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Enhanced Cooper-Pair Injection into a Semiconductor Structure by Resonant Tunneling
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We demonstrate enhanced Andreev reflection in a Nb/InGaAs/InP-based superconductor-semicon-
ductor hybrid device resulting in increased Cooper-pair injection efficiency, achieved by Cooper-pair
tunneling into a semiconductor quantum well resonant state. We show this enhancement by investigating
the differential conductance spectra of two kinds of samples: one exhibiting resonant states and one which
does not. We observe resonant features alongside strong enhancement of Cooper pair injection in the
resonant sample, and lack of Cooper pair injection in the nonresonant sample. The theoretical modeling for
measured spectra by a numerical approach agrees well with the experimental data. Our findings open a
wide range of directions in condensed matter physics and in quantum technologies such as superconducting
light-emitting diodes and structures supporting exotic excitations.
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Hybrid superconductor-semiconductor-based devices
combine the technologically established field of semi-
conductors with the basic-science field of superconductors.
Superconductors hold a plethora of unique properties such
as zero electrical resistance and the Meissner effect [1].
Hybrid superconductor-semiconductor devices enable a
variety of applications in rapidly developing fields such
as quantum information processing and quantum commu-
nications. These applications include entangled photon pair
generation via superconductor-coupled quantum dots [2,3],
Bell-state analyzers [4], and two-photon amplification in
waveguide amplifiers [5]. Furthermore, superconductor-
semiconductor devices involving coupling of a supercon-
ductor with 2D electron gas has been well sought after, as
they are predicted to have unique topological properties [6—
11]. Another notable application is the superconducting
light-emitting diode (SLED) [12-14], which radiatively
recombines Cooper pairs with holes, emitting polariza-
tion-entangled photon pairs [15]. While Cooper pair injec-
tion from a superconductor into an n-type semiconducting
layer [16-19] and into a light-emitting diode [20] has been
previously demonstrated, the injection efficiency evident by
the weak signature of Andreev reflection was low due to the
potential barrier (Schottky barrier) and Fermi velocity mis-
match [21], both of which inhibit Andreev reflection in favor
of quasiparticle tunneling. Enhancing Cooper-pair injection
into semiconducting materials allows for better coupling of
the superconducting condensate with the multitude of
options, which are present in the field of semiconductors
such as SLEDs [12-15,17,20] for quantum light sources and
exploring the physics of high-T'. superconductors, by quan-
tum optically probing the nature of Cooper pairs. Moreover,
superconductor-semiconductor interfaces are crucial in the
search for exotic excitations in semiconductors in proximity
to superconductors [6,22,23].
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Here, we demonstrate enhanced Andreev reflection by
means of resonant tunneling enabling efficient Cooper pair
injection. To corroborate this result, we use our previously
developed numerical model [21], extending the BTK model
to include arbitrary spatial potential barriers. Resonant
tunneling, a phenomenon in which charge carriers are
tunneling across a resonant energy state, resulting in an
increase of the tunneling probability, has been utilized in
resonant tunneling diodes [24,25] and quantum cascade
lasers [26]. However, previously, this effect was shown only
in one-electron transport, whereas here we use resonant
tunneling of quasiparticle pairs in Andreev reflection, cor-
responding to enhanced Cooper-pair injection.

In order to demonstrate the effect of Andreev reflection
enhancement by resonant tunneling, two suitable super-
conductor-semiconductor devices were grown using metal-
organic molecular beam epitaxy for the semiconductor
structure and sputtering for the superconductor layer
(Table I). One device (resonant sample) was designed to
have resonant quantum well (QW) energy levels, with the
Fermi energy aligned with one of the levels [Fig. 3(a)], while
the other sample (nonresonant sample) was designed to have
a monotonic density of states without resonant QW energy
levels. For both devices (Table I), the structure consists of an
InP-based PN junction. The InP N-type side has an approxi-
mate thickness of ~90 nm, with the Schottky barrier forming
one side of the quantum well. On top of the N-type InP layer
is an Ing 53Gag 47As layer, upon which the superconducting
contact was deposited. For the resonant sample, the thickness
of the Ing 53Gag 47 As layer is ~10 nm, which combined with
the N-type InP layer, results in a ~100 nm thick QW. For the
nonresonant sample, the thickness of the Ing 53Gay 47 As layer
is ~300 nm, resulting in a ~400 nm thick well layer. For
efficient Cooper-pair injection, good contact quality is
required. In metal-semiconductor junctions, the presence
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TABLE I. Device layout for resonant and nonresonant samples.

Layer Material Thickness (A) Doping (cm™)
1. Superconductor Nb 2000 NA®

2. Contact layer Inj 53Gag 47As 100(resonant) /3000 (nonresonant) N-type 5 x 10"
3. N-type layer/QW InP 1000 N-type 5 x 10"
4. Intrinsic layer InP 500 NA

5. P-type substrate InP >1000 P-type 1 x 108

*NA represents “not applicable”.

of a Schottky barrier, even for a resonant structure, can inhibit
Cooper pair injection. Therefore, in both kinds of samples, a
heavily doped In 53Gag 47As top layer reduces the width of
the Schottky barrier [27]. Contacts were then fabricated and
both devices were bonded and inserted into a suitable
cryogenic environment. The lateral dimensions of the devi-
ces fabricated are 100 x 50 (um?). Below T, the resistance
of the superconductor vanishes. Therefore, the potential is
expected to be equal along the lateral dimension of the pad,
resulting in a uniform current density throughout the device,
with negligible edge effects. The current distribution is close
to uniform for temperatures above 7. as well, since the
resistance of the superconducting pad in its metallic state is
still very small (order of ~1 Q).

Both devices were cooled to 3.2 K, with an obtained 7',
of 7.8 K. Electrical four-probe transport measurements
using a lock-in amplifier were then performed in order to
obtain the differential conductance (dI/dV) spectra. A
wide-range voltage measurement was also performed in
order to observe any QW-originated features in the con-
duction spectra. For the resonant sample, this measurement
[Figs. 1(a) and 1(b)] revealed peaks with typical spacing.
The peaks remained stationary with respect to temperature.
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It can be seen that the spacing predicted by our model
(presented below) is slightly larger than the experimental
one. We attribute this difference to our model as it assumes
linear rather than parabolic walls for the QW, thus resulting
in a different spacing between the levels. Resonant features
were absent in the conductance spectra of the nonresonant
sample [Figs. 1(a) and 2(b)].

For the resonant sample, a zero-bias peak was observed,
decreasing in magnitude as the temperature increases,
disappearing at 7,. This zero-bias peak below 7. can be
attributed to Andreev reflection. To study this effect in
more detail, a higher resolution measurement [Fig. 2(a)]
was then performed around the central peak which revealed
more intricate features, including a triangular-shaped peak
along with multiple dips, all having temperature depend-
ence, disappearing above T'.. For the nonresonant sample,
the conductance spectra exhibited a typical superconduct-
ing gap structure with two coherence peaks marking the
edges of the gap [Fig. 2(b)]. Both features decreased in
magnitude as the temperature increases, vanishing at 7.

The theoretical model for the experimental observations
is an extension of the Blonder-Tinkham-Klapwijk (BTK)
model [28], taking into account the spatial nature of the
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(a) Measured conductance curves of the resonant device with a QW (red) and nonresonant device (black)—both above T'.. The

resonant device curve exhibits a typically spaced structure resulting from the resonant levels in the QW, while the non resonant sample
spectrum lacks such features. The yellow circles mark the resonant peak positions based on the theoretical model presented below.
(b) Resonant sample conductance spectra for wide voltage ranges and temperatures. The two main features are repeating peaks and the
central zero-bias peak. The periodic peaks do not change with temperature and are attributed to the resonant levels of the QW. The zero-
bias peak is attributed to enhanced conductance caused by Andreev reflection.
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(a),(b) Normalized device conductance spectra for the resonant (a) and nonresonant (b) samples with their respective

calculated spectra. The curves are shifted vertically for clarity and the spectral features are broader than the superconducting gap due to
series resistance of the PN junction. For the resonant sample, a central temperature-dependent peak can be observed. For the nonresonant
sample, a superconducting gap, flanked by coherence peaks on both sides (black arrows) is observed. The nonresonant feature is readily

explained by the BTK model (evident by the theoretical curves).

superconductor-semiconductor junction barrier [21]. A
complete list of all fitting parameters used in our model
appears in the Supplemental Material [29]. The BTK model
describes the overall scattering of two quasiparticle wave
functions satisfying the Bogoliobov—de Gennes equations:

[_Zh—m —pu(x) + V(x)} u(x) + A(x)v(x) = Eu(x),
_ [_h_ —u(x) + V(x)} v(x) + A(x)u(x) = Ev(x), (1)

With u(x), V(x), and A(x) being the chemical potential,
potential barrier, and the superconducting order parameter,
respectively, and u(x), v(x) being the quasiparticle wave
functions. The BTK model makes the simplifying assump-
tions that A(x) = Ayf(x) where 0(x) is the Heaviside
function and the superconductor-semiconductor spatial
potential is approximated to V(x) = H&(x) where H is
the height of the barrier and () is the Dirac delta function.
Another useful parameter is the dimensionless barrier
strength Z = H/hv;, where vy is the Fermi velocity. For
Z — 0 the barrier strength is reduced and Andreev reflec-
tion is dominant, while for a large Z Andreev reflection is
inhibited in favor of quasiparticle tunneling.

Based on our previous work [21], the potential barrier
V(x) and the superconducting order parameter A(x) are
split into segments, with each segment assigned a scattering
matrix. The global scattering matrix is then obtained by
multiplying the matrices governing each segment. The
global matrix encodes any spatial dependence, which arises
from either the barrier or the superconducting order
parameter. Accounting for the scattering boundary con-
ditions, the probabilities of reflecting a hole A(E) (Andreev
reflection) or reflecting an electron B(E) (regular

reflection) can be calculated. As the device contains a
one-sided QW, charge carriers that are injected into the QW
and can only be reflected back or recombine. In order to
avoid using non-Hermitian terms, in our model the PN
junction has been replaced with a triangular potential of a
given width and height [Fig. 3(b)], in order to simulate
injection of charge carriers while still retaining a resonant
structure. The overall /-V and differential conductance
(dI/dV) spectra are obtained by the relations

1v)y=c / Ifeo(E = eV) ~ fio(E)
x [1 + A(E) — B(E)]dE,

G(V) :%: C/_:%[ rp(E — eV)]
x [1 + A(E) — B(E)|dE. (2)

Where C is a constant accounting for the junction area,
Fermi velocity, density of states and charge, and fgp is
Fermi-Dirac distribution function.

In addition, special care was taken regarding the non-
linear resistive nature of our devices. Our devices contain
both constant and nonlinear series resistance, the former
originating from the thick p-type GaAs substrate and
the latter originating from the PN junction adjacent to
the superconductor-semiconductor contact. The effect of
the constant series resistance is a uniform rescaling of both
I-V and differential conductance spectra due to voltage
division between the substrate and the superconductor-
semiconductor junction. The effect of the nonlinear PN
junction resistance is more involved, resulting in nonuni-
form rescaling. Both the constant substrate resistance and
the PN junction resistance were included in our theoretical
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(a) Schematic depiction of the device. Cooper pairs are injected from the superconductor into the PN junction. The confining

nature of the n-type quantum well gives rise to resonant states. The semiconducting stack was designed so that the Fermi energy level
overlaps with one of the resonant states, resulting in enhanced Cooper-pair injection. (b) Reduced diagram of the potential barrier used
for the theoretical modeling. The PN junction has been replaced with a triangular potential barrier in order to retain the resonant structure

while allowing for a standard Hermitian treatment of the problem.

model. In our experiments, the opaqueness of the junction
was measured by superconducting-normal junction resis-
tance, and the resistance of the resonant-level junction was in
fact higher than that of the nonresonant junction (400 Q vs
12 Q) for the measured voltage range (several devices tested
to ensure consistency). Moreover, the resonant features alone
were found to have a peak-to-peak magnitude of 50 Q.
Therefore, the interface alone in our samples was more
opaque in the resonant structure, and the enhanced Andreev
feature can be only explained by the resonant enhancement.

Since our model is based on the assumption that the
particles modeled as wave functions without loss of
coherence, understanding of the typical mean free path
in our samples is crucial for the number of layers to be
included in the modeling. As our sample is heavily doped
to the point of being degenerate, carrier-carrier scattering in
the quantum well is the dominant scattering mechanism.
An earlier work by Snoke [34] detailed the dependence of
the carrier scattering and thermalization rates on the dopant
densities for GaAs. For dopant concentration of the order
10" em™3, a scattering time of ~100 fs is obtained.
Treating the Injs3Gags;As layer as a 3D degenerate
semiconductor, the Fermi velocity is ~1.8 x 10° (m/s).
The corresponding mean free path L, is ~180 nm. This
scattering length implies that for the resonant sample,
whose quantum well width is ~100 nm, all layers that
compose the quantum well should be taken into account in
our model. For the nonresonant sample, as the thickness of
the top Ing53Gag47As layer is ~300 nm, it was the only
layer taken into account in our model. The obtained mean
free path of ~180 nm also agrees with experimental results
as for the resonant sample with ~100 nm-wide quantum
well, resonant features were observed while for the non-
resonant sample with ~400 nm-wide quantum well, reso-
nant features were absent, indicating the typical mean free
path for our samples should lie in the range of 100400 nm.

For the resonant sample, using available device parameters
(thickness, doping, layer composition, etc.), our theoretical

model has shown the presence of resonant levels with an
original spacing of ~2—4 meV (for a 100 nm QW) [29]. The
larger broadening of ~20-25 meV in the experimental data
(Fig. 1), in comparison to the ~2—4 meV broadening in our
theoretical calculation, may arise from the quantum well
being situated in series to a nonlinear PN junction, causing
nonlinear rescaling of the conductance spectra feature width.
The position of the Fermi energy level was shown [29] to
approximately align with one of the resonant levels, resulting
in enhanced Andreev features. The maximum enhancement
of differential conductance (normalized to its value above T',.)
is 1.3. This enhancement of Andreev reflection in the
junction can be explained by the presence of the resonant
energy level, in good agreement with our model. The model,
however, does not account for possible induced supercon-
ducting gap in the semiconductor in a proximity effect, which
we believe is responsible for the double-gap Andreev spectra,
as well as the triangular shape of the zero-bias peak [35].
Previous works [18,19] have demonstrated similar features,
attributing them to the superconducting proximity effect
inside the semiconducting layer.

For the nonresonant sample, no Andreev features in the
differential conductance spectra were observed. Instead, a
superconducting gap, accompanied by coherence peaks was
obtained. This observation indicates that Andreev reflection
is suppressed in favor of quasiparticle tunneling, indicated by
reduction in conductance and accompanying coherence
peaks. For both samples, the extracted value for the super-
conducting order parameter A at 3 K was ~1 meV which is
close to the typical values reported for Nb [36] for both
samples. The width of the zero-bias peak was also scaled due
to the presence of the nonlinear PN junction and the resulting
nonlinear voltage scaling, resulting in a much broader peak.

In conclusion, we have demonstrated enhancement of
Andreev reflection through the use of resonant tunneling.
This indicates an enhanced injection of Cooper pairs in our
sample despite the presence of a relatively strong Schottky
barrier. We have employed a numerical model extending
the existing BTK model to include arbitrary spatial
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potential barriers. Good agreement between theory and
experiment was obtained for both our resonant and non-
resonant samples. Our demonstration of semiconductor
Cooper-pair injection enhancement by resonant tunneling
paves the way for future superconductor-semiconductor-
based quantum technologies and fundamental studies,
including quantum optoelectronics, unique quantum Hall
systems, and realizations of Majorana fermions.
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