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A degraded mobility of 5.2 x 10°cm? V~!s~! but a long quantum scattering time of 2.3 ps at the hole
density of 2.25 x 10'! cm~2 were obtained from a two-dimensional hole gas in a processed undoped Ge/SiGe
heterostructure Hall-bar field-effect device. The heterostructure was grown by the reduced pressure chemical
vapor deposition method and the device fabrications were compatible with well-established semiconductor
technology. The percolation density of 0.69 x 10'' cm~2 indicated a very low disorder potential landscape
experienced by holes in the strained Ge quantum well. In addition to integer quantum Hall effects (IQHEs)
of consecutive filling factors from v = 8 down to 1, we also observed the quantum states at filling factors
between v =1 and 2, and between v =2 and 3 at 1.71 K. The observation of quantum Hall effects at the
inferior mobility confirmed the mobility/quality dichotomy in the ultraclean undoped Ge/SiGe heterostructure.
The study explicitly indicated that the device fabrication process likely compromised the transport mobility,
whereas the quantum quality was less influenced, and established the heterostructure as an ideal platform for

quantum device implementations.
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I. INTRODUCTION

Benefiting from high mobility, light hole effective mass,
and inherent strong spin-orbit interaction, confined two-
dimensional hole gas (2DHG) in the strained Ge quantum
well (QW) has been emerging as a pioneer semiconduc-
tor platform that brings together low disorder and electrical
tunability for scalable gate-based quantum devices [1-3]. In
recent years, we have witnessed a benchmarking on mobil-
ity of 2DHG in undoped Ge/SiGe heterostructures, which
drastically reduced remote scattering centers and suppressed
tunneling from the Ge QW. The hole mobility of the undoped
Ge/SiGe at low temperature exceeded 1 x 10°cm? V~!'s~! at
the beginning of 2022 [4] and reached the higher mobility
over 2 x 10°cm®V~'s~! in 2023 in an updated study [5].
The high mobility, in general, suggested high material quality
and built a foundation of exploring exotic quantum phenom-
ena [6,7]. The quantum Hall states of integer and fractional
filling factors have been observed at low temperature under
accessible magnetic field strength in the ultrahigh mobility
featuring undoped Ge QW [4,5]. Empirically, with the lower
mobility of ~5 x 103cm?V~!s™! in earlier studies [8,9],
only integer quantum Hall effect IQHE) has manifested with
the absence of fractional filling factors. In a recent study,
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however, the signatures of v = 5/3 filling factor states have
been demonstrated in the undoped Ge/SiGe heterostructure at
the even lower mobility of ~2 x 10°cm? V~!'s~! [10]. The
observation of quantum Hall effects likely was not necessarily
related to the ultrahigh mobility.

Depending on the specific transport property of interest,
mobility and quality could be determined by different aspects
of the underlying disorder distribution. For modulation-
doped GaAs/AlGaAs heterostructure counterparts, the mo-
bility/quality dichotomy has been both theoretically and
experimentally demonstrated in high-mobility samples since
these systems were dominated by long-range Coulomb po-
tential from both near and far random, charged impurity
centers [11,12]. Mobility scattering time (i.e., transport life-
time) and quantum scattering time (i.e., quantum lifetime) are
two essential timescales in understanding the transport prop-
erty of the 2DHG system. The mobility scattering time t; is
dominantly sensitive to large-angle scattering, which mainly
originates from the charged impurities near or residing in the
conduction channel. t;, therefore, relates to conductivity, and
can be obtained from mobility (1) by Boltzmann transport
theory; u = et,/m* (m* is the carrier effective mass). On the
other hand, the quantum scattering time t, is sensitive to entire
scattering events as a measure of the lifetime of a single parti-
cle in a momentum eigenstate. 7 , thus, is responsible for the
single-particle level broadening I' = /i/27, of the momentum
eigenstate and can be determined experimentally from the
amplitude of Shubnikov—de Haas oscillation. In principle, the
mobility/quality dichotomy could occur because 7; and 1, are

©2023 American Physical Society
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FIG. 1. (a) Layer schematic of the as-grown Ge/SiGe heterostructure. (b) TEM of the strained Ge quantum well, which was positioned
between two strain-relaxed layers of Sig,Geg g at a depth of 33.6 nm. (c) Fabrication process flow of Ge/SiGe Hall-bar devices. (d) Schematics
of cross section of Ohmic contacts. (e) Schematics of cross section of top gate. (f) Schematics of the Hall-bar field-effect device and the

measurement setup.

independent functions of the disorder distribution in ultrahigh-
mobility systems [10-13]. To be specific, the mobility is not
always a comprehensive indicator of the quality with respect
to a certain transport property (e.g., quantum Hall states of
fractional filling factors). Alternatively, 7, is a much more
informative indicator of the quality for the narrow gap pro-
tected fragile quantum states. As the carrier mobility is usually
considerably degraded from as-grown structures after device
processing, it is desirable to clarify if the mobility/quality
dichotomy occurs in the undoped Ge/SiGe heterostructure so
that high quantum quality is still expectable in the processed
device.

In the present study, we demonstrated that the mobil-
ity/quality dichotomy happened in the undoped Ge/SiGe
heterostructure and favored quantum implementations in the
processed device from as-grown heterostructures. The un-
doped Ge/SiGe heterostructure was prepared by the reduced
pressure chemical vapor deposition (RPCVD) method. The
field-effect Hall-bar devices were fabricated via the processes
compatible with well-established semiconductor technology
for magnetotransport characterization. Despite a degraded
hole mobility of 5.2 x 10°ecm>V~!s~!, we observed clear
IQHE and the quantum Hall states of filling factors between
v=1 and 2, and between v =2 and 3 at 1.71 K at hole
density as low as 1.54 x 10'" cm™2 with a long quantum
scattering time 7, up to 1.2 ps. The study explicitly indicated
that the device fabrication process likely compromised the
carrier mobility, whereas the quantum quality could be less
influenced, so that quantum device implementations less in-
fluenced too.

II. EXPERIMENTS

The Ge/SiGe heterostructure, as shown in Fig. 1(a),
was grown by the reduced pressure chemical vapor deposi-
tion (RPCVD) method. Germane (GeH,) diluted in H, and

dichlorosilane (SiH,Cl,, DCS) were used as precursors with-
out involving dopant sources. The undoped structure could
eliminate the disorder caused by dopant atoms, which were
the main sources of scattering. The Ge/SiGe heterostructure
contained 1.7 um Ge as a virtual substrate (Ge VS), which
used a two-step method including a low temperature of 450° C
and a cap of layers at 650° C. A 750 nm reverse grading layer
with Ge contents changed from a pure Ge layer to a Sig 1 Geg 9
layer, and a 200 nm Siy ; Geg 9 step layer was grown at 800° C
with a thinner reverse gradient buffer to obtain a better mate-
rial quality. The active layer contained an 8.6 nm thick Ge QW
and two Sip,Ge g barrier layers. A 360 nm Sij,Geg g under a
barrier layer was grown at 650° C. The thickness of the upper
Sig2Geg g barrier layer was 33.6 nm. Before growth of this
layer, the surface of the Ge QW layer was treated by DCS
to form a sharp interface between Ge and SiGe. As shown
in Fig. 1(b), the transmission-electron microscope (TEM) im-
age of the active layers showed a clear interface between
the 8.6 nm thick Ge QW and each Sip,Ge(g barrier layer.
The band-edge alignment between compressively strained Ge
and relaxed Sip,Gegs layers formed a fype-I band energy
landscape [14], allowing hole confinement in the strained
Ge QW. The shallow upper barrier layer with a thickness of
33.6 nm was designed for the balance between the efficient
gate control of the carriers in the Ge QW [15] and the sup-
pression of surface tunneling from the strained Ge QW. A
subsequent 1.6 nm thick Si cap layer aimed to protect the
underneath SiGe surface against natural oxidation and damage
during the device fabrications. The Ge QW, the upper barrier
layer, and the Si cap were grown at 500° C.

Hall bar shaped field-effect devices were fabricated aligned
to the (110) crystallographic orientation. Due to the face-
centered cubic structure of Ge lattices, the atoms distribute
most closely in the (110) crystallographic orientation. The
strain is most likely to release gradually and regularly
through dislocation slip in the direction of the closest atomic
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arrangement, avoiding penetrating threading dislocation that
leads to dislocation scattering in Ge QW. The fabrication
processes shown in Fig. 1(c) were compatible with well-
established semiconductor manufacturing technology (see the
Supplemental Material, Fig. S1 [16] and, in turn, unavoidably
introduced damages and disorders in the device. As schemat-
ically displayed in Fig. 1(d), the vacuum thermal annealing
assisted platinum (Pt) to penetrate through the upper SiGe
barrier and diffuse into the quantum well, realizing Ohmic
contacts between the source/drain electrodes and the quantum
well due to negligibly low Pt germanosilicide Schottky barrier
height for holes [17]. Figure 1(e) illustrates cross-sectional
schematics of the top gate, which was made of a 30 nm thick
gate dielectric of Al;O3 and a metal Ti/Au bilayer. Consider-
able charged impurities presented at the interface between the
Al O3 thin film and the Si cap layer.

Figure 1(f) shows the schematics of the Hall-bar field-
effect device and the magnetotransport measurement setup.
The Hall-bar device was measured in a Quantum Design
Physical Property Measurement System (PPMS). In this
study, unless specified differently, we performed the measure-
ments at 1.71 K to stabilize the temperature during a sweeping
magnetic field. Instead of nonlinear magnetotransport mea-
surement [18,19], we performed linear magnetotransport
measurements as functions of temperature and hole density.
The external magnetic field was applied perpendicular to the
quantum well. An alternating current with a low frequency
of 17 Hz and consistent amplitude of 40 nA was applied
between source and drain. Two lock-in amplifiers were used to
record the transverse voltage V,, and longitudinal voltage V..
simultaneously. The width W and the length L of the measured
region were 80 and 270 um, respectively. The longitudinal
resistivity p,, was obtained by p,, = (W/L)(V,,/I), and the
transverse resistivity (also called Hall resistivity) o, was de-
fined by p,, = Vi,/I. A negative dc voltage V;, was applied
on the top gate to accumulate 2DHG in the Ge QW in a con-
trolled manner [20]. The measured 2DHG hole density p,p
was tunable from 1.21 x 10'! to 2.40 x 10'"" cm~2 (see the
Supplemental Material, Fig. S2 [16]). The percolation density
was extrapolated to 0.69 x 10'' cm~2 (see the Supplemental
Material, Fig. S3 [16]); also see [21,22], indicating a very
low disorder potential landscape experienced by holes in the
strained Ge QW.

III. RESULTS
A. Magnetotransport properties

Figure 2(a) provides representative Hall measurement data,
in which the transverse (Hall) resistance p,, is in red and
longitudinal resistivity py, is in black, at low magnetic fields.
The p, increased linearly with magnetic field B up to
0.5 T. The hole density pop of 1.75 x 10! cm™2 was, thus,
extracted from the Hall resistivity by the Hall coefficient in
the relation of p,, = B/ep,p within the low magnetic field
region (B<0.1 T). As the magnetic field further increased, the
onset of Shubnikov—de Haas (SdH) oscillations was visible at
a critical magnetic field strength of B; with a filling factor of
v = 14, arising from the fact that the Landau level separation
was enhanced wider than the Zeeman energy splitting plus
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FIG. 2. Transport properties at the temperature of 1.71 K.
(a) Transverse Hall resistance p,, (red) and longitudinal resistivity
Pw (black) measured at a hole density of 1.75 x 10" cm™2 as a
function of perpendicular magnetic field B (0<B<2 T). (b) Mobility
W vs hole density p,p. The red line is the fit to u o p;,/)z, and the
blue line is the fit to u o 17]2]/)2 . (c) Temperature dependencies of
Shubnikov—de Haas oscillation amplitudes A p,, as a function of 1/B
at a hole density of 1.75 x 10'" cm~2. (d) Effective mass m* vs pap;
the red line is a linear fit. (e) Mobility scattering time 7, (black) and
quantum scattering time 7, (red) vs pop. The inset is the Dingle ratio
7,/7, vs hole density p,p. The blue line is a guide to the eye. (f)
Effective Landau g factor g* vs hole density psp.

the Landau level broadening. The p,, manifested a regular se-
quence of SAH peaks and the oscillation amplitudes rose with
increasing B. When the magnetic field was made stronger, the
spin polarization due to Zeeman spin splitting was recognized
at another critical magnetic field strength of By with a filling
factor of v = 7. The observation of SdH oscillations prelimi-
narily attested a clean two-dimensional transport system, and
allowed the extraction of effective mass m*, quantum scatter-
ing time 7,4, and effective g factor g*.

Figure 2(b) shows the hole mobility u as a function of
hole density. The w is obtained from 2D Drude model by
w = 1/(epappxy)- In the relatively low hole density region, w
increased rapidly due to the improved screening of scattering
from remote charged impurities. In the higher hole density
region, p saturated at a maximum of 5.2 x 100cm?2V-ts !,
limited by the Ge-SiGe interface roughness, at a hole density
of 2.25 x 10! cm™2. The mean free path (1) of the hole was
deduced to be as long as 4.1um (see the Supplemental Ma-
terial, Fig. S4 [16]), far greater than the thickness of Ge QW
but significantly less than the size of the Hall bar. Scattering
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from charge centers determined the 2D transport properties
and could be derived from many sources in the processed
heterostructure: background charged impurities very close to
or inside the Ge quantum well, short-range interface rough-
ness at the Ge-SiGe interfaces, short-range alloy disorder in
the insulating SiGe layers, remote charged impurities at the
interface between the cap-Si layer and Al,O3 thin-film, etc.
As for the interface roughness, the mobility is expected to
drop with increasing hole density. Such expectation is clearly
contrary to the observation shown in Fig. 2(b). The alloy dis-
location dominates the 2DHG system at high carrier density
when the mobility is greater than 10’ cm? V~! s~! [23], which
is two orders of magnitude higher than that of our 2DHG. In
this undoped system, therefore, we limited our analysis in the
following two kinds of scattering sources: the remote charged
impurities and the background charged impurities [11]. The
remote charged impurities can be efficiently screened from the
Ge QW by hole accumulation therein and, therefore, dominate
the transport at low hole density. In contrast, the background
charged impurities very close to or inside the Ge quantum
well dominate at high hole density. The mobility © presents
distinct power law dependencies of p,p upon the specific
scattering mechanism [23]. In the case that the remote charged
impurities scattering dominates, the u follows the power law
by u pg/g and is described by the following [23]:

16, /7 gugseh’

Mremote = — - Hp%z. @))
hNg

Otherwise, in the case that the background charged im-

purities scattering dominates, u follows the power law by

n x pig and is described by the following [23]:

(8v8s)3/2€ pl/2
4/ h(Ng/how)" *°

Ny and Np are the effective density of the remote charged
impurities and the background charged impurities, respec-
tively. Accounting for the fact that the remote charged
impurities are mostly located at the Al,O3-Si interface [24],
we set the effective distance /. between the remote charged
impurities and 2DHG to be 39.5 nm, which was the distance
between the center of the Ge QW and the bottom of the metal
gate. hqw was the thickness of the Ge QW, 8.6 nm. Valley
degeneracy g, is unity and spin degeneracy g, is double in
both equations. The fit to Eq. (1) was applied when p,p was
less than 1.80 x 10'' cm~2 and indicated in red. The density
of the remote charged impurities N was thus extracted at
8.7 x 10! cm~2. When the hole density was in the range
from 2.15 x 10" to 2.30 x 10'" cm™2, the fit to Eq. (2) was
applied and displayed in blue. The effective density of the
background charged impurities Nz was extracted at 7.9 x
108 cm~2, which was much lower than Ng by three orders of
magnitude and attested to very low levels of disorder in the
Ge QW. There was, therefore, plenty of room to reduce total
scattering by means of improvement on the remote charged
impurities at the Al,Os-Si interface.

Figure 2(c) shows the temperature dependencies of SdH
oscillation amplitudes Ap,, after baseline subtraction as a
function of an inverse magnetic field scale, 1/B. The SdH
oscillation was in single periodicity with respect to 1/B. The

(@)

Mbackground =

oscillation amplitudes Ap,, were significantly suppressed
with increasing temperature and can be described by the
Lifshitz-Kosevich (LK) formula as follows [25],

Apyy = 4’IOOX(T)eXp(_7T/wCTq)’ 3

where X (T') is a temperature-damping factor in the expres-
sion of (2”;%) / sinh(z”;%), oo the longitudinal resistivity
at zero field, w. = eB/m* the cyclotron frequency, kg the
Boltzmann constant, and 7 the reduced Planck constant. Con-
sequently, the effective mass m* and quantum scattering time
7, can be extracted by fitting oscillation peaks or valleys lo-
cated below the spin splitting threshold (see the Supplemental
Material, Fig. S5 [16]; also see [25-30]).

Figure 2(d) demonstrates the normalized effective mass m*
with respect to the free electron mass m as a function of hole
density. The m* slightly increased from 0.101m to 0.119my
when the hole density was populated from 1.54 x 10'! to
2.40 x 10" cm~2. The red line was a linear fit, which implied
the valence band nonparabolicity (see the Supplemental Mate-
rial, Fig. S6 [16]; also see [31,32]) arising from the interaction
between energy spaced heavy and light hole bands in Ge/SiGe
heterostructures [33,34]. The extrapolation of the linear fit at
the hole density of zero (the topmost heavy hole subband) al-
lowed m™ to arrive at 0.069 £ 0.005 my. The extrapolated hole
effective mass at zero hole density was close to but slightly
larger than that from the theoretical prediction of ~0.05m by
using density functional theory [33]. The discrepancy could
be attributed to the specific strain distribution and the de-
tailed roughness at the interface between the Ge QW and the
upper Sip,Gegg barrier layer [4,5,29,34]. Nevertheless, the
light effective mass gives rise to large orbital-level spacing
in quantum dots for the implementation of spin qubits and is,
therefore, preferable to relax lithographic-fabrication scales.

Figure 2(e) shows the two crucial timescales, mobility scat-
tering time 7;, and quantum scattering time t,, as a function
of hole density. Herein, 7, was extracted from the Boltzmann
transport theory by u = et;/m*, and increased from 19 to
34 ps as the hole density was populated from 1.54 x 10!
to 2.40 x 10'" cm~2. The 7, was extracted based on the m*
from the fit to Eq. (3) and varied from 1.2 to 2.3 ps, which
was longer than that of the early studies where comparable
mobility was reported [8,9]. Overall, 7, was proportional to
the accessible hole density as the increased screening signif-
icantly reduced the scattering events from charged impurities
[35]. The long 7, guarantees a small level broadening and the
high quality for quantum implementations [2,3,36,37]. The in-
set of Fig. 2(e) shows the Dingle ratio & = 7,/7, as a function
of the hole density. As pop was populated from 1.75 x 10!
to 2.40 x 10'"' cm~2, the Dingle ratio lowered from 17.4 to
15.1, but was still significantly greater than unity. The rela-
tively small ratio compared with early studies [5,8,9] could
derive from the fact that the distribution of impurities at the
Al,03-Si interface was more concentrated toward the location
of the 2DHG. As p,p was populated, the reduced Dingle ratio
implied a crossover from remote impurity scattering limited
transport to background impurity scattering limited transport
and pronounced large-angle scattering in the entire scattering
events. Such a situation was reported in Si QW of undoped
Si/SiGe heterostructures as well [38,39].
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FIG. 3. Quantum Hall effects and Landau fan diagrams. (a) oy
and (b) p,, are shown as a function of B at two distinct hole den-
sities. (c), (d) Landau fan diagram of derivative dp,,/dB and p,,,
respectively, as functions of p,p and B at a temperature of 1.71 K.
The dashed horizontal lines are line cuts at p,p = 2.19 x 10'! cm~2
(in green) and p,p = 1.52 x 10''cm~2 (in orange) and correspond to
Pxy and py, in (a), (b), respectively.

The out of plane effective Landau g factor g*, which is an
indicator of the strength of spin-orbit interactions, is shown
in Fig. 2(f) as a function of hole density. In principle, a large
g" is an ingredient in realizing full-electric manipulations of
spin degree of freedom and topological transitions of narrow
band semiconductors [40-42]. The g* was extracted from the
critical magnetic field of SdH oscillation as follows [8]:

g = 2—’?; “4)
m* 1 + «/B Ky / B L

The obtained g* was inversely proportional to the hole den-
sity pop, decreasing from 8.8 to 6.6 with p,p populated from
1.54 x 10" t0 2.40 x 10" cm~2. The hole density dependent
g" derived from the mixture of the light and the heavy hole
states due to the nonparabolicity of the valence band [42,43].

B. Quantum Hall effects

Figure 3(a) provides the transverse (Hall) resistance py,
in a wide range of magnetic fields at two distinct hole den-
sities, and Fig. 3(b) provides the corresponding longitudinal
resistivity p,,. Quantum Hall plateaus of consecutive integer
filling factors v from 1 up to 8 were clearly seen in the p,,
traces at the hole densities of 2.19 x 10'" cm™2 (in green)
and 1.52 x 10''em™2 (in orange). The p,, manifested a min-
imum for each Quantum Hall plateau. Importantly, the p,,
minima corresponding to the filling factors of 6, 4, and 2
reached clear zeros, ruling out parallel conduction paths and
indicating that the transport involved a single high-mobility
subband of the heavy hole fundamental state in the Ge QW.
Remarkably, there were plateaulike structures in the trans-
verse (Hall) resistance py, at the filling factors between v = 1

and 2, and between v = 2 and 3. The corresponding p,, also
manifested a valleylike minimum to the quantum states at
these filling factors. The quantum states at the noninteger
filling factors were recognizable at pop = 2.19 x 10! ecm™2,
whereas they were partially invisible at the less populated
pop = 1.52 x 10" cm 2.

In order to visualize the quantum Hall effect, Landau fan
diagrams are shown in Figs. 3(c) and 3(d). For clarity, the
derivative dp,,/dB rather than p,, is displayed in Fig. 3(c),
in which the quantum plateau is indicated by a blue stripe
and the transition between neighboring plateaus is indicated
by a red stripe. As shown in Fig. 3(d), the valleys and peaks
of p,, are represented by the blue stripes and the red stripes,
respectively. The integer filling factors in the fan diagrams
fanned out toward a higher magnetic field and hole density
at a slope of v/@y (o = h/e is the magnetic flux quantum),
which agreed with the single-subband model. At the filling
factors between v = 1 and 2, and between v = 2 and 3, the
corresponding quantum Hall states developed into plateaulike
structures at plausible filling factors v =5/2 and v = 3/2,
highlighting the density-dependent evolution of the fractional
filling factors. As the hole density decreased, the quantum
states at the fractional filling factors gradually vanished, and
the minima of p,, associated with the filling factors became
shallow. The evolution agreed well with the change of quan-
tum scattering time with regard to the hole density, as shown
in Fig. 2(e). In the present study, the Landau fan diagrams
with the fine structures of quantum Hall states were obtained
at a relatively high temperature (1.71 K) compared to the
early studies [4,5]. The quantum states at plausible filling
factors v = 5/2 and v = 3/2 were expected to be much more
remarkable at lower temperatures and had been well addressed
at a slightly high hole density in other studies [44,45].

IV. DISCUSSION

Table I provides a comparison of the selected transport
parameters of undoped Ge/SiGe 2DHG between early reports
in the literature and our study. As the mobility was in the
ultrahigh region, the presence of noninteger filling factors
was visible at low temperature, as shown in the studies of
Lodari et al. [4] and Kong et al. [5]. As the mobility decreased
to ~ 5 x 10° cm? V~! 5!, the noninteger filling factors were
absent in the studies of Sammak ez al. [8] and Zhang et al. [9].
In contrast, the quantum states at plausible filling factors of
v=15/2and v = 3/2 at 1.71 K with a maximum mobility of
5.2 x 10°cm? V~!s~! were observed in our study. Addition-
ally, at the lower mobility of 2.1 x 100 ecm? V-1s~ ! Lodari
et al. also observed the signatures of the v = 5/3 fractional
state at a temperature of 1.7 K [10]. Thus, there is no unique
relationship between the mobility and quantum Hall states at
low temperature. The mobility is dominated by large-angle
scattering from kinds of omnipresent residual impurities at
different hole densities, whereas quantum scattering time T,
is sensitive to both background scattering and remote scatter-
ing [13]. The quantum states at filling factors v = 5/2 and
v = 3/2 of undoped Ge/SiGe could be closely correlated to
the quantum scattering time 7, by the single-particle level
broadening of I' = 7i/27,. As shown in Table I, the quantum
states at noninteger filling factors were observable when T,
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TABLE I. Selected transport parameters of undoped Ge/SiGe 2DHG adopted from this study and early literatures.

Maximum
mobility (x 10

Maximum mobility

Quantum scattering Noninteger

Reference cm? Vs scattering time (ps) time (ps) filling factors
This work 5.2 34 1.2-2.3 Yes
Kong et al. [5] 20 100 1.7 Yes
Lodari et al. (2022) [4] 10 N.A. N.A. Yes
Sammak et al. [8] 5.0 20 0.74 No
Zhang et al. [9] 4.6 13 0.5 No
Lodari et al. (2021) [10] 2.1 8.7 0.87 Yes

was no less than ~0.87 ps, although the undoped Ge/SiGe
heterostructures were grown and the Hall-bar devices were
prepared by different academic research groups. Thus, a long
7, directly reflected a narrow level broadening, and implied
weak scattering caused by surrounding charged impurities.
The reduced level broadening favors the improvement of co-
herence time in the spin manipulation of a quantum dot based
qubit [10,40].

In our study, the density of remote charged impurities was
much higher than the density of background charged impuri-
ties and krh.sr was in between 3.3 and 4.3 at hole densities
between 1.21 x 10'! and 2.40 x 10'" em™2. The total scat-
tering could, therefore, be dominated by the remote charged
impurities. No matter the Ge QW was prepared in an ultralow
disorder level; in a realistic case the unavoidably introduced
charged impurities at the interface between the as-grown het-
erostructure and the gate dielectric thin film during device
processing dominantly contribute the total scattering to the Ge
QW. Compared to the study of Kong et al. where a similar
heterostructure was used [5], our study showed a relatively
lower hole mobility (shorter mobility scattering time), but
manifested comparable quantum scattering time and quan-
tum Hall effects. The degraded mobility could be caused by
edge roughness on the Ge channel in device processing, such
as dry etching of a Hall-bar shaped mesa. The less com-
promised quantum scattering time could benefit from fewer
remote charged impurities introduced during the whole device
processing. It is ultimately essential to control the density
of remote charged impurities to limit the overall scattering.
For instance, the interface state density could be drastically
reduced by inserting an ultrathin SiO, buffer layer between
Al,O3 and Si [46,47]. The SiO, layer can be fabricated either
by the in situ oxidation of the Si cap or by atomic layer
deposition [47].

V. CONCLUSION

In conclusion, a degraded hole mobility of 5.2 x
103 cm? V~!s7! but a long quantum scattering time 7, up to
2.3 ps were obtained in a processed undoped Ge/SiGe het-
erostructure. The heterostructure was grown using the reduced
pressure chemical vapor deposition (RPCVD) method and
the device fabrications were compatible with well-established
semiconductor technology. In the study, not only integer quan-
tum Hall effects (IQHESs) of filling factors down to v = 1, but
also the quantum states of the filling factors between v = 1
and 2, and between v = 2 and 3 were observed at 1.71 K
at low hole density. Although the mobility was degraded un-
avoidably due to the fabrication processes, the long quantum
scattering time, indicating great quantum quality, was less
compromised in this ultraclean and low-disordered undoped
Ge/SiGe heterostructure. Thus, this study confirmed the mo-
bility/quality dichotomy, and supported the heterostructure as
an idea platform to obtain high-quality quantum electronic
devices for exploring fundamental physics and building gate-
controlled quantum dots.
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