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ABSTRACT

We grow strained Ge/SiGe heterostructures by reduced-pressure chemical vapor deposition on 100 mm Ge wafers. The use of Ge wafers as
substrates for epitaxy enables high-quality Ge-rich SiGe strain-relaxed buffers with a threading dislocation density of (6 = 1) x 10° cm 2,
nearly an order of magnitude improvement compared to control strain-relaxed buffers on Si wafers. The associated reduction in short-range
scattering allows for a drastic improvement of the disorder properties of the two-dimensional hole gas, measured in several Ge/SiGe hetero-
structure field-effect transistors. We measure an average low percolation density of (1.22 +0.03) x 10°cm™2 and an average maximum
mobility of (3.4 = 0.1) x 10 cm?/Vs and quantum mobility of (8.4 = 0.5) x 10* cm?/Vs when the hole density in the quantum well is satu-
rated to (1.65 +0.02) x 10'' cm 2. We anticipate immediate application of these heterostructures for next-generation, higher-performance
Ge spin-qubits, and their integration into larger quantum processors.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0158262

Strained germanium quantum wells in silicon-germanium het-
erostructures (Ge/SiGe) have become the leading platform for quan-
tum computation with hole spin qubits." Single-hole spin qubsits and
singlet-triplet qubits can be universally controlled,” " four-qubit
logic has been executed,” and quantum dot systems have been scaled
to crossbar arrays comprising 16 quantum dots.” Furthermore, the
demonstration of a hard superconducting gap in Ge” motivates the
pursuit of coherent coupling of high fidelity Ge spin qubits using
crossed Andreev reflection for achieving two-qubit gates over micro-
meter distances.”” While single-spin qubits have been operated with
fidelity as high as 99.99%,'" and rudimentary error correction cir-
cuits have been executed,’’ quantum coherence limits the operation
of larger systems. Although Ge can be isotopically enriched to
remove dephasing due to hyperfine interaction,'” which can also be
achieved by strong confinement,'” hole spin qubits are highly sensi-
tive to charge noise, strain fluctuations, and other types of disorder
that can affect the spin-orbit interactions.'*'” In addition to opti-
mizing the semiconductor-dielectric interface in qubit devices, fur-
ther improving the crystalline quality of strained quantum wells'®
appears as a key step to obtain a quieter environment for Ge quan-
tum dots.

In the absence of suitable SiGe wafers for high-quality and uni-
form epitaxy, strained Ge quantum wells are commonly deposited on
Si;_xGe, strain-relaxed buffers (SRBs) with high Ge composition
(x ~ 0.7 — 0.8)." Starting epitaxy from a Si wafer, Ge-rich SiGe SRBs
are obtained by composition grading either in a forward-graded pro-
cess'” or in a reverse-graded process after the deposition of a thick
strain-relaxed Ge layer.”””' In both cases, the large lattice mismatch
between the Si substrate and the Ge-rich SiGe SRB causes a dense mis-
fit dislocation network, with associated threading dislocations that
propagate through the quantum well. Moreover, such misfit disloca-
tion network drives significant local strain fluctuations inside the Ge
quantum well,”* thus challenging the scalability of semiconductor
qubits. In Ge/SiGe heterostructures used to host qubits, the threading
dislocation density (TDD) is in the range ~10°~107 cm™>”*' It is not
surprising that Si/SiGe heterostructures have smaller TDD (~10°
cm2) because the Si-rich SiGe SRBs have less lattice mismatch to the
Si substrate due to the smaller Ge composition (x ~ 0.2-0.3). In
this Letter, we depart from Si wafers and investigate Ge/SiGe hetero-
structures grown directly on Ge wafers, mitigating the complication of
a large lattice-mismatch between Ge-rich SiGe and Si wafers. As a
result, we show a significant enhancement of the crystal quality of the
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heterostructure as well as a drastic improvement in the disorder prop-
erties of the two-dimensional hole gas (2DHG) that it supports.
Schematics in Figs. 1(a) and 1(b) compare heterostructures on a
Ge wafer with our control reverse-graded heterostructures on a Si
wafer,” the same that supported a four qubit quantum processor and
a 16 quantum dot crossbar array.”® The 100 mm Ge wafers are pre-
pared for epitaxy by an ex-situ HE-dip etch followed by in situ bake at
800 °C. The heterostructure is grown in a high-throughput reduced-
pressure chemical vapor deposition tool from high-purity germane
and dichlorosilane. The SiGe SRB is ~2.5 um thick and obtained by
forward step grading of the Si content (1 — x = 0.07,0.13,0.17). This
approach mirrors the common approach in Si/SiGe heterostructures
where the Ge content is forward-graded starting from a Si wafer. Like
our previous heterostructures,”’ the SiGe SRB is deposited at 800°C
and the growth temperature is reduced to 500 °C for the final 200 nm
of SiGe below the quantum well and for all the layers above to achieve
sharp quantum well interfaces. Importantly, by growing on Ge wafers,
we avoid the overtensile strain arising from the difference in the

(a) (b)
SiGe SiGe
sGe sGe
SiGe SiGe

Ge

Ge substrate Si substrate

FIG. 1. (a) Schematic of a Ge/SiGe heterostructure on a Ge wafer and (b) on a Si
wafer. The strained Ge (sGe) quantum wells are grown with the same lattice
parameter to SiGe strain-relaxed buffers (SRBs). (c) and (d) Comparative optical
microscope images of the heterostructures in (a) and (b) after threading dislocation
decoration. The images are aligned to the (110) crystallographic axes. (e) and (f)
Comparative atomic force microscopy images of the heterostructures in (a) and (b).
The images were taken with an alignment of about 45° to the (110) crystallo-
graphic axes.
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thermal expansion coefficients between Ge epilayers and Si sub-
strates.”” Consequently, to achieve an in-plane strain (¢) in the Ge
quantum well similar to our previous heterostructures,”">* here, we
increase the final Ge content x in the Si;_,Ge, SRB to 0.83 (see the
supplementary material) compared to 0.8 in Refs. 21 and 23. The
thicknesses of the Ge quantum well (16 nm) and of the SiGe barrier on
top (55nm) are nominally the same compared to Ref. 23 for a mean-
ingful comparison of the electrical transport properties.

Figures 1(c) and 1(d) show comparative images by Nomarski
microscopy of the heterostructures on a Ge and on a Si wafer after
decorating the threading dislocations by in situ HCl vapor etching.”*
We quantify the TDD by counting the number of decorated threading
dislocations from multiple images taken across the wafer. Changing
substrate from Si to Ge improves the TDD almost an order of magni-
tude, from (5.3 £0.3) x 10° to (6 =1) x 10° cm~2. Consequently,
the average TD separation (1/v/TDD) becomes much longer, from
~4.3 to ~13 um. Comparative atomic-force microscopy images in
Figs. 1(e) and 1(f) show the typical cross hatch pattern arising from
the strain-releasing misfit dislocation network within the SiGe SRB on
Ge and Si wafers, respectively. The root mean square surface rough-
ness of both heterostructures is similar at ~1.5 nm. However, the het-
erostructure grown on a Ge wafer shows cross-hatch undulations with
a longer wavelength and weaker high-frequency components of the
Fourier spectrum (see the supplementary material). This observation
supports the intuition that the Ge-rich SiGe SRB has a less dense net-
work of misfit dislocations when grown on a Ge wafer, as the lattice
mismatch with the substrate is smaller compared to when it is grown
on a Si wafer.

We further characterize the heterostructure on the Ge wafer by
scanning Raman spectroscopy over an area of 30 x 30 um?, much
larger than the length scale of the cross-hatch pattern features. In par-
ticular, we determined the in-plane strain in the quantum well ¢ and
analyzed the origin and bandwidth of its fluctuations. The representa-
tive spectrum in Fig. 2(a) was obtained with a 633 nm red laser and
shows two clear Raman peaks originating from the Ge-Ge vibration
modes in the strained Ge quantum well (wg.) and in the SiGe layer
(wsige)- The distribution of these Raman shifts in Fig. 2(b) shows a
strong correlation, with a slope Awge/Awsige = 1.05 = 0.02.
Comparing to predictions by Eq. (5) in Ref. 25, we argue that the dis-
tribution of the Raman shift in the Ge quantum well is mainly driven
by strain fluctuations in the SiGe SRB (expected Awge/Awsige
~ 0.83), rather than compositional fluctuations (Awge/AwsiGe
~ 0.25). Figure 2(c) shows the Raman strain map of the Ge quantum
well calculated using € = (e — @ ),/b%, where wy = 299.9 cm™! is
the Raman shift for bulk Ge and ¢ = —440 cm™! is the Ge phonon
strain shift coefficient.” We identify signatures of the cross-hatch pat-
tern, with regions featuring higher and lower strain around a mean
strain value €¢ = (—6.9 % 0.2) x 10>, This is similar to the compres-
sive strain measured in our Ge quantum wells on a Si wafer,” validat-
ing our heterostructure design and comparative analysis. The statistics
of the lateral strain map are shown in Fig. 2(d). The strain fluctuations
Ae around the average € follow a normal distribution with a standard
deviation of 2 x 107*. The bandwidth of the strain fluctuations is
reduced when compared to the strain fluctuations from the hetero-
structure on a Si wafer,”” pointing to a more uniform strain landscape.

The structural characterization highlights the improvement in
the crystal quality when growing a Ge-rich SRB on a Ge wafer instead

Appl. Phys. Lett. 123, 092101 (2023); doi: 10.1063/5.0158262
© Author(s) 2023

123, 092101-2

G1:61:80 €20z Joquiaydes ¢


pubs.aip.org/aip/apl

Applied Physics Letters

(a) (b)
15
£ Wsice 303.2
>
3 _

W 1.0 <
S § 303.0
5/ Wee :1;
% 0.5 3
¢ 302.8
£ 0.0

296.50 296.75
Wsige (cm™)

280 300 320
Raman shift (cm™)

(c)
22+
[2]
c
= 8
E z.
> 3
o]
2]
o
0

=08 00_ 08
Ag (107)

FIG. 2. (a) Typical intensity spectra as a function of the Raman shift for a Ge/SiGe
heterostructure on a Ge wafer. The positions of the Raman peaks from the Ge-Ge
vibration modes in the strained Ge quantum well and in the SiGe layer are marked
as wge and wsice, respectively. (b) Distribution of Raman peak positions of the
Ge-Ge modes obtained by analyzing Raman spectra over an area of 30 x 30 um?
and linear fit (red). (c) Raman strain map, corresponding to the wge Raman shifts
in (b). The map is aligned to the ( 110 ) crystallographic axes. (d) Strain fluctuations
from the Raman map in (c) and normal distribution fit (black). Counts are normal-
ized such that the area under the curve integrates to one.

of a Si wafer. Next, we show how a better and more uniform crystalline
environment improves the disorder properties of the 2DHG. We fabri-
cate six Hall-bar shaped heterostructure field effect transistors (H-
FETs) on a 2 x 2cm® coupon from the center of the 100 mm wafer
with a similar process as in Ref. 23. We accumulate a 2DHG inside the
Ge quantum well by applying a negative DC gate voltage (V) to the
top gate of the H-FETs and we increase the density p in the 2DHG
above the percolation density (p,) by making V, more negative. We
use standard four-probe low-frequency lock-in techniques for
mobility-density and magnetotransport characterization of all devices
in a dilution refrigerator equipped with a cryo-multiplexer”’ (T =70
mK measured at the mixing chamber).

Figure 3(a) shows the density-dependent mobility curve (solid
line), obtained by averaging over the six H-FETs, together with the stan-
dard deviation (a shaded region). We observe a tight distribution over
the entire density range, indicating a very uniform disorder potential
landscape. The mobility increases steeply with increasing density, due to
increasing screening of the remote impurity charges, most likely at the
semiconductor—dielectric interface. At higher densities (p > 5
% 10'° cm~2), the mobility increases less rapidly, signaling the relevance
of scattering from impurities within or in the proximity of the quantum
well.”® We observe a maximum mobility s, in the range of 3.3-3.6
x10° cm? / Vs over the six investigated H-FETS [Fig. 3(a), inset], from

ARTICLE pubs.aip.org/aip/apl
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FIG. 3. (a) Mobility .« mean (blue) and standard deviation (shaded) as a function of
density p obtained from measurements at T = 70 mK of six Hall bar devices from
the same wafer. The inset shows the maximum mobility 1., from all the devices
and average value * standard deviation (black). (b) Conductivity o as a function
of p (circles) for one device and fit to the percolation theory in the low density
regime (solid red ling). The inset shows the percolation density p, from all the devi-
ces and average value =+ standard deviation (black). (c) Longitudinal resistivity
Py @s a function of perpendicular magnetic field B measured at a density of
1.5 % 10" cm~2 (upper panel) and 6 x 10 cm~2 (lower panel). B&'*" and B
indicate the critical magnetic fields for resolving even and odd filling factors, corre-
sponding to the cyclotron and the spin gap, respectively.

which we extract an average i, = (3.4 = 0.1) x10° cm?/Vs at a sat-
uration density per = (1.65 % 0.02) x10*cm~2, corresponding to a
long mean free path of 23 um. Figure 3(b) shows the longitudinal con-
ductivity oy as a function of density p for a representative H-FET. We
extract the percolation density p, from fitting to the percolation the-
ory,” Gy o (p — pp)l'ﬂ. The inset shows p,, for the six H-FETSs, from
which we extract an average percolation density p, = (1.22 *0.03)
x 10" cm 2.

Compared to our control heterostructures on a Si wafer support-
ing qubits,”** the maximum mobility is more than 15 times larger and
the percolation density is more than 1.5 times smaller. We speculate
that this significant improvement, throughout the whole density range,
is associated with the suppression of short-range scattering from dislo-
cations within the quantum well. Furthermore, the mobility has not
yet saturated indicating that it is still limited by long-range scattering
from impurities at the dielectric interface, leaving room for further
improvement. In fact, our maximum mobility, reproducible across
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multiple devices, is less than the value u = 4.3 x 10° cm?/Vs mea-
sured on a single H-FET in Ge/SiGe grown on a Si wafer,” likely
because the dielectric interface in our samples is much closer to the
channel (55 nm compared to 100 nm in Ref. 30).

The low level of disorder is confirmed by high-quality magneto-
transport characterization observed in all devices. Figure 3(c) shows
representative magneto-resistivity curves from an H-FET at fixed den-
sities of 1.5 x 10! (upper panel) and 6 x 10° cm~2 (lower panel).
The measurements were performed by keeping V, constant and
sweeping the perpendicular magnetic field B. For each longitudinal
resistivity (py) curve, we extract the pair of critical magnetic fields for
resolving the cyclotron and the spin gap, {B>*", B}, corresponding,
respectively, to even and odd filling factors v = hp/eB in the
Shubnikov-de Haas oscillations minima. Due to the very small
Landau level broadening at high density, the cyclotron gap [see upper
panel of Fig. 3(c)] is resolved already at very low critical fields and the
spin gap only a few oscillations later, {BS*", B4} = {0.08,0.13} T.
However, at low density, the order is reversed and the spin gap
is resolved earlier than the cyclotron gap, {B°", B4
= {0.24,0.095} T [see the lower panel of Fig. 3(c)]. This is typical to
2DHGs in Ge/SiGe and occurs when the spin gap is more than half of
the cyclotron gap, due to the increased perpendicular g-factors of holes
at low density.”’

The combination of these two aspects, the very low level of disorder
and the increasingly large spin gap at low density, makes the canonical
methods™>** for extracting the effective mass m* and single-particle life-
time 74 not straightforward throughout the investigated density range
and will be pursued in a further study. However, we may still estimate
the quantum mobility p, = etq/m” without making assumptions
on m* and tq using the expression y, = (1 + /BX/BIen) /2B
(see the supplementary material). With this analysis, we obtain a maxi-
mum quantum mobility in the range of 7.7 — 9.1 x 10* cm?/Vs over
the six investigated H-FETS (see the supplementary material),
from which we extract an average maximum Hq = (8.4+0.5)
x10* cm?/Vs at saturation density. This value should be considered
as a conservative estimate of fi,, as the onset of Shubnikov-de Haas
oscillations in our high-quality samples might be limited by small den-
sity inhomogeneities at low magnetic field.”” The maximum Hq is over
three times larger than that of our control heterostructures on a Si
wafer””” and approximately two times larger compared to the hetero-
structures on a Si wafer in Ref. 30 These results highlight the signifi-
cantly improved short-range scattering in 2DHGs when the Ge-rich
SiGe SRB is grown on a Ge substrate, setting a benchmark for holes in
group IV semiconductors.

In summary, we challenged the mainstream approach to deposit
Ge/SiGe heterostructures on Si wafers, and instead, we started epitaxy
on a Ge wafer. We demonstrate a more uniform crystalline environ-
ment with fewer dislocations and in-plane strain fluctuations com-
pared to control heterostructures supporting four-qubit quantum
processors. Future investigations using x-ray diffraction spectroscopy
to map the complete strain tensor” could provide insight into the local
strain modifications and fluctuation caused by nanostructured metallic
gates. The disorder properties of the 2DHG are also greatly improved,
with reproducible ultra-high mobility, very low percolation density,
and high quantum mobility. Considering these heterostructures on Ge
wafers as a proof of principle, the electrical transport metrics are likely

ARTICLE pubs.aip.org/aip/apl

to further improve by routine optimization of the heterostructure
design and chemical vapor deposition process. We anticipate immedi-
ate benefit of using these heterostructures for improved uniformity
and yield in large quantum dot arrays. Future studies on charge noise
and qubit performance may also provide insight in possible improved
quantum coherence. Furthermore, it would be of significant interest to
explore whether suppressing the dislocation network in the SiGe SRB
could improve the performance of superconducting microwave reso-
nators integrated atop the heterostructure, toward the development of
hybrid superconductor-semiconductor architectures.

See the supplementary material for secondary ions mass spectros-
copy, Fourier transform of the atomic force microscopy images, and
the derivation of the expression for quantum mobility.
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