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The two-dimensional electron gas residing in shallow InAs quantum wells coupled to epitaxial aluminum is
a widely utilized platform for exploration of topological superconductivity. Strong spin-orbit coupling, a large
effective g factor, and control over proximity-induced superconductivity are important attributes. Disorder in
shallow semiconductor structures plays a crucial role for the stability of putative topological phases in hybrid
structures. We report on the transport properties of 2DEGs residing 10 nm below the surface in shallow InAs
quantum wells in which mobility may exceed 100 000 cm?/V s at 2DEG density nopgg < 1 x 10'2 cm™ at low

temperature.
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I. INTRODUCTION

Epitaxial semiconductor-superconductor hybrid materials
provide a platform for exploring topological superconductiv-
ity [1-19]. Among the various superconductor-semiconductor
combinations, the two-dimensional electron gas (2DEG) in
InAs quantum wells separated from epitaxially grown alu-
minum by a thin InGaAs barrier has yielded significant results
[9,12,15,16,19]. A large effective g factor, strong spin-orbit
coupling, and controlled proximity coupling are useful prop-
erties of this system. Simultaneously, low-disorder materials
are desirable to promote strong correlations [20-22]. The
highest reported peak 2DEG mobility in an InAs quantum
well grown on InP exceeds 10° cm? /V s [23]. However, these
heterostructures utilized deep quantum wells with the 2DEG
residing 100 nm below the top surface, making them unwieldy
for induced superconductivity experiments [23]. To control
proximity coupling between the InAs 2DEG and aluminum,
a thin top barrier (~10 nm) between the quantum well and the
superconductor is usually employed. Due to the thinnest of
this top barrier, the InAs 2DEG is sensitive to surface scatter-
ing in areas not covered by aluminum. Some experiments have
suggested that nanofabrication can increase surface scatter-
ing [18,24] while theory suggests high mobility is necessary
to support topological phases under realistic device condi-
tions [21,25]. It is therefore desirable to explore approaches
to enhance mobility in near-surface 2DEGs while maintain-
ing strong spin-orbit coupling and ease of inducement of
superconductivity.
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In this study, we compare undoped and silicon (Si) 6-doped
near-surface InAs/InGaAs heterostructures coupled to epi-
taxial aluminum grown on InP substrates. We systematically
vary the position and density of the silicon donor layer to
study the impact on the electronic properties of the 2DEG
including mobility and spin-orbit coupling. The peak mo-
bilities of optimized samples exceed 100 000 cm?/V s at
nypeg < 102 cm~2 in gated Hall bar devices while similarly
constructed undoped structures have peak mobility of approx-
imately 57 000 cmz/V s at nopeg = 6 x 101 cm™2. These
results are state-of-the-art for this class of heterostructure.
Additionally, spin-orbit coupling strength as determined by
weak-antilocalization analysis for Si §-doped samples reveals
a nonmonotonic relationship with 2DEG density. The induced
superconducting gap of samples with epitaxial aluminum was
determined using tunneling spectroscopy measurements; our
analysis indicates that there is no substantial difference in the
proximity effect between doped and undoped samples. Our
results indicate that significant improvements in low-disorder
near-surface 2DEGs are possible, a necessary condition for
stabilization of robust topological phases.

II. MBE GROWTH, DEVICE FABRICATION,
AND MEASUREMENTS

Six wafers with various doping parameters were grown
via molecular beam epitaxy in a Veeco GEN 930 system.
The sample parameters are detailed in Table I, and a diagram
of the semiconductor layer stack is shown in Fig. 1(a). Sur-
face reconstruction during growth is monitored via reflection
high-energy electron diffractometry (RHEED), and substrate
temperature is measured via a thermocouple behind the sub-
strate and via optical pyrometry. Semi-insulating Fe-doped
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TABLE I. Sample parameters including 2D doping density (N;), spacer thickness (d), peak mobility (i4nmay), and 2DEG density at the peak
mobility (n2pgG at imax)- Sample A is undoped. The dielectric material for all samples in this table is hafnium oxide.

Ny d Mmax MopEG Al Umax MopEG at Vg =0V
Sample (102 cm™2) (nm) (10° cm?/V s) (102 cm™?) (102 cm™?)
A NA NA 57 0.6 2.7
B 0.8 15 100 0.7 29
C 1 15 90 0.8 34
D 2 15 120 0.9 3.3
E 1 30 55 0.8 29
F 2 30 65 0.8 3.3

InP (001) substrates were used for all growths in this study.
The MBE chamber and growth materials were prepared as
described by Gardner et al. [26].

The native oxide of the InP substrate is thermally desorbed
under Asy4 overpressure, which is maintained at a constant
value of 107> Torr throughout the growth. The oxide desorp-
tion occurs when the surface switches to a metal-rich 4 x 2
reconstruction, after which the sample is immediately cooled
and a 2 x 4 reconstruction is recovered. After oxide desorp-
tion, a layer of lattice-matched InAlAs is grown to smooth the
sample surface. InAs will relax if grown directly on an InP
substrate due to the 3.3% lattice mismatch between the two
materials. Therefore, an InAlAs graded buffer layer (GBL)
is used in order to provide a pseudosubstrate with a lattice
constant closer to that of InAs.

Upon completion of the GBL, the temperature of the sub-
strate is set to 480 °C as determined by pyrometry. A 58 nm
Ing g1 Alg 19As layer is grown between the GBL and the lower
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FIG. 1. (a) Layer stack of samples A-F. The epitaxial Al layer
is not shown here. d is the spacer thickness, and N, is the doping
density in the Si §-doping layer (black dashed line). (b) Atomic
force microscopy image of the hybrid stack including the epitaxial
aluminum. The area is 25 um? and the rms roughness is 0.73 nm.
(c) Optical image of a Hall bar and schematic of the experimental
setup for magnetotransport measurements. The distance between two
nearest voltage probes is L = 100 um, and the width of the Hall bar is
W = 40 um. Black lines in the optical image are shadows of bonding
wires.

InGaAs barrier. For doped samples, a Si §-doping layer inter-
rupts the 58 nm InAlAs layer, according to desired doping
density and setback. The active region consists of a 4 nm
Ing.75Gag 25As lower barrier, a 7 nm InAs quantum well, and a
10 nm Ing 75Gag 25As top barrier. Following completion of the
semiconductor growth, the sample is cooled and 5 nm of Al is
epitaxially deposited on the InGaAs top barrier. The resulting
surface morphology is shown in Fig. 1(b). The rms roughness
over 25 um? area is 0.73 nm. The undulating cross-hatched
morphology is typical for this heterostructure design in which
the graded buffer region induces relaxation as the lattice con-
stant is transitioned from InP to a value closer to InAs. The
thin aluminum layer maintains the underlying morphology of
the semiconductor.

Mesas for Hall bars are defined using a solution of dilute
phosphoric acid and citric acid. Following mesa definition, an
Al etchant (Transene Type D) is used to selectively etch the
Al layer on the mesa. Following the wet Al etch, a dielectric
layer (hafnium oxide or aluminum oxide) is grown globally
on top of the chip via atomic layer deposition, as illustrated
in Fig. 1(a). Finally, the gate electrodes are patterned using
Ti/Au deposition. The outer un-etched Al sections serve as
ohmic contacts to the 2DEG.

Transport measurements are performed in a cryogen-free
dilution refrigerator with a base mixing chamber temperature
of T =10 mK and up to a 6 T perpendicular magnetic field.
We used standard AC lock-in techniques, applying a 10 nA
AC current while simultaneously measuring the longitudinal
voltage, V.., and the transverse voltage, V,,, as a function of
perpendicular magnetic field as shown in Fig. 1(c). 2DEG
density is tuned by adjusting the DC voltage bias, V,, on the
top gate which is separated from the semiconductor by the
dielectric layer.

III. RESULTS

A. Mobility versus 2DEG density

We began by investigating the impact of Si §-doping den-
sity on the relationship between mobility (w) and nypgg. (1 Vs
nopeg for samples A to D with variable Si §-doping density
but fixed 15 nm spacer thickness are shown in Fig. 2(a).
nopeg as function of V, is extracted from the Hall voltage
at Bperp = 0.5 T. The black curve in Fig. 2(a) shows the
mobility of sample A, the undoped structure similar in design
to wafers used in previous experiments probing topological
superconductivity [9,16,19]. For sample A, the peak mobility
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FIG. 2. (a) Mobility as a function of 2DEG density for samples A to D with N; =0, 0.8, 1.0, 2.0 x 10'?> cm~2 with spacer thickness
d = 15 nm. (b) Band diagram and charge distribution for sample A and sample B calculated self-consistently at 7opgg = 0.6 x 10> cm™2. To
produce nopeg = 0.6 x 10'> cm™2 in sample A the gate voltage in the simulation is set to —0.705 V while it is set to —0.945 V for sample
B. The solid line shows the conduction band edge relative to the Fermi energy (Er = 0 eV) as a function of the depth of the heterostructure,
where Z = 0 nm corresponds to the surface of the top barrier. Dashed lines display the spatial variation of the free charge distribution. The
inset zooms to display the 1 nm shift of the center of the charge distribution due to the doping. (c) nypgg Vs top-gate voltage (V,) for samples

A and B; note (c) and (a) share the same legend.

MUmax is equal to 57 000 cm?/V s at a 2DEG density of
nypeg = 0.6 x 10'2 ecm~2. This peak mobility is typical for
our heterostructure design without Si § doping, and compares
favorably to peak mobility reported previously in undoped
structures [27]. In different 2DEG density regimes distinct
scattering mechanisms dominate, resulting in the observed
nonmonotonic dependence of u on nypgg. The rapid increase
in mobility with increased 2DEG density in the low-density
regime is characteristic of scattering from charged impurities
in the vicinity of the 2DEG—ypresumably concentrated at the
semiconductor-dielectric interface [28]. As the 2DEG density
is increased, the mobility reaches a peak and then decreases.
This sharp decrease begins at nypgg = 0.6 x 10'2 cm~2, cor-
responding to the density at which the chemical potential
approaches the second subband; intersubband scattering, alloy
scattering, and interface roughness scattering decrease mobil-
ity at large 2DEG density [28-30].

Peak mobility in the doped samples increases significantly
when compared to the undoped sample A. The addition of
a Si §-doping layer beneath the quantum well drastically
alters the conduction band edge profile of the heterostruc-
tures. The simulated charge density and conduction band
edge profile for the undoped sample A and sample B at
mopeg = 0.6 x 10'2 cm~2 are calculated using the NextNano?
self-consistent Schrodinger-Poisson solver [31]. Results are
shown in Fig. 2(b). As indicated by the solid cyan line in
Fig. 2(b), the ionized donors create an electric field in the
quantum well pointing to the surface. This altered electric
field profile compared to sample A shifts the center of the
2DEQG distribution 1 nm away from the surface in sample B as
shown in the dashed lines in Fig. 2(b) and its inset. This 1 nm
spatial shift has substantial impact for shallow InAs 2DEG
systems when Coulomb scattering from defects at or near
the dielectric/semiconductor interface dominates [24,27]. As
discussed in Ref. [28], u di3mp, where w is the mobility of
the 2DEG, and djn, is the distance between the remote 2D ion-
ized impurities and the 2DEG. At nypgg = 0.6 x 102 cm ™2,
the center of 2DEG distribution shifts from Z = 13 nm in
sample A to Z = 14 nm in sample B; u « dfmp implies a
24% increase of mobility due to the extra 1 nm separation in

sample B. We note at n,pgg = 0.6 x 102 cm—2 the mobility
of sample B increases approximately 80% compared to sam-
ple A. In the simulation of sample B, a small population of
electrons resides at the doped layer, as illustrated in Fig. 2(b).
This population of electrons in the doping layer should en-
hance screening, resulting in additional increase in mobility.
Screening by residual carriers in doping layers is known to
improve mobility in the AlGaAs/GaAs 2DEG system [26,32].
Enhanced screening becomes more pronounced at higher dop-
ing density, as can be seen in Fig. 2(a). The slightly lower
peak mobility of sample C compared to sample B may be
attributed to two factors: (1) the relatively modest increase in
Si doping density above sample B; (2) slight fabrication run-
to-run variations that impact the density of scattering centers
at the semiconductor/dielectric interface. We also note that
at high Si 8-doping density >10'> cm~2 evidence of parallel
conduction is seen in magnetotransport. This aspect will be
covered more thoroughly in Sec. III B. 2DEG density vs gate
voltage for sample A and sample B is shown in Fig. 2(c); a
small increase in V, = 0 V density in evident in sample B.
In both devices a change in capacitance is visible below V, ~
—0.5 V. This change in slope is attributed to the depopulation
of the second electric subband as the 2DEG density is reduced.
The second subband in our system has substantial weight in
the InGaAs top barrier which is closer to the top gate when
compared to the lowest subband which primarily resides in
the InAs quantum well. The capacitance between the top gate
and electrons occupying the second subband is larger than it
is between the top gate and electrons in the lowest subband.
The slope is proportional to the capacitance, and thus changes
when the second subband is depopulated, as seen in Fig. 2(c).
The mobility increases up to Ny = 2.0 x 10'> cm~2, but this
increase in mobility comes at the cost of parallel conduction
at high doping levels. From a practical point of view, the
benefit of higher mobility is lost once the parallel conduction
channel becomes active. This is the reason we did not increase
doping beyond N; = 2.0 x 10'> cm~2 at 15 nm setback. More
fundamentally, one does not expect mobility of the primary
2DEG channel (not the parasitic parallel channel) to increase
indefinitely. Overdoping does enhance screening through the
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addition of mobile electrons at the Si §-doping layer, but
this effect will saturate and any marginal improvements are
masked by the overwhelming parasitic conduction channel.
There is a limit to the amount of overdoping that is beneficial.

The shift of peak mobility to higher 2DEG density with
increased doping below the quantum well is consistent with
expectations. At low 2DEG density in the single-subband
regime, mobility will increase with increasing density due
to the increase in the Fermi wave vector, and enhanced
screening to a lesser extent. This trend will continue so long
as Coulomb scattering from impurities at the surface is the
dominant scattering mechanism. As 2DEG density increases
toward nopeg = 1 x 10'? cm™2 scattering by other mecha-
nisms eventually begins to degrade mobility. In the case of
our shallow 2DEGs, interface roughness scattering, alloy scat-
tering in the barrier, and scattering associated with proximity
of the Fermi energy to the second electric subband are the
additional scattering mechanisms. With Si § doping below the
quantum well, the wave function is shifted away from the top
barrier/quantum well interface, allowing the mobility to rise
with increasing density slightly longer before the mobility be-
gins to drop due to competing scattering mechanisms. This is
why the peak mobility shifts to slightly higher 2DEG density
with increased doping as seen in our data.

The impact of spacer thickness is also studied. @ vs napgg
for sample C (d = 15 nm) and sample E (d = 30 nm) is
shown in Fig. 3(a). Both samples have N; = 1 x 102 cm~2.
For all 2DEG densities studied here the mobility of sample
C with d = 15 nm is significantly higher than sample E with
d = 30 nm. The peak mobility of sample C is nearly twice
that of sample E at comparable densities. As shown in Table I,
such behavior is also observed when comparing sample D
and sample F. This observation suggests that scattering from
the ionized impurities in the doping layer is not a domi-
nant scattering mechanism for spacer thickness d > 15 nm.
Moreover, the reduction of mobility with increased spacer
thickness strongly suggests that the shift of charge distribution
in the quantum well away from the dielectric/semiconductor
interface is a dominant effect. The larger setback (30 nm)
results in a smaller shift relative to the 15 nm spacer thickness.
This is illustrated in Fig. 3(b) where the simulated spatial
charge distributions of sample C and sample E are plotted
at fixed 2DEG density. As shown in the insert in Fig. 3(b),
the center of the charge distribution of sample C is 0.5 nm
farther away from the surface compared to the situation of
sample E, resulting in a decrease in Coulombic scattering and
an increase in the mobility of sample C. As it appears that
disorder at the dielectric-semiconductor interface is a primary
limit to peak mobility in near-surface 2DEGs, we also test the
role of the dielectric environment. We fabricated two chips
using the semiconductor wafer with N; = 0.8 x 10'> cm™2
and d = 15 nm. This is the wafer used for sample B. Sample
B used 18 nm HfO, as the gate dielectric while sample G
has 19 nm of Al,Os. This change of dielectric is the only
fabrication variation between the two samples. A comparison
of mobility vs 2DEG density for sample B and sample G is
shown in Fig. 4; nopgg vs V, is shown in the inset. At zero
gate voltage the 2DEG density for sample G with 19 nm
Al,O3 is much lower than the density for sample B with
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FIG. 3. (a) Mobility as a function of 2DEG density for sample C
(d = 15 nm) and sample E (d = 30 nm) with N; = 1.0 x 10> cm™2.
(b) Simulated conduction band edge diagram (solid lines) and charge
distribution (dashed lines) for sample C and sample E at n,pgg =
0.8 x 10'> cm™2. The inset zooms to the peak in charge density; a
0.5 nm shift of the center of the charge distribution due to different
spacer thicknesses is visible.

18 nm HfO,, reflecting the difference in fixed charge den-
sity at the dielectric-semiconductor interface and difference
in dielectric constant. A similar variation in 2DEG density
in shallow InAs quantum wells depending on the details of
surface preparation and choice of dielectric has been reported
in Refs. [24,33]. The peak mobility of sample G with Al,O3
is 120000 cm?/V's, 20% higher than the peak mobility of
sample B with HfO, at similar 2DEG density. This increase
in mobility is observed despite the reduction of dielectric
constant from HfO, >~ 19 to Al,O3 >~ 8. The lower 2DEG
density at V, = 0 V combined with the higher peak mobility
for sample G suggests that the Al,O3/InGaAs interface has a
lower interface state density than the HfO, /InGaAs interface.
Less free charge is transferred from the surface to the quantum
well and consequently the fixed charged density remaining at
the dielectric-semiconductor interface is reduced, leading to
the improvement in peak mobility.
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FIG. 4. Mobility as a function of 2DEG density for sample B
with 18 nm HfO, dielectric layer (solid line) and sample G with
19 nm Al,O; dielectric layer (dashed line). The inset shows the
2DEG density as a function of top-gate voltage for sample B (solid
line) and sample G (dashed line).

For low 2DEG density in the single-subband limit where
screened long-ranged Coulomb scattering dominates, mobil-
ity will have a power-law dependence on niprg, 1 X N5pg
[28,34,35]. The exponent « depends on the proximity of
the charged Coulomb scattering centers to the quantum well
and the strength of screening. Screening in our system may
be parametrized by the Thomas-Fermi wave vector g7p =
2m*e? /kh*. We estimated the Thomas-Fermi wave vector
to be grr = 0.065 nm~!, where the effective electron mass
(m* = 0.026m,) and dielectric constant (x = 15) are approx-
imated using bulk InAs values. Another important length
scale is 1/kr where kp is the Fermi wave vector of the
2DEG. At nypgg ~ 7 x 10" em™2, 1/kp = 4.6 nm. The ratio
qs = qrr/2kr sets an important scale; if g; < 1, as it is in
the present case, the sample is in the weak-screening limit
[35]. The product krpd, where d is the distance from the
2DEG to the ionized impurities, determines whether charged
impurities are considered near or far. In the weak-screening
limit, the exponent « is predicted to asymptotically approach
1 for nearby 2D ionized impurities (dimp < 2.3 nm), while
it is predicted to approach 1.5 for remote 2D ionized impu-
rities (dimp > 2.3 nm) [35]. Additionally, a 3D distribution
of background charged impurities results in o ~ 1.5 [35].
Note that only in the strong-screening limit (g, >> 1) with 3D
impurities is the exponent expected to be less than 1. At very
low 2DEG density, the electron system becomes localized
and is not expected to follow power-law behavior, while at
high 2DEG density near the transition to occupation of the
second electric subband other scattering mechanisms (e.g.,
intersubband scattering, alloy and interface roughness scatter-
ing) make significant contributions to scattering. i VS nypgg 1S
plotted on a log-log scale for samples A and B in Fig. 5. The
black dashed line is o< n'?; it is not a fit to the data but pro-
vides a guide to the eye. The narrow density range with linear
behavior precludes an accurate determination of a scaling ex-
ponent, but it is evident that the scaling is significantly greater
than unity for both samples and approaches o ~ 1.5. This
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FIG. 5. u vs mypgg in a log-log plot at low carrier density for
samples A and B. The black dashed line represents u o< n'-. The
dashed line is not a fit to the data.

suggests that scattering is dominated by impurities at dis-
tances d > 1/2kp > 2.3 nm, including the charge disorder at
the dielectric/semiconductor interface (d = 10 nm) (samples
A and B) and the intentional § doping at d = 15 nm for
sample B. It is interesting to note that the intentional intro-
duction of impurities below the quantum well at d = 15 nm
increases peak mobility rather than diminishes peak mobility.
As discussed previously, the net effect of additional impu-
rities is to reduce the potential fluctuations experienced by
the 2DEG.

B. Analysis of parallel conduction at high doping

As we increase the Si §-doping density, the minimum in
the conduction band edge will eventually dip below the Fermi
level at the doped layer, forming an unintentional parallel
conduction channel. This situation is undesirable and it is
important to understand the onset of parallel conduction and
its impact on transport measurements. The carrier density in
any unintentional parallel channel can be estimated using the
two-band Drude model to fit the Hall resistance [36,37],

Ry =B)/)/|\(e”l2DEG,u2yH + e”l\“ﬁy)
x ([enapeguy) + enHMHV]z
+ [enzDEGM2BVH + e"I\MﬁBV]Z)il’ )

with y = 1+ u?B* and yy = 1 + pu{B>. There are four pa-
rameters in the two-band Drude model: the 2DEG density
(n2peG), the mobility (w) of the 2DEG, the carrier density in
the parallel channel (n)), and the mobility of carriers in the
parallel channel ().

In Fig. 6(a), the Hall resistance of samples A, B, C, and
D is presented. In order to reduce the number of free fitting
parameters, we estimate the mobility of the 2DEG from the
measured value of the B = 0 T resistivity and the value of R,,
at B = 0.5 T. Errors introduced here are very small, especially
at lower silicon doping where parallel conduction is not man-
ifest. Next, we fit R,, to the two-band model over a range of
0 T < B < 6T to extract the remaining parameters. For the
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FIG. 6. Hall resistance, R,,, as a function of the perpendicular
magnetic field for samples A, B, C, and D at the 2DEG density that
yields peak mobility for each sample. The fit using the two-band
Drude model for each sample is shown by black dashed lines.

case of sample B, the extracted carrier density in the parallel
channel is n = 5 x 103 cm~2 which is orders of magnitude
lower than nypgg in the principal quantum well. This tiny den-
sity has a negligible impact on transport. Indeed, no transport
signatures of parallel conduction are seen in magnetotransport
in sample B. Any carriers at such low density are localized by
disorder and magnetic field. The extracted parameters for the
parallel channel in samples A through F are summarized in
Table II. As expected, the parallel channel density increases
with increasing doping density and spacer thickness. Since
the doping layer is highly disordered, the mobility of carri-
ers in the parallel channel is very low. The heterostructure
design with N; = 0.8 x 10'> cm™2 at d = 15 nm setback
appears to be nearly optimal, as it shows a peak mobility
exceeding 100 000 cm?/V s without unintentional parallel
conduction.

Additional optimization of the setback and doping density
may be possible. Reducing the setback below 10 nm will
introduce additional disorder, comparable in strength to the
dominant source of disorder at the dielectric-semiconductor
interface. Thus, reducing the setback to 10 nm or below will
reduce mobility. The setback must be at least as large as
the quantum well-to—surface distance, where the dominant
scattering source resides. In the opposite limit, our study

TABLE II. Carrier density () and mobility (x;) in the parallel
conduction channel extracted from the fit of the two-band Drude
model.

Sample ny (102 cm=2) wy (10* cm?/V s)
A 0 0
B 0 0
C 0.23 4.8
D 0.75 2.1
E 0.55 1.2
F 1.11 1.4

demonstrates that increasing the setback to 30 nm did not
result in further improvement of mobility and, in fact, re-
sults in lower mobility than that measured with a 15 nm
setback. These results set the boundary conditions for fur-
ther optimization. The question of whether 15 nm is exactly
optimal remains to be answered, but it is already clear from
our experiments that any further optimization will involve
slight shifts in position of the Si §-doping layer and tailor-
ing the concentration of Si § doping to minimize parallel
conduction.

C. High magnetic field measurements

Figure 7(a) illustrates the longitudinal resistance of sample
B as a function of the top-gate voltage and the perpendic-
ular magnetic field. The filling factor v is defined by v =
12DEGP0/ Bperp Where ¢g = h/e is the magnetic flux quantum.
The black arrow in Fig. 7(a) identifies the location of a Landau
level crossing in the vicinity of v = 10. The Landau level
crossing suggests that the second subband is occupied at
nopeg = 1.1 x 1012 ecm=2 (V, = —0.65 V) [38-40]. R,, and
the transverse resistance Ry, for nypgg = 2.2 X 102 cm—2
are shown in Fig. 7(b). Two distinct sets of Shubnikov—de
Haas oscillations are visible in R,, in Fig. 7(b), confirming
second-subband occupation. In Fig. 7(c) the system is in the
single-subband regime, and when the perpendicular magnetic
field is greater than 3 T, quantized Hall states are visible in
R, and R,,. The integer quantum Hall states seen in sample
B further confirm the absence of a parallel channel in the
structure and the material’s high quality. As demonstrated
by a self-consistent simulation in Fig. 8, the second sub-
band has significant weight in the top InGaAs barrier, which
is consistent with our experimental results: mobility is de-
creased significantly when the second subband is occupied
and the gate first depletes the second subband, as seen in
Fig. 2(c) as a change in slope (equivalently capacitance) for
N2DEG VS Vg.

D. Rashba spin-orbit coupling

We explored the impact of heterostructure design on spin-
orbit coupling in our devices. Rashba spin-orbit coupling is
assessed by analysis of weak-antilocalization behavior in low-
field magnetoconductivity measurements. Large Rashba SOC
promotes topological superconductivity; we need to quan-
tify whether the enhanced mobility in our §-doped samples
comes at the expense of diminished Rashba coupling asso-
ciated with modifications of the electric field profile in the
growth direction. The Rashba coupling strength is quantified
by Rashba parameter o, = eag(E), where e is the elec-
tronic charge, oy is the intrinsic Rashba parameter related
to band properties of the host materials, and (E) is the av-
erage electric field in the region where 2DEG resides. The
measurement is carried out in a small perpendicular magnetic
field range around By, = O T. Figures 9(a) and 9(b) illustrate
the symmetrized conductivity as a function of the perpendic-
ular magnetic field for both sample A and sample B, with
nypeg = 0.45 x 10'2 cm™2 in the single-subband region (a)
and nypeGg = 2.0 x 10'2 cm™2 in the two-subband region (b).
The red dashed lines in Figs. 9(a) and 9(b) are fits to the model
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FIG. 7. (a) Ry, as a function of the top-gate voltage V, and the perpendicular magnetic field B.,. The black arrow indicates the location of
a Landau level crossing. Two white dashed lines indicate the position of line cuts shown in (b) and (c). Filling factors of the integer quantum

Hall states are indicated.

of Tordanski, Lyanda-Geller, and Pikus (ILP) [41],
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Euler’s constant and W the digamma function. This expression
for the magnetoconductivity depends on four parameters: the
spin relaxation length due to Rashba SOC (lg_,,), the spin re-
laxation length due to Dresselhaus SOC (Ip_g,), the quantum
phase coherence length (/,), and the mean free path (/). The
Rashba parameter is given by o, = ﬁ

To apply the ILP model reliably, length scales need to
follow a hierarchy: (Iy, lr—s, and Ip_y,) = l.. The mean free
path [, is extracted from the mobility vs density data examined
in Sec. IITA. In the two-subband regime, we fit the data in
a range of perpendicular magnetic field |Bperp| < 0.58;,. In
the single-subband regime, we use the range |Bperp| < 0.7B;,
in order to improve the reliability of the fit. The Rashba
parameter is estimated through oy, = y:—zm*, in which the
effective mass m* is estimated with the bulk InAs electron
mass 0.023m,, where m, is the electron mass in vacuum. The
Rashba parameter extracted from the ILP model is plotted as
a function of the 2DEG density in Fig. 9(c) for both sample A
and sample B.

In Fig. 9(c), oy, exhibits a nonmonotonic dependence on
2DEG density for sample B in the single-subband regime
(mapeg < 1.1 x 10'2 cm™2). The nonmonotonic behavior can
be understood from the fact that both the surface charge and
the Si §-doping layer determine the electrical field profile

across the quantum well. As the gate voltage is tuned to
change the 2DEG density, the electric field at the location of
the 2DEG goes through a local minimum. Either increasing
or decreasing the gate voltage from this point will increase the
asymmetry of the potential in the quantum well, resulting in an
increase in the electric field. When nopgg =~ 0.6 x 10'2 cm~2,
as seen in Fig. 9(c), there is a local minimum of the Rashba
parameter which suggests that this is the point where the
quantum well is most symmetric. As the 2DEG is increased
from this value, «, increases.

In the two-subband regime nypgg > 1.1 X 10'2 cm~2, the
Rashba parameter saturates at approximately 5 meV nm for
sample A and at approximately 6 meV nm for sample B.
At high 2DEG density, the second subband is increasingly
populated. The second subband has significant weight in the
InGaAs top barrier. Given that the intrinsic Rashba param-
eter for InGaAs (36.9 Az) is substantially smaller than for
InAs (117 Az) in the K - P model [41], the contribution from
the second subband tends to decrease the effective Rashba

0.2 25
7\
0.1 20
A G
S 0.0 FA 1.5 =
3)/ :II‘\‘ ooQ
Lﬁ _ naprg = 2.5 x 10" cm ™2 S
0.1 Sample A 1.0 E/
Sample B
—0.2 “\ 0.5
W
W
\§§ ,f’—_--‘—_
—0:3) 0 20 30 40500
Z (nm)

FIG. 8. Band structure and charge distribution for sample A and
sample B from self-consistent Schrodinger-Poisson calculations at
NypEG = 2.5 x 1012 Crn2.
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FIG. 9. Low-field magnetoconductivity of sample A and sam-
ple B for densities nypgg = 0.4 X 102 cm™2 in (a) and nappg =
2 x 102 cm~2 in (b). Fits to the ILP model are indicated by the
red dashed lines. (c) The Rashba spin-orbit coupling strength, o,
(meV nm), for sample A and sample B, as a function of the 2DEG
density. Values for «,, were extracted from the fits to the ILP model.
The shaded region for sample B designates [, > Ig_y,, where model
cannot be applied reliably.

parameter. This mechanism might explain the saturation of
the extracted Rashba parameter in the two-subband regime for
both sample A and sample B. The slightly larger Rashba value
in sample B at high 2DEG density may be due to the Si doping
layer’s effect on the charge distribution. Figure 8 illustrates the
band structure and charge distribution of samples A and B ob-
tained using self-consistent Schrodinger-Poisson calculations
in the two-subband regime with nopgpg = 2.5 x 102 cm™2.
The dashed lines in Fig. 8 clearly show that sample B has more
carriers in the InAs quantum well and fewer carriers in the top
barrier than sample A at the same total carrier density, which
could explain sample B’s slightly larger Rashba parameter in
the two-subband regime.

The impact of Si § doping on «, evidently depends on
the density of the 2DEG. At low mypgg it appears that o,
may reach a deeper minimum in sample B around nypgg =~
6 x 10'"" cm~? as the quantum well potential profile is more
symmetric than in sample A, while at higher densities sample
B reaches slightly larger values of oy, than sample A, pre-
sumably due to the weight of the second subband in the top
barrier as discussed previously. Overall, the differences in o,
at any particular density are not very large when considering
the enhanced mobility in sample B. Rashba parameters, o,
reported in the literature for similar shallow InGaAs/InAs
2DEQG systems at approximately similar 2DEG densities in the
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on semiconductor
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bare semiconductor ft
o
=
(b) N
151 — Sample A ? 1072
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. 24"~ 300 peV =
6 10 b @]
5 1073
0 = 107 —1 0
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FIG. 10. (a) False-color scanning electron microscope image of
superconductor-QPC-semiconductor device. The Al layer is wet-
etched in the green shaded region and is untouched in blue shaded
region. An 18 nm hafnium oxide layer (not shown) separates the
QPC gates and the heterostructure. (b) Conductance as a function of
the DC bias voltage when QPC gates are at the tunneling region for
sample A and sample B, both at zero magnetic field. (c) Differential
conductance at zero source-drain bias as a function of the averaged
differential conductance at finite source-drain bias for sample B. The
solid green line is a theoretical prediction for the conductance of the
perfectly transparent junction without free parameters.

single-subband regime are around 1.5 to 2.5 meV nm [27,42],
albeit at lower 2DEG mobility. Witt et al. [43] reported around
1.5 meV nm on shallow 2DEGs with an InAlAs top barrier.
The values extracted in this study are comparable to those
mentioned above. Our study illustrates the interplay of doping,
2DEG density, and electric field profile in determining the
magnitude of «y, for different regimes of operation.

E. Induced superconductivity

In this section, we explore induced superconductivity
in sample B and compare the results to those obtained
in sample A. One of the advantages of shallow InAs
quantum wells is the high transparency of the epitaxial
superconductor-semiconductor interface, resulting in a hard
induced superconducting gap [4,7,11]. To investigate the
induced superconducting gap, we fabricated superconductor—
quantum point contact—semiconductor devices (SQPCN) for
samples A and B, as shown in Fig. 10(a). This device is
used to perform tunneling spectroscopy on the InAs 2DEG
proximitized by aluminum. The tunnel barrier is regulated
by the QPC gate voltage, Vppc. The junction’s differential
conductance, G, is measured as a function of the source drain
bias, Vgp.

The differential conductance G as a function of the source
drain bias Vsp is shown in Fig. 10(b), where the QPC has
been biased into the tunneling regime for both samples A and
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B. The differential conductance reflects the local density of
states, and an induced superconducting gap may be directly
observed [7,44]. The extracted gaps based on the coherence
peak-to-peak separations are approximately 150 ueV for both
samples A and B, indicating that the Si doping layer has a
minimal effect on the magnitude of the induced gap. In both
samples, hard induced gaps can be seen in Fig. 10(b). To fur-
ther characterize the induced gap, we performed differential
conductance measurements in which the transmission of the
QPC barrier is varied. The QPC transmission is parametrized
by the value of above-gap conductance. The subgap con-
ductance [G(Vsp =0 V)] as a function of the above-gap
conductance [G(|Vsp| > 0.6 mV)] is plotted on a log-log scale
in Fig. 10(c). The data in Fig. 10(c) are compared to theoret-
ical predictions for a perfect superconductor-semiconductor
interface [44],

Gy

Gg =2G)———,
ST 26, — Gy )

3

with no fit parameters. Here, Gs denotes the subgap con-
ductance (measured at zero source drain bias), Gy represents
the above-gap conductance (measured at a high source drain
bias, |Vsp| > 0.6 mV in our experiment), and G, represents
the conductance quantum. Good agreement between the ex-
periment and theory over four orders of magnitude is found,
indicating that the superconductor-semiconductor interface in
sample B is transparent.

Before concluding our discussion on induced superconduc-
tivity, we note that determination of the electronic properties
of the 2DEG under the superconductor layer is an active
area of research, but it is not the subject of our paper as
the experimental techniques used in these investigations are
very different from the ones described here. Indeed, advanced
characterization techniques have recently been applied to our
system, including terahertz spectroscopy [45]. We expect dis-
order at the metal-semiconductor interface to be different in
nature and heavily screened by the aluminum layer.

Nevertheless, in any realistic device geometry used
to probe topological superconductivity the dielectric-
semiconductor interface as described in our work plays a
dominant role; this applies equally to electrostatically defined
nanowires and 2D geometries like Josephson junctions.
Modeling has shown that disorder is a primary impediment
to the visibility of topological phases. In most realistic device
geometries, the disorder proximal to the topological segment
but not directly under the aluminum plays a crucial role.
Moreover, the impact of silicon delta doping is not invalidated
by the presence of aluminum in specific device locations. The
aluminum layer will change boundary conditions locally, but
the benefits of delta doping remain active.

IV. CONCLUSION

In summary, we have systematically studied the impact
of modulation doping in shallow 2DEGs in InGaAs/InAs
heterostructures coupled to epitaxial aluminum. We observed
peak mobility exceeding 100 000 cm?/V s in a shallow
InAs quantum well when Si § doping with a density of
0.8 x 102 cm™2 is placed 15 nm below the quantum well.
Increasing doping density or changing the setback reduces
mobility and/or induces parallel conduction. We compared
the Rashba SOC parameter «, as a function of 2DEG density
in an undoped and optimally doped sample. Enhancement
of mobility associated with § doping can be realized with-
out significant reduction in spin-orbit coupling, a necessary
component for generation of topological phases. Our findings
are a first step in optimization of complex superconductor-
semiconductor heterostructures in which disorder must be
reduced to promote robust signatures of topological properties
and suggest further design optimization strategies.
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