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ABSTRACT

Two dimensional electron gases (2DEGs) in InAs quantum wells proximitized by aluminum are promising platforms for topological qubits
based on Majorana zero modes. However, there are still substantial uncertainties associated with the nature of electronic states at the
interface of these systems. It is challenging to probe the properties of these hybridized states as they are buried under a relatively thick
aluminum layer. In this work, we have investigated a range of InAs/In; ,Ga,As heterostructures with Al overlayers using high precision
time-domain THz spectroscopy (TDTS). Despite the thick metallic overlayer, we observe a prominent cyclotron resonance in a magnetic
field that can be associated with the response of the interfacial states. Measurements of the THz range complex Faraday rotation allow the
extraction of the sign and magnitude of the effective mass, density of charge carriers, and scattering times of the 2DEG despite the close prox-
imity of the aluminum layer. We discuss the extracted band parameters and connect their values to the known physics of these materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087401

Two dimensional electron gases (2DEGs) in semiconductor
quantum well heterostructures have found enormous device applica-
tions and are known to be one of the best platforms for exploring the
quantum phenomenon.'* This is possible due to the ease of tuning
their properties like charge carrier density, mass, and mobility. These
properties of 2DEGs have been mostly studied using dc transport
based techniques like magnetoresistance. Non-contact probes like IR
and terahertz spectroscopy have been used less often to investigate
their properties. Motivated by theoretical predictions of topological
superconductivity in semiconductor-superconductor heterostructures
with possible applications in quantum-information processing,” there
has been a huge surge in interest in semiconductor-superconducting
hybrids systems in the recent decade.” ” In such systems, a semicon-
ducting wire (patterned from a 2DEG) is coupled via the proximity

effect to a superconductor and then with a field applied a topological
superconducting state can appear that hosts Majorana zero mode
bound states on its ends. These may be used as a basis for quantum
computation. Some of the more popular hybrids utilize clean elemen-
tal metals, which are highly conducting as the superconducting
component. Examples of this are Al-InAs, Sn-InSb,'’ Ta-InAs,'" and
Pb-InAs.'>"” 2DEG quantum well heterostructures based on semicon-
ductors with large Rashba spin-orbit coefficient like InAs and InSb
have been found to be most successful for such applications.”"*
Although the progress in developing these hybrid heterostruc-
tures has been impressive, there are still substantial uncertainties asso-
ciated with the nature of their interfacial states. Once the highly
conducting overlayer is deposited on the semiconducting heterostruc-
ture, their coupling can modify the properties of the interface. Contact
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based probes have the problem of electrical shorting from the highly
conducting layer, making it extremely challenging to study the proper-
ties of the 2DEG buried below the metallic overlayer.'” In many cases,
properties of the 2DEG can only be studied by removing the metallic
overlayer. Below we detail our development of a measurement scheme
to explore the properties of the 2DEG with a highly conducting over-
layer using time-domain (TD) THz magneto-spectroscopy magneto-
spectroscopy to overcome this challenge. Such experiments can isolate
the cyclotron resonance (CR) response of the 2DEG, as well as having
a number of advantages over traditional transport experiments.

In the present work, we use high precision time-domain magne-
toterahertz spectroscopy with polarization modulation in the trans-
mission configuration to investigate the CR response in Faraday
rotations from the 2DEG in a planar InAs quantum well—aluminum
heterostructures. These experiments, as they measure the frequency
and field dependence of a complex response function provide a great
deal of information. In other contexts, they have been able to provide
the mass, mobility, and density of multiple conducting channels simul-
taneously.® In the present case, we observe a prominent THz fre-
quency CR response from the 2DEG in magnetic fields up to 3 T.
These experiments are sensitive almost exclusively to the 2DEG
because of the much smaller effective mass of the semiconductor layer
as compared to that of the elemental metal. By measuring and model-
ing the THz range complex Faraday rotation, we extract the parame-
ters like the sign and magnitude of the effective mass, density of
charge, and scattering times. Our measurement scheme demonstrates
that it is possible to extract the parameters of a 2DEG that is buried
under much more conductive layer by measuring the CR response.

The thin film quantum well heterostructures used in this work
were grown by molecular beam epitaxy'” on a 0.5 mm thick undoped
InP substrate wafer in the (100) crystal orientation whose lateral size
was 1 x 1 cm?. The main layers of importance in the heterostructure
can be seen in the schematic cross section in Fig. 1(a). The 7 nm wide
InAs quantum well (yellow layer) is sandwiched between a top 10 nm
Ing 30Gag 20As barrier and a bottom 4 nm Ingg;Gag j0As layer (green)
and capped with a 2 ML GaAs layer. A 7 nm of the Al overlayer was
deposited on top; approximately 2 nm oxidizes to AlO, and leaves an
effectively 5nm Al layer on top of the barrier [see Fig. 2(a)]. THz spec-
troscopy (TDTS) experiments were performed in a home-built time-
domain terahertz spectrometer with a 7T magnet in a closed cycle
cryostat. On the one sample, Al was etched off by standard wet etch
methods. Measurements were performed in Faraday geometry mean-
ing both the magnetic field and light propagation direction were the
same. Both the real and imaginary parts of the complex optical con-
ductance G(w) and the Faraday rotation 05 (w) were extracted from
the measured complex transmission T(w) at 5K as shown in Refs. 18
and 19. Using the polarization modulation technique,”’ we obtain the
complex transmission in right- and left-circularly polarized bases (T,
and T)) as it is the transmission eigenbasis for a time-reversal symme-
try breaking square system. We use linearly polarized light and extract
out the diagonal and off diagonal components of the Jones transmis-
sion matrix and then transform to the right- and left-circularly polar-
ized bases via T, j = Ty = iTxy.ZI

Figure 1(b) shows the field dependent real part of the righthand
circularly polarized sheet conductance Gy ,(w) at 5K obtained from
the complex transmission.'®'” The spectra at zero field show a tail of
the narrow Drude-like term. At a finite field, a dip is observed to shift
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FIG. 1. Full structure without Al. (a) Three-dimensional view of sample geometry
with a cross section of the heterostructure used. The 7 nm wide InAs quantum well
(yellow layer) is sandwiched between top 10nm and bottom 4 nm (In,Ga)As bar-
riers (green) and capped with a 2 ML GaAs layer (upper brown layer). Note that the
entire structure can be found in the supplementary material of Ref. 17. (b) Real part
of magneto-optical sheet conductance in a circular basis at 5 K for righthand circularly
polarized THz light. Experimental spectra (solid) for (c) real (¢’) and (d) imaginary
(0") parts of complex Faraday rotation. The dashed lines are fit to the Faraday rota-
tion as described in the text. The plots are shifted vertically in proportion to the mag-
netic field (< B) along O (e) Extracted field dependent cyclotron resonance
frequency . with linear fit (solid line). (f) Extracted field dependent scattering rates
from the fits along with the average line as a guide to the eye (dashed).

with increasing magnetic field, which is consistent with CR that
depends on the field in the usual way w, = eB/m*. The width of the
dip given by its full-width at half maximum (FWHM) is a measure of
the scattering rate I', while its area is a measure of the charge density
#ap/m. To get a more accurate measure of these quantities, we extract
and analyze the complex Faraday rotation.

We obtain the complex Faraday rotation from the right- and
left-hand complex transmission using the expression Op(w)
= —arctan[i(T, — T;)/(T, + T;)]. The 0} gives the rotation of the
major axis of light, and the 0, relates to the ellipticity.”’ The field
dependent real (0%) and imaginary (0%) parts of the Op(w) up to 3T
are shown in Figs. 1(c) and 1(d). Note that we have anti-symmetrized
the Op(w) with field (ie., 0 = (0r(B) — 0r(—B))/2) in order to
eliminate a number of systematic errors like rotations of the THz pulse

Appl. Phys. Lett. 120, 142105 (2022); doi: 10.1063/5.0087401
Published under an exclusive license by AIP Publishing

120, 142105-2


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

2DEG+AI

T=5K

0.2 1.0
. v (THz)
04 08 12 16
() v (THz)
2.0F o 27=0.69(1)B
m* = 0.040(1)m,
N1.5F e
£ 7
501.0-
3
0.5F
; 0.00 a1 L
(@) - T=5K f06 I,/21 =0.44 THz
0.10222222::~~-__:§ﬁ0 ]
B [o—=ITTmmmEE UL Leesetlinl L
= vv04_ oG
= v S
R e
S=— 0.3t
w
0.00 === 0.2h ) ) !
04 08 12 16 0 1 2 3
v (THz) B (T)

FIG. 2. Full structure with the Al overlayer. (a) Three-dimensional view of the sam-
ple geometry with a cross section of the heterostructure used. The 7 nm wide InAs
quantum well (yellow layer) is sandwiched between top 10nm and bottom 4 nm
(In,Ga)As barriers (green) and capped with a 2 ML GaAs layer (upper brown layer).
A 7nm of Al is deposited on top of the capping layer of which top 2nm is oxidized
to insulating AlO,, and effectively 5nm metallic Al is resting on top of the hetero-
structure. (b) Real part of the sheet conductance in a circular basis at 5K for right-
hand circularly polarized THz light. Inset: the real part of magneto-optical
conductance until 3T. (c) and (d) Experimental spectra (solid) for real (¢) and
imaginary (0”) parts of complex Faraday rotation. The dashed lines are fit to the
Faraday rotation as described in the text. The plots are shifted vertically in propor-
tion to the field. (d) Extracted field dependent cyclotron resonance frequency .
with linear fit (solid line). (e) Extracted field dependent scattering rates from the fits
with the average line as a guide to the eye (dashed).

that can arise through aspects like birefringence in the cryostat win-
dows. Such rotations are even in the field. An inflection point in 0%
and the dip in 0} are observed to shift higher in frequency with
increasing magnetic field, which are in accordance with the known
behavior of CR with v, = w,/2n = eB/2mm*.

In order to extract the exact CR frequencies and other parameters
at different fields, we fit the complex 0r(w) to the Drude model. The
expression for a single Drude oscillator’s magneto-conductance is

scitation.org/journal/apl

Here, the = sign signifies the use of right- or left-hand circularly polar-
ized light, respectively. w,p is the plasma frequency, d is the film thick-
ness, o, is the CR frequency, I' is the scattering rate, and &4, is the
background dielectric constant that originates from lattice polarizibil-
ity and excitations at frequencies well above the measured spectral
range. The spectral weight wf)Dd relates to the carrier density (#,p)
and the effective transport mass (m*) as wf)Dd = mype? /m*e. The
complex Faraday rotation angle can be expressed in terms of right-
and left-circularly polarized optical conductance as

i(G(w) — Gi(w))
G () + Gi(w) +2(n+1)/Zy]"

Or(w) = arctan (2)
As shown in Figs. 1(c) and 1(d), fits to this model while accounting for
the field dependence of the Drude term are in good agreement with
both the real and imaginary parts of the complex 0. The parameters for
the spectral weight a)f,Dd and d(ex — 1) are constrained by doing a
global fit to the entire field dependent 0r(w), leaving the cyclotron fre-
quency o, and the scattering rate I as the only free parameters at each
field, which allows for their extraction as a function of the magnetic field
[see Figs. 1(e) and 1(f)]. As expected, the cyclotron resonance frequency
has linear dependence on the field. The relation between carrier mass
m* and resonance frequency [given by w, = eB/m*,”* a fit to the
c(B) is shown in Fig. 1(e)], gives the cyclotron mass of the electrons in
this 2DEG without an Al overlayer to be 0.0367(6)m,, where m, is the
free electron mass. Then using the relation, wf,Dd = mype? /m*e and
spectral weight obtained from fitting the Faraday rotation, we extract
the total sheet carrier density n,p = 3.76 = 0.13 x 10" cm™2 The
extracted scattering rate I' /27 of the carriers in the field as shown in
Fig. 1(f) does not show strong field dependence and has an average of
T, /21 = 0.49(4) THz. We determine the mobility of the 2DEG car-
riers tobe u = e/m* T, = 1.56 = 0.13 x 10* cm?/ Vs.

The above analysis gives us important insight into the properties
of the 2DEG in a planar heterostructure. Some of this information can
be inferred from conventional transport experiments, but once a
highly conductive overlayer like Al is deposited on top of such a heter-
ostructure (e.g., superconductor-semiconductor devices), it becomes
impossible to access the properties of the 2DEG using such techniques.
The TDTS CR resonance experiments still provide important informa-
tion as the effective mass of the aluminum layer is of order the free
electron mass, which (when considering the large scattering in the Al
layer) is large enough that it does not exhibit a prominent CR.
Therefore, the conductance of the Al layer is almost field independent.
As it is a resonance effect, the CR of the 2DEG is still detectable even
with transmission greatly decreased because of the Al layer.

We now use the same method of magnetoterahertz spectroscopy
to measure the 2DEG on a similar InAs quantum-well heterostructure
but one with an Al overlayer. Through precise measurements of the
complex 0, we can determine the properties of the 2DEG below the
metallic overlayer. The schematics of the measured heterostructure
with a 5nm Al overlayer are shown in Fig. 2(a). In Fig. 2(b), we show
the real part of the zero field sheet conductance G;(w) of both the
entire heterostructure as well as a similarly prepared structure that has
no 2DEG (e.g., that is just Al). One can see that the overall scale of the
conductance is much larger than that of the 2DEG [Fig. 1(b)]. The
conductive layers of the heterostructure (2DEG and Al overlayer) can
be treated as parallel conductance channels, so the total conductance
will be sum of their individual conductances, thus allowing for larger
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conductance of the heterostructure in comparison to just Al. G (w)
for the heterostructure with Al is two orders of magnitude larger than
the ones without Al [see Fig. 1(b)], showing the large contribution of
Al (Gy)) in the effective conductance of the entire heterostructure. The
field dependence of the heterostructure conductance up to 3T is
shown in the inset of Fig. 2(b). A broad feature can be observed to shift
with the field, but the large background of G, makes finding the w,
difficult. In order to better understand the 2DEG properties, we look
at the in-field Faraday rotation, as 0 response is largely set by the
properties of the 2DEG.

The antisymmetrized complex 0r () obtained from the complex
transmission is shown in Figs. 3(c) and 3(d). The maximum amplitude
of the 0 () for the sample with Al is ~3 times smaller than the sam-
ple without Al, implying the suppression of the 0r angle in hetero-
structures with Al. From Eq. (2), the Faraday rotation depends on the
total conductance of the sample, which is the sum of conductances of
the heterostructure and Al. The reduction in the rotation angle is due
to the Al overlayer as the Al conductance’s field dependence is small.
The complex Faraday rotation angle with the Al overlayer is

Op(w) = arctan i(Gr(w) — Gi(®))

. 3)
G,(w) + Gl(w) + 2(GA1 + @)

Here, G, and Gy are the conductances for the heterostrusture and
the Al overlayer, respectively. Fits to this model of complex 0 (w)
while constraining the spectral weight 7,d and d(e~ — 1) by doing
a global fit to all the measured fields are shown in Figs. 2(c) and 2(d).
The fits use only a single Drude term and are in reasonably good
agreement with the 0 data. The frequency independent contribution
from the Al overlayer was accounted for by doing a separate measure-
ment of a 5nm Al thin film as shown in Fig. 2(b). In Fig. 2(e), the lin-
ear fit of /27 vs B gives an effective CR mass of 0.0403(7)m,, which
is slightly higher than for the sample without the Al overlayer. It has

4.8F [— k.p subband 1
i k.p subband 2
e [ | © m*y, (Al=0nm)
Ea) 4.4} | o m*y, (Al=5nm) /
o I
= [
> a0}
£ I
3.6F

0 4 8 12 16 20
Nopec (10" cm™)

FIG. 3. Mass as a function of the density calculated from the k - p model for top
25nm of the semiconductor stack, when the Fermi level (Ef) is pinned close to
(80 meV above) the conduction band edge at the semiconductor/vacuum (semicon-
ductor/aluminum) interface, respectively. The mass and density obtained from the
THz measurements of both samples with and without the Al overlayer are com-
pared to the model.

scitation.org/journal/apl

larger spectral weight (1.7(3) x 10~°> THz*m) than the sample with-
out Al, giving a higher charge density of #,p = 8.5+1.5 x 10! cm™2.
The scattering rate of this sample as shown in Fig. 2(f) is approxi-
mately constant with field. The average scattering rate of I',/2n
= 0.44(2) THz gives a mobility of u = 1.57(6) x 10* cm?/V s.

In order to gain further insight into the 2DEG band structure, we
model the quantum well and barrier layers with an eight-band k - p
model.”” ** The quantum model covers the top 25 nm of the semicon-
ductor stack and is self-consistently coupled to a Poisson solver, which
solves for the electrostatic potential between a fixed band offset @ at
the surface and a Neumann boundary ~1.5 um deep in the substrate.
By varying the band offset at the surface, we find that the measured
densities are reproduced when the Fermi level Ef is pinned close to
(80 meV above) the conduction band edge (E,) at the semiconductor/
vacuum (semiconductor/aluminum) interface, respectively. Both sam-
ples (with and without Al) have a single subband, whose density is pre-
dominantly located in the InAs quantum well. The subband’s
cyclotron mass increases monotonically with density (see Fig. 3), as
expected for a nonparabolic 2D band where the cyclotron mass
m. = nh*DOS (Er) grows with Fermi energy. The fact that the mea-
sured density and mass values lie directly on the predicted curve is a
nontrivial consistency check, because the model has no free parame-
ters beyond the band offset that was swept to produce the curve.

Our measurements give the most accurate determination of
parameters of 2DEGs hybridized with aluminum overlayers.
Importantly, our experiments can measure parameters relevant to the
2DEG despite the large conductive background given by aluminum.
In Table I, we give the fitted parameters for samples without and with
the Al overlayer (as well as aluminum to compare). One can see that
the samples with an Al overlayer have a substantially increased density
and moderately increased mass. This can be compared to k - p calcula-
tions that match well the experiment to within experimental uncer-
tainties. It is important to note that the agreement is good for the
aluminum overlayer samples despite the fact that theoretical calcula-
tions do not explicitly include hybridization with aluminum states.
There is appreciable coupling, nevertheless, can be seen from the fact
that when this structure is cooled down below T, there will be a large
induced gap ~200 g eV in the semiconductor.” One might infer from
this that the hybridization is small at least in comparison to the rate
set by the measurement frequency. It is also interesting to note that
the mobility of these 2DEGs does not appreciably change with etching,
which presumably introduces disorder. This is particularly remarkable,
because the etched samples have lower density and the effects of disor-
der on mobility are expected to be larger at low densities. The lack of
change may be due to the fact that for the higher density aluminum
covered samples, the electron lives in a double well potential with an

TABLE I. Properties of the 2DEG in the InAs/In;_,Ga,As heterostructures with and
without Al. Note: Aluminum values are taken from Refs. 26 and 27, and @ is the con-
duction band offset (Ef — E;) used in the k - p calculations.

System  m*/m, n(10"cm %) p(10*cm?/Vs) @ (meV)
InAs  0.0367(6)  3.76(13) 1.56 (13) 0(15)
AllnAs 0.0403 (7)  8.5(1.5) 1.57 (6) 80 (30)
Al 1.4 ~10° e R
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appreciable part of its wavefunction on the surface. It is likely that the
effect of the wavefunction shifting away from the surface in the etched
sample compensates for the larger disorder and its effects at lower
densities.

The work at JHU and Purdue was supported by Microsoft
Quantum. Our k- p calculations made use of the semicon™® and
Kwant”” packages.
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