaxial materials.

The quality of the quantum well is mainly affected by the
following points. First, the roughness of the interface and
surface and the rough surface will directly lead to fluctuation
(crosshatch) and thus affect carrier transport in the subsequent
growth of the quantum well [16–19]. The second is that the
threading arms extend to the lower interface of the quantum
well, which may pass through the quantum well during
growth and deteriorate the crystal quality. Therefore, the ideal
quantum well interface must have a uniform misfit dislocation
grid (crosshatch), no obvious threading dislocations, and a
smooth surface. The growth of high-quality standard-strained
and heavily constrained hole-gas quantum wells is the subject
of this study.

In this study, a virtual substrate was epitaxially grown
on an 8-in silicon substrate by means of reduced pressure
chemical vapor deposition (RPCVD). By adjusting key pa-
rameters such as the thickness and composition of each film
layer, high-quality Ge quantum wells with different strains
and different structure thicknesses are finally obtained. The
research characterization results indicate that through the
overall collaborative optimization of the quantum well struc-
ture, the threading dislocation density before the Si1−xGex

barrier layer is maintained below 106 cm−2, and all the thread-
ing dislocations are annihilated before the quantum well. The
surface roughness of the heavily constrained quantum well is
controlled within 3 nm, which can effectively suppress segre-
gation at the Si1−xGex/Ge QW interface. Finally, ultrashallow
heavily constrained and shallow standard-strained quantum
wells with strains of −1.19% and −0.61% were obtained.
The roughness of the heavily constrained quantum well was
controlled at approximately 3 nm, and a saturation mobility
of 33.82 × 104 cm2/Vs and an in-plane effective g factor of
up to 8.2 were obtained through low-temperature magnetic
transport testing at T = 250–650 mK.

II. RESULTS AND DISCUSSION

A. Growth of Ge/SiGe heterojunction structures
with different strains

In this study, heterojunction intrinsic quantum wells with
different strains were grown on 8-in silicon wafers using
ASM epsilon reduced-pressure chemical vapor deposition
(RP-CVD). Using germane mixed hydrogen (GeH4 in H2)
and dichlorosilane (SiH2Cl2) as precursors, a Ge layer of
approximately 1.7 µm was prepared as a virtual substrate by
high- and low-temperature growth methods. Subsequently,
high-temperature annealing at 820 ◦C for 20 min was per-
formed to reduce the threading dislocation density and
obtain better quality Ge epitaxial layer. The reverse grading
Si1−xGex (0.8 > x > 0.75) layer was grown later at 800 ◦C by
keeping the GeH4 flow constant and gradually reducing the
SiH2Cl2 flow. To filter the remaining threading dislocations

FIG. 1. (a) Unstrained QW. (b) Standard strained. (c) Heavily
strained.

in the reverse grading layer, the dose of GeH4 is increased
while the temperature is lowered, and Ge-rich pulses are in-
serted to realize the synergistic optimization of the thickness
of the reverse grading layer and the barrier layer. A constant
composition Si1−xGex buffer was grown at 650 ◦C, on which a
2DHG quantum well of thickness suitable for quantum com-
puting was grown. Afterwards, a barrier layer of 15–40 nm
on Si1−xGex (0.8 > x > 0.75) was grown at a lower temper-
ature, aiming at shielding remote impurity scattering from
the sample surface while providing compressive stress. The
final grown Si cap layer provides a good dielectric interface
for device fabrication. Finally, we obtained sample A, sample
B, and sample C. The samples correspond to sample A as a
standard-strained sample [Fig. 1(b)] quantum well structure
with a thicker reverse grading buffer layer and a thinner po-
tential barrier buffer layer. Sample B is a standard-strained
quantum well structure with a thinner reverse grading buffer
layer and a thicker barrier buffer layer. Sample C is heavily
constrained [Fig. 1(c)] quantum well structure. By using VASP,
we can obtain the separation of the light and heavy hole
energy bands (�ESOC) of sample A and sample B as 37 meV
and 68 meV.

B. Strained quantum well characterization and analysis of
material and structure

The study used high-resolution x-ray diffraction
(HR-XRD) and scanning transmission electron microscopy
(STEM) to characterize the composition of the material and
the degree of strain in detail. The interface morphology and
dislocations at the quantum wells were characterized by etch
pit density (EPD), scanning electron microscopy (SEM),
and atomic force microscopy (AFM). The high-resolution
imaging of the quantum well interface was carried out by
HAADF, and the relative strain at the quantum well was
characterized by the GPA system and HR-XRD.

1. Strained quantum well characterization and analysis
of material and structure

The correlation between TDD and the size of 3D islands
that form during the first stage of layer growth has been
established [20]. Matthews proposed a mechanism for the for-
mation of defects through the coalescing of initially isolated
islands [21]. It was concluded that small rotational misalign-
ments of these islands generate defects upon merging. These
defects provide scattering centers and reduce carrier mobility,
making methods of reducing TDD advantageous for device
performance. Inserting a dislocation filter layer in the grown
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FIG. 2. Structural characterization of a Ge/SiGe heterostructure. (a) Ge/SiGe layer schematics (include Ge-rich pulse and TDs). (b) TEM
of the Ge/SiGe heterostructure. (A Partial diagram of threading dislocation can be found in the Appendix, Fig. 11.) (c) HAADF of Ge/SiGe
heterostructure (d) Heavily and standard Ge QWs with Ge (blue) and Si (green) concentration profiles by TEM/EDX line. (e) HAADF EDX
mapping of Ge (blue), Si (yellow), and O (green) distribution.

structure will therefore cause a discontinuity in the lattice
constant, which will generate a network of misfit dislocations.
The misfit dislocation network provides a large interaction
interface for defect growth. Driven by the mismatch stress
of the dislocation filter layer, threading dislocations slip per-
pendicular to the growth direction and eventually collide and
annihilate each other. It will be beneficial to increase the
mobility of dislocations, provide interlayer relaxation, reduce
the surface roughness of the upper interface, reduce the den-
sity of threading dislocations, and thus increase the mobility
of quantum wells [22,23]. Yonenaga et al. found that when
the composition of Si1−xGex moves to pure Si, the stacking
dislocation energy decreases, which means that the formation
of stacking dislocations is easier [24]. Yonenaga’s conclusions
show that Si1−xGex with a high Si1−xGex component (x >

0.6) content will effectively reduce the generation of stacking
dislocations compared to a Si1−xGex buffer with a low Ge
content. Therefore, moderately increasing the Ge content and
reducing the growth temperature in the constant-composition
Si1−xGex layer after passing through the Ge-rich pulse layer
can effectively reduce the generation of stacking dislocations.
The Ge-rich pulse layer and its underlying film layer will pro-
vide tensile strain for the above Si1−xGex barrier buffer [25].
Both of those effects effectively reduce the roughness at the
interface of the quantum well, thereby increasing the mobility
of the quantum well. In summary, this study inserted a Ge-rich
pulse and then increased the constant composition Si1−xGex

layer to generate strain quantum wells. It has the following
advantages: (i) The Ge-rich pulse peak is inserted at the end of
the reverse grading buffer, realizing high-speed reverse grad-
ing in a narrow area. A large number of threading dislocations
extending upward are annihilated, which acts as a dislocation
filter layer [26]. (ii) The barrier buffer layer grown at low
temperature more easily obtains a high-quality well interface

because the low temperature reduces the adsorption rate of
surface atoms, thereby inhibiting the surface roughening pro-
cess and promoting a more ideal relaxation of the improved
Frank-Read (MFR) mechanism [27]. (iii) The Ge-rich pulse
layer and its underlying film layer increase a certain tensile
strain for the upper layer, which contributes to the reduction
in roughness [25]. (iv) Improving the Ge composition of the
barrier layer after the Ge-rich pulse can increase the stacking
fault energy, thereby reducing the generation of stacking faults
in the barrier layer [24].

2. Cross-sectional image results and analysis

Figure 2(a) shows a schematic diagram of the Ge/SiGe
heterojunction structure. Figure 2(b) shows TEM images of
the whole layer of the structure. By counting the average
density of threading dislocations, the threading dislocation
density in the standard-strained quantum well structure (sam-
ple B) is 61.44/µm2, while the threading dislocation density in
the heavily constrained quantum well structure (sample C) is
64.94/µm2, and the dislocation density is relatively increased.
The reasons come from the following: (i) The thickness of
the reverse grading buffer of the heavily constrained quantum
well structure increases, resulting in more threading disloca-
tions. (ii) The thickness of the heavily constrained quantum
well structure barrier buffer is reduced, and the annihilation
probability of threading dislocations extending upward from
the reverse grading buffer is reduced in the barrier layer, leav-
ing more threading dislocations. It can be seen from Fig. 2(b)
that due to the combined effect of the Ge-rich pulse and
the reverse gradient buffer layer beneath it, dislocations are
effectively screened below the Ge-rich pulse. At this TEM
magnification, no threading dislocations can be seen extend-
ing above the Ge-rich pulse. Under this TEM magnification,
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FIG. 3. HRXRD analysis of the Ge/SiGe heterostructure. (a), (b) Rocking curves of (004), (113) and (224). (c)–(e) RSM with sample A,
sample B, and sample C.

no threading dislocations can extend above the Ge-rich pulse.
Figure 2(c), 2(e) is an aberration-corrected (AC) high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image of the structure. The HAADF imag-
ing results demonstrate a clear interface between the QW
and the bottom barrier [28]. Since the dangling bond energy
of Ge is lower than that of Si during epitaxial growth, the
deposited Ge is preferentially deposited in Ge-rich places.
When Ge quantum wells are deposited on SiGe, Ge atoms
gather preferentially at the deposition interface, making the
SiGe/Ge interface generally present a sharp and clear mor-
phology. However, when a SiGe barrier layer is deposited on
the Ge quantum well, a large amount of Ge will segregate
to the Ge well, which will make it difficult to grow a sharp
Ge/SiGe interface, and eventually the sharpness of the upper
interface will be significantly weaker than that of the lower
interface [29,30]. O ratio analysis shows that O has not dif-
fused into the SiGe layer, and the Si cap and SiO2 layers on
the surface are sharply visible.

3. Strain result characterization and analysis

Figure 3(a) shows the XRD diffraction peak curves of the
symmetric crystal orientation (004) and asymmetric crystal
orientation (113 and 224) tested with Si as the reference peak.
Due to the long distance and high intensity of the selected
reference Si peak, it means that the relative shift of the Ge
peak and the SiGe peak is not intuitively displayed. Therefore,
in this study, XRD diffraction of symmetric and asymmetric

crystal orientations was carried out using the calibrated Ge
peak, and the results are shown in Fig. 3(b). The SiGe peaks
of different samples are shifted in both symmetric and asym-
metric diffraction crystals, indicating that the Ge well position
is subjected to different degrees of compressive strain. As
calculated by the MA, sample C is subject to a heavier com-
pressive strain, which is in line with the expected growth
of the material. Through peak comparison, the full width at
half-maximum (FWHM) of the germanium well (004) XRD
peaks of the three samples is similar to that of the germanium
substrate, indicating that the germanium well layer has a high
crystal quality.

Figures 3(c)–3(e) show the reciprocal space mapping of
XRD. The reverse grading buffer is represented between the
Si peak and the Si1−xGex peak. The SiGe peak corresponds
to the thickness of the Si1−xGex barrier layer, and the strained
Ge quantum wells are located directly below the SiGe peak.
The RSM diagram extracts the XRD data through MATLAB

software, using the following formula to convert the measured
ω-2θ of the instrument into the Q spatial coordinate:

Qx = R[cosω − cos(2θ − W )] (1)

Qz = R[sinω + sin(2θ − W )] (2)

where

R = |KH | = |KO|. (3)

After calculation, the relaxation between the SiGe virtual
substrate layer and the Si1−xGex barrier layer is shown in
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TABLE I. Comparison of structural parameters and characteriza-
tion results of samples A, B, and C.

Thickness

Layer Sample A Sample B Sample C

SiGe RG 577 nm 546 nm 614 nm
SiGe barrier 506 nm 512 nm 413 nm

Strain and Mismatch

sGe QW Sample A Sample B Sample C
Strain −0.74% −0.61% −1.19%
Par.mismatch 3.54E4ppm 3.73E4ppm 3.42E4ppm
Perp.mismatch 4.44E4ppm 4.36E4ppm 4.61E4ppm

Relaxation

Layer Sample A Sample B Sample C
Ge VS 104.79% 104.58% 103.39%
sGe QW 88.01% 91.09% 85.48%
SiGe barrier 111.14% 108.44% 108.35%

Table I, and the samples all have overrelaxation. On the one
hand, the reason comes from the lattice mismatch caused by
the thermal expansion coefficient; on the other hand, it comes
from the Si1−xGex reverse grading buffer, which makes the
Si1−xGex barrier layer obtain additional tensile strain. The Ge
well and the Si1−xGex barrier layer have the same horizontal
coordinates (Qx) as SiGe, which means that the Ge QW well
and the Si1−xGex barrier layer have the same in-plane lattice
parameters, indicating that the lattice is perfectly matched
at this time and subjected to complete compressive strain.
The lattice constants of each film layer are obtained by the
following formula:

a‖ =
√

h2 + k2

Qx
(4)

a⊥ =
√

l2

Qz
, (5)

where (h, k, l) corresponds to the diffraction crystal plane.
The obtained parallel lattice constants a‖ and perpendicular

lattice constants a⊥ can be used to obtain the relaxation rate,
in-plane strain, parallel mismatch, and vertical mismatch of
each film layer, as shown in Table I and Fig. 4. Samples B
and C both reached the expected compressive strain. Further
comparison shows that as the compressive strain increases, the
parallel mismatch relative to the Si substrate will decrease,
and the vertical mismatch will increase. This is because the
increase in compressive strain further compresses the Ge QW
lattice, which is closer to the lattice constant of the Si sub-
strate, inevitably leading to a decrease in parallel mismatch.
As the compressive strain increases, the relaxation rate of the
quantum well relative to the Si substrate decreases, which is
consistent with expectations.

Figure 5(a) is the geometric phase analysis (GPA) of the
sample, which can intuitively reflect the microscopic strain
of the sample. εyy at the well is a uniaxial tensile stress,
indicating that the stress on the vertical yy plane, that is, the in-
plane direction of the quantum well, is a biaxial compressive
stress. There is no obvious stress distribution of εxx and εxy

at the well, indicating regular lattice matching in the growth

FIG. 4. The relaxation rate, in-plane strain, parallel mismatch,
and vertical mismatch of sample A, sample B, and sample C.

direction. Figure 5(b) is the GPA strain + analysis diagram
at the Ge-rich pulse peak, which shows that a Ge-rich high
compressive strain narrow region is formed near the pulse
peak, which will effectively filter threading dislocations.

4. Surface roughness and threading dislocation characterization
results and analysis

Figure 6(a) shows the atomic force microscopy (AFM)
surface topography of the sample. The feature topography is
arranged along a staggered 45◦ to the X direction, forming
grooves and ridges. It comes from the surface steps formed by
the accumulation of 60◦ dislocations and is arranged along the
<110 > surface orientation, which is in the same direction
as the subsurface misfit dislocations, forming a clearly visible
crosshatching. Dispersed uniform crosshatching is more
conducive to slip annihilation of threading dislocations and
prevents dislocation accumulation caused by local accumula-
tion of mismatch strain. The formation principle comes from
the strain relaxation competition mechanism caused by the
modified Frank-Read (MFR) method. It can be known from
first principles that compressive strain exerts negative energy
on the surface. To balance the negative strain energy, the
system fluctuates during the growth process to increase the
surface area to increase the surface free energy of the system
and finally restore the energy balance of the system [19].
Combined with the analysis in Table I, it can be concluded
that: (i) As the growth position of the Ge-rich pulse peak
advances, the thickness of the reverse grading buffer layer
decreases, and the surface roughness of the sample decreases
accordingly. This is because the shortening of the growth time
of the reverse grading buffer layer prevents the atoms from
reaching the position with higher surface energy during the
growth process, thereby reducing the density and height of
the surface islands and reducing the surface roughness. (ii) As
the Ge-rich pulse peak advances, the thickness of the barrier
layer increases, the annihilation rate of threading dislocations
increases, and the surface roughness decreases. However, the
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FIG. 5. GPA analysis of sample C about (a) germanium quantum wells and (b) Ge-rich pulses.

growth position of the Ge-rich pulse is not as early as possible.
On the one hand, when the thickness of the reverse grading
buffer layer is too low, the threading dislocations extending
from bottom to top cannot be annihilated in the thin buffer
layer, so large number of threading dislocations gather on the
surface, resulting in a corresponding increase in roughness.
On the other hand, if the barrier layer is grown far beyond the
critical thickness, large number of misfit dislocations will be
generated, which will also damage the quality of the quantum
well interface. The results of the 2D Fourier transform on the
AFM image obtained from the EPD on the sample surface
are shown in Fig. 5(b). The main frequency of sample B is
closer, indicating that the surface of sample B has the longest
wavelength and the weakest strain accumulation.

To further characterize the quality of quantum wells,
a selective etching pit chemical experiment was car-
ried out using iodine-containing high germanium etchant
(HF:HNO3:CH3COOH:I2 = 10 ml : 20 ml : 100 ml :
30 mg). Because defects and dislocations bring a higher
potential energy stress field, their increased surface energy
potential will lead to an enhanced etching rate near the stress
field. Selective etching will have an additional etching effect
on the strain field sites generated by dislocations or mis-
matched lattice defects [31]. The etchant rate of samples with
a high Ge composition etchant was obtained by a gradient
control experiment. The results of SEM and TEM were used
to confirm that the samples etched to the quantum well and
the germanium-rich pulse were obtained, and then the etching

FIG. 6. (a) 10 × 10 µm and 50 × 50 µm AFM of sample A, sample B, and sample C. (b) 2D Fourier transform of the AFM.
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FIG. 7. (a) The microscope of the sample etched to below the Ge-rich pulse. The microscope of the sample etched to the Ge QWs with
sample A, sample B, and sample C.

results were observed with an Olympus MX51 metallographic
microscope.

Figure 7(a) is the microscope of the sample etched to
below the Ge-rich pulse, in which there are large number
of dot-shaped etch pits. Figures 7(b) and 7(c) show the pat-
terns etched to the quantum wells of sample A, sample B,
and sample C, respectively, and no dot corrosion pits appear.
On the one hand, large number of threading dislocations are
generated in the reverse grading buffer layer, and the annihi-
lation rate of the dislocations increases greatly after passing
through the Ge-rich pulse layer and the thicker barrier layer.
On the other hand, due to the higher Ge content after the
Ge-rich pulse peak and the higher degree of lattice match-
ing, the generation rate of threading dislocation lines in the
superstructure is greatly reduced. Therefore, compared with
before the Ge-rich pulse, there is no obvious threading dislo-
cation emergence point at the well. The comparison of Figs.
7(b)–7(d) shows that as the stress increases, the cross-stripe
shadow becomes more obvious.

Etching will aggravate etching at stress accumula-
tion [31]. The study uses PHOTOSHOP to filter the etched
surface with color tolerance, extract the darker color posi-
tion, and obtain the stress accumulation point patterns of
Figs. 7(a′), 7(b′), 7(c′), and 7(d′). In Fig. 7(a′), the stress
accumulation point (SAP) is in the shape of a dot, which
is equivalent to the outcropping point of threading dis-
location. In Figs. 7(b′), 7(c′), 7(d′), the stress gathering
point is a cross-shaped depression, which represents the
crosshatch intersection point and the deep groove position in
the crosshatch. By comparison, it can be concluded that at
the well position of sample ABC, there is no circular stress
gathering point where threading dislocations are etched. In-
stead, they act as stress gathering points of cross stripes, which
appear as gridlike uniform distributions. Combined with the
strain of sample ABC, it can be found that with the increase

in compressive strain at the well, the density and size of the
stress accumulation points also increase correspondingly.

To confirm whether the threading dislocations at the wells
are stacked and blocked at the intersection of the misfit
dislocation grids during the slip, that is, whether the mis-
fit dislocation grids at the wells generate a slip stress field
sufficient to hinder the threading dislocations. This confirms
whether there are threading dislocation line outcrops at the
well interface. SEM was used to characterize the surface of the
sample after EPD etching to the well and before the Ge-rich
pulse. Figures 8(a) and 8(b) show the sample SEM and AFM
etching below the Ge-rich pulse. Etching pits are formed on
the surface, and inward etching is aggravated on the side of
the pits. The round pits are surface defects caused by the
outcropping of threading dislocations. The location of aggra-
vated etching is along the threading dislocation line. Because
of the lattice mismatch, the potential energy increases here,
which accelerates the etching rate and forms a unidirectionally
aggravated etch pit in the corrosion.

Figures 8(c), 8(d) show the SEM image of the material
corroded to the quantum well. Instead of forming circular etch
pits, as shown in Fig. 8(a), there are waves that aggravate
corrosion along the crosshatching. The missing etched pits in-
dicate that the threading dislocations are filtered, and there are
no outcropping threading dislocations at the well. The waves
are due to the close etch ratio of the crosshatched grooves
and ridges, and the etch only deepens the original topography.
Figures 8(e)–8(g) are the AFM characterization results of
samples A, B, and C etched to the well, respectively. Surface
fluctuations caused by stress relaxation leading to the stag-
gered formation of surface grooves and ridges, and the stress
at the interlaced stack of grooves and ridges is further con-
centrated, which has a higher etching ratio, forming the cross
depression in the figure. Therefore, after the sample is etched,
deep etching points, that is, stress accumulation points,
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FIG. 8. (a) SEM image of the sample after etching under a Ge-rich pulse. (b) AFM etching below the Ge-rich pulse. (c) Cross section SEM
images of samples etched to quantum wells. (d) SEM images of samples etched to quantum wells. (e)–(g) AFM images of sample A, sample
B, and sample C etched to quantum wells.

appear. Whether the SAP is uniform will directly affect
whether threading dislocations will be blocked by stacking,
and its density reflects the density of crosshatching after
straining at the well. The application of compressive stress
makes the system more crosshatched to achieve relaxation.
However, the increase in crosshatching brings about the
overlapping of misfit dislocation grids, forming more stress
accumulation points. In summary, the stress release and mis-
fit dislocation blockage at the sample quantum well can be
directly characterized by the density of stress accumulation
points (DSAP). In Fig. 7, metallographic microscopy can only
be used to qualitatively observe whether the SAP distribution
is uniform. To obtain DSAP further quantitatively, the study
proposes to use NANOSCOPE ANALYSIS software to analyze
the AFM images of etched samples. Figure 9 shows the au-
tomatic counting pattern of SAP etched to the quantum well
of sample ABC, and its DSAPs are 0.245/µm2, 0.203/µm2,
and 0.301/µm2. As seen in Fig. 9, the increase in the com-
pressive strain of the quantum well will increase the DSAP
and will also be accompanied by an increase in roughness.
The uniform distribution of the SAP morphology confirmed
that the crosshatching grid distribution of all samples was
uniform, dislocation blocking did not occur, and the relaxation
release mode was correct and did not cause surface wrin-
kles. The design structure effectively shields the threading
dislocation lines extending upward from below and prevents
stacking errors caused by grid blockage of misfit disloca-
tions. The optimized scheme reduces the interface (remote
impurity) scattering from the material structure and obtains
higher-quality quantum wells with different strains.

C. Heavily constrained quantum well characterization and
analysis of low-temperature transport

Hall bars were prepared using the ultrashallow heavily
constrained quantum wells (sample C) mentioned earlier
to investigate their low-temperature magnetic transport in
the <110 > crystallographic channel direction. The analy-
sis structure is shown in Fig. 10(a). The source and drain
terminals are provided with a constant current of 100 nA

through a lock in, and two lock ins are used to measure
the U1L1 longitudinal resistance ρxy and L1L2 transverse
resistance ρxx, respectively, to obtain the Hall quantum effect
of the analyzed sample. The electrical transport characteris-
tic curve is shown in Fig. 10(b): its voltage Vth = −1.9 V,
and the opening current is approximately 5.9 nA, with a
saturation voltage of VG = −2.5 V. The turn-on curve is rel-

FIG. 9. (a)–(c) DSAP images of sample A, sample B, and sample
C. (d) The strain, DSAP, and Rq of the three samples.
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FIG. 10. Electrical and magnetotransport measurements of Hall-bar shaped HFET. (a) Four-terminal lock-in measurement circuit. The
yellow area is the lock-in amplifier, the green area is the source and drain terminal, and the blue area is the top gate. (b) Transfer characteristic
curve, Vsd = 20 µV, f = 230 Hz. (c) Mobility μ vs carrier density p2DHG. Black filled dots are data points. The blue curve is the fitting curve at
low density. βlow = 3.03 ± 0.03. The red curve is the fitting curve at high density. βhigh = 1.27 ± 0.013. The confidence levels of the two curves
are both more than 0.999. (d) Longitudinal conductivity σxx vs carrier density p2DHG. Black filled dots are data points. The red curve is fitted
by σxx ∝ (p2DHG − pp)p, p=2. The confidence level is 0.999. (e) Quantum Hall effect curve at p2DHG = (4.466 ± 0.087) × 1011 cm−2. The
Landau level integer filling factors (ν = 2 ∼ 6) and minimum of suspected fractional indication are labeled by blue numbers. (f) Temperature
dependence of the Shubnikov-de Haas oscillations �ρ in the range T = 250–650 mK after background subtraction.

atively stable, reflecting a higher quality of the oxide layer,
with only a small amount of defect level filling occurring.
Figure 10(c) shows the relationship between the two-
dimensional hole-gas density p2DHG and mobility μ obtained
through the classical Hall effect at 250 mK. In the high-
density regime, due to the high interfacial-state density within
the silicon dielectric, it is difficult to obtain a stable two-
dimensional hole gas, so the highest mobility at high density
cannot be determined [32]. From the graph, we can conclude
that the critical density pc ≈ 2.06 × 1011 cm−2, while the
stable carrier density is 4.84 × 1011 cm−2. The stable satu-
ration mobility was μ = 3.382 × 105 cm2/Vs. The mobility
and density exhibit a power-law relationship μ ≈ pα . We used
MATLAB to perform power-law exponential fitting analysis
on low density and high density and obtained βhigh = 1.27,
with an index coefficient greater than 0.5 but less than 1.5,
indicating that it is subject to multiple scattering mechanisms.
One is that the higher DSAP at the quantum well leads to
significant strain fluctuations, resulting in an increase in sur-
face roughness, resulting in a power-law index below 1.5.
The ultrashallow quantum well depth enhances the remote
impurity scattering of surface interface states (α ∼ 1.5). The
power-law index at low density βlow ≈ 3.03 indicates that
remote impurity scattering is the main scattering mechanism
at low density [33]. In addition to characterizing the mobility
and hole-gas density, pp is the key to characterizing the low
disorder of quantum wells, which is closely related to the
formation of quantum bits. Figure 10(d) shows the transverse

conductivity σxx of the Hall bar as a function of the hole-gas
density p and the fitting curve for the percolation density
σxx ∝ (p2DHG − pp)p, where the index 2 is determined for all
two-dimensional systems. The fitting results show that the
percolation density pp ≈ 1.42 × 1011cm−2 is the lowest level
in ultrashallow heavily constrained quantum wells, indicat-
ing that even under a barrier layer thickness below 15 nm
and a large lattice mismatch, heavily constrained quantum
wells still have low disorder and high material growth quality.
Figure 10(e) shows ρxx (black) and ρxy (red) as a function
of the vertical magnetic field B, with a maximum of 8T and
p2DHG = 4.466 × 1011cm−2, μ = 3.059 × 105 cm2/Vs. We
can observe clear Shubnikov-de Haas (SdH) resistivity oscil-
lations above 500 mT. The starting points of Zeeman splitting
are located at 1.7 T, and the periodic oscillations of ρxx and
ρxy reflect the integer Hall quantum effects of different filling
factors, indicating that the two-dimensional hole-gas material
system with heavily constrained QW has become very clean.
The occurrence of ρxx zeroing in 2 T indicates that there is
no additional impurity magnetic resistance in the prepared
device, and the quality of the oxide layer is high, resulting
in lower interference to the two-dimensional hole gas in the
ultrashallow heavily constrained quantum well. Figure 10(f)
shows the temperature dependence of the normalized SdH
amplitude at p2DHG = 3.72 × 1011 cm−2. As the temperature
increases, the oscillation of the low magnetic field classical
Hall effect gradually disappears. Using the SdH differen-
tial oscillation temperature relationship, we can extract the
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effective hole mass of m∗ = 0.091m0. To determine the
source of the multiple scattering mechanism, we calculated
the quantum transmission lifetime τt = 14.55 ps, quantum
lifetime τq = 0.44 ps, and Dinge ratio τt/τq = 33.33. This
confirms that the main scattering sources of the heavily
constrained quantum well are as follows: first, the stress
accumulation points at the quantum well cause surface fluc-
tuations, resulting in large angle scattering of the interface
roughness; second, due to the ultrashallow depth of the quan-
tum well, the interface state between silicon and the dielectric
causes small angle scattering. Through the starting point of the
quantum Hall effect and the starting point of Zeeman splitting
in Fig. 10(e), we obtained that g∗ = 8.3 at a high hole-gas
density, which still has a large effective g factor, which is due
to the greater separation of light and heavy hole energy bands
caused by heavy strain. We point out here that due to the ultra-
shallow quantum well and wider SiGe/Ge interface, the hole
wave function in the quantum well more easily experiences
surface tunneling and leakage into the SiGe top barrier layer,
which can be reflected in the higher percolation density and
larger effective mass.

III. CONCLUSIONS

In summary, the study optimized and characterized the het-
erojunction structure through dislocation dynamics, resulting
in the growth of ultrashallow heavily constrained quantum
wells and standard-strained quantum wells. Among them, the
parameters of the ultrashallow heavily constrained quantum
well are as follows: DSAP is 0.301/µm2, RMS roughness
is less than 3 nm, quantum well depth is 15 nm, in-plane
compressive strain is up to −1.19%, and mobility is 3.382 ×
105 cm2/Vs. A more accurate strain characterization method
for quantum wells has been proposed through the defined
DSAP. Its ultrashallow quantum well depth and heavy com-
pressive strain maintain a large effective in-plane g factor
in the quantum well, providing a good material foundation
for the full electrical manipulation of quantum dots and the
microwave cavity coupling of quantum bits.
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APPENDIX: PARTIAL DIAGRAM OF
THREADING DISLOCATION

Figure 11, as a partial image of Fig. 2(b) in the article, can
be observed that almost all threaded dislocations (indicated by
the green arrow) exist below the rich Ge pulse layer (indicated
by the red arrow).

FIG. 11. Due to the combined effect of the Ge-rich pulse and the
reverse gradient buffer layer beneath it, dislocations are effectively
screened below the Ge-rich pulse. At this TEM magnification, no
obvious threading dislocations can be found extending above the
Ge-rich pulse.
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