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ABSTRACT: We experimentally demonstrate Cooper-pair injection into a superconducting light-emitting diode by observing
Andreev reflection at the superconductor−semiconductor interface, overcoming the contradicting requirements of an
electrically transparent interface and radiative recombination efficiency. The device exhibits electroluminescence enhancement
at the quasi-Fermi energy at temperatures below Tc. The theoretically predicted conductance and electroluminescence spectra
based on Cooper-pair injection into the semiconductor correspond well to our experimental results. Our findings pave the way
for practical superconductor−semiconductor quantum light sources.

KEYWORDS: Superconductors, semiconductors, LED, Andreev reflection

Hybrid superconductor−semiconductor devices are a
rapidly growing field of research, with a wide range of

applications, including a variety of quantum devices,1−10 such
as quantum dot (QD) based light-emitting diodes (LEDs),4−6

Bell-state analyzers,8 and superconducting two-photon ampli-
fiers.9 One of the most promising directions in these hybrid
devices is generation of entangled-photon pairs11 through
Cooper-pair luminescence12 in compact semiconductor
devices, crucial for practical quantum technologies. Non-
superconducting semiconductor sources of entangled photon
pairs have been demonstrated previously, based on optically
excited QD biexciton decay,13 although with limited emission
rates due to the isolated QD single emitter. Photon-pair
emission was also shown in semiconductors by electrically
driven two-photon emission14,15 suitable for entanglement
generation.16 However, it has been shown that two-photon
emission is weaker by 5 orders of magnitude than one-photon
emission, requiring sophisticated photonic enhancement
approaches.17−19

Sources of entangled photons based on superconductor−
semiconductor structures offer high-rate photon pair gener-
ation in miniaturized electrically pumped devices.11 Moreover,
unlike QDs they do not require isolated emitters due to the
fundamentally different origin of the photon entanglement. In
contrast to the Pauli exclusion principle in QDs with discrete
energy levels, the origin of photon entanglement in super-
conducting devices is the electron entanglement in Cooper-

pairs.20 This electron entanglement can be transferred to
emitted photon-pair entanglement, when Cooper-pairs are
injected from a superconductor into a semiconductor light
emitting structure, such as QDs employing discrete energy
levels,5 as well as in quantum-wells with energy continuum.11

Cooper-pair injection into the normal material can be
detected experimentally through the phenomenon of Andreev
reflection21 appearing as enhancement of conductance within
the vicinity of the superconducting gap, a zero-bias
conductance peak (ZBCP).22 Several superconducting LED
(SLED) devices have been studied in the past3−5,7,23,24

demonstrating Josephson effects and enhanced light emission.
While Josephson effects are interesting and promising for
future superconducting optoelectronics,25−28 they occur in a
wide range of superconductor-normal metal or superconduc-
tor−insulator junctions, (including vacuum as an insulator)
and thus do not exhibit unique signatures of Cooper pair
injection into the semiconductor. Nevertheless, direct demon-
stration of Cooper-pair injection into light emitting structures
by Andreev reflection has not been achieved before.
Here we present the first direct experimental demonstration

of Cooper-pair injection into a light-emitting structure by
showing Andreev reflection at the superconductor−semicon-
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ductor interface. This was made possible by a specially
designed very low resistance superconductor−semiconductor
interface, as well as large distance between superconducting
pads, which are much larger than the coherence length.
Therefore, no Josephson effects occur in our structure,
allowing the observation of Andreev reflection. The electro-
luminescence spectrum of the SLED shows enhanced emission
below Tc at the quasi-Fermi level in the conduction band,
corresponding to the energy of the injected Cooper-pairs. Our

theoretical models of both Andreev reflection and lumines-
cence enhancement are in good agreement with the measure-
ments. The SLED structure enabling both electroluminescence
and Andreev reflection with challenging and contradicting
requirements, was obtained by optimization of semiconductor
layer doping and thicknesses. Since in superconductors Cooper
pairs reside at the Fermi energy level, the semiconductor must
be heavily doped to the point of degeneracy in order to realize
Cooper-pair injection. Moreover, such heavy doping has the

Figure 1. (a) SLED device structure showing layer thicknesses. Two measurement configurations are shown: (1) Top surface measurement (solid
red arrow) in which current is injected between the two top contacts and which serves to test the existence of Andreev reflection in the device. (2)
Junction measurement (dashed red arrow) in which current is injected into the PN junction resulting in emission. (b) Schematic drawing of SLED
energy band structure under forward bias. Cooper-pairs are injected from the Nb contact into the heavily doped n-type In0.53Ga0.47As layer and
recombine with holes injected from the p-type InP substrate. The recombination occurs inside the In0.53Ga0.47As which results in emission near 1.60
μm. Image not drawn to scale.

Figure 2. (a) Normalized differential conductance as a function of applied voltage in units of the Nb superconducting gap Δ0 at T = 3.3 K.
Conductance peak at zero voltage bias is prominent at low temperatures. (b) Low-temperature conductance spectrum presented in (a) showing
enlarged central region along with the calculated curve (dashed black). (c) Resistance of the superconducting Nb contact as a function of
temperature, exhibiting a transition temperature at 8 K. (d) Junction conductance spectrum above Tc which served for normalization.
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advantage of reducing the thickness of the Schottky barrier
which forms at the superconductor−semiconductor junc-
tions.22,29 On the other hand, heavy doping can reduce the
efficiency of radiative recombination due to competing
nonradiative processes such as Auger recombination.
The light-emitting structure with an active In0.53Ga0.47As

layer (Figure 1a) was grown on a p-type InP substrate by the
metal organic molecular beam epitaxy (MOMBE) technique.30

A 50 nm thick layer of intrinsic InP was grown on the InP
substrate in order to serve as a buffer between the heavily
doped substrate and the rest of the device. On top of the buffer
layer, a 25 nm layer of intrinsic In0.53Ga0.47As was grown, which
serves as the active emitting region (an intrinsic layer is crucial
as heavily doped layers suffer from reduced emission due to
competing nonradiative processes). Finally, a 100 nm thick
layer of Sn degenerately doped (5 × 1019 cm−3) n-type
In0.53Ga0.47As terminates the undoped active layer in order to
improve Cooper-pair injection efficiency into the LED. The
semiconductor surface was Ar ion cleaned, and the 200 nm
thick Nb superconducting contacts were deposited in situ
using RF sputtering. Reactive ion etching (RIE) with
lithography procedures formed the superconducting contacts
with ∼100 μm × 100 μm area and ∼2 μm spacing, finalizing
the device fabrication. The resulting Nb pad resistance was
measured as a function of temperature in 4-probe config-
uration revealing a relatively high transition temperature (Tc)
of 8 K (Figure 2c).
All the measurements were performed in liquid-He closed-

cycle cryostat, using a lock-in amplifier to record differential
conductance (dI/dV) spectra in a 4-probe configuration for
various temperatures. The conductance measurements were
performed in the in-plane configuration between the Nb pads
and the InGaAs active layer (Figure 1a solid red arrow). The
current bias for electroluminescence (EL) measurements was
fed through the diode structure with contacts on top and
bottom of the stack shown in Figure 1a (dashed red arrow).
This configuration allows isolating the superconductor−semi-
conductor junction transport for Andreev reflection measur-

ments. The device EL was modulated at a low frequency,
spectrally resolved in a monochromator, and recorded in the
lock-in detection scheme. A calibrated thermometer monitored
the device temperature, and the current bias was kept at
sufficiently low values to prevent the sample heating.
Our first experiments demonstrate the injection of Cooper

pairs into the LED structure by Andreev reflection, crucial for
utilization of superconductor properties such as spin-singlet
electron pairing, which is a key ingredient for quantum light
source realization. The differential conductance spectra
measurements reveal the presence of Andreev reflection in
the superconducting gap (Figure 2a,b), which results in a
ZBCP at temperatures below superconducting transition
temperature. The ZBCP appears on the background of a
broader conductance minimum corresponding to quasiparticle
tunneling. This complex conductance spectrum including both
Andreev reflection and tunneling signatures has been observed
previously in superconductor-normal junctions.22,31 In conven-
tional s-wave superconductors, the width of Andreev peak is
determined by the superconducting gap width. In case of the
proximity effect, induced by Cooper pair injection by Andreev
reflection in to the normal material,32 a smaller super-
conducting gap is induced in a thin layer of the normal
material which determines the width of the Andreev
conductance peak.1 Therefore, the width of the smaller peak
is determined by the induced smaller superconducting gap, as
well as the effect of the broadening by temperature, disorder,
and dephasing.
This spectral shape is attributed to the variation of contact

quality along the superconducting−normal (S−N) interface
with regions of low contact resistance contributing to the
Andreev reflection signature (which is smaller as it is induced
through the proximity effect) and high contact resistance
regions contributing to the quasiparticle tunneling spectrum
background. Both the Andreev ZBCP and the tunneling
signatures disappear at temperatures approaching the super-
conductor critical temperature Tc (Figure 2a). The differential
conductance spectra were normalized by the measurement

Figure 3. (a) SLED structure in EL emission configuration. Current is injected through the upper Nb electrode into the PN junction. Because of
the opaqueness of the Nb contact, emission (wavy yellow lines) is only observed from the edges of the contact. (b) Measured (blue) normalized
power (relative to emission power above Tc) vs temperature. The calculated curve (orange) is based on ref 12. (c) Spectrally resolved normalized
electroluminescence measurements taken below Tc. The curves are shifted vertically for clarity. Emission enhancement is obtained in spectral range
from 760 to 790 meV. Black line is the calculated spectrum.
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above the critical temperature (Figure 2d) to rule out any
nonsuperconducting behavior of the device. Ideal low-temper-
ature tunneling conductance should approach zero at energies
below the gap. However, quasiparticle dephasing39 and
disorder38 introduce significant broadening, which results in
considerable conductance below the gap energies even at very
low temperatures. The tunneling conductance through a high
barrier in an ordered superconductor is typically characterized
by an energy gap in the modified density of states as well as
two peaks representing the long-range coherence.33 Never-
theless, localization of the Cooper pairs due to disorder was
predicted to result in a significant reduction of coherence,
therefore leading to disappearance of coherence peaks in the
conductance spectra.34 These effects have been observed
experimentally, exhibiting gapped conductance plots with
reduced or disappearing coherence peaks in disordered
superconductors.35,36

Therefore, the tunneling conductance dip without coherence
peaks is attributed to the system disorder near the interface,
resulting in Cooper pairs with reduced long-range coherence.
The second set of our experiments demonstrate enhanced

electroluminescence below the superconducting transition
from the active region of the SLED under forward current
bias after removing high-temperature emission background.
This radiative recombination process results in enhanced
luminescence at temperatures below Tc and is spectrally
centered around the quasi-Fermi energy level, where the
superconducting gap is located. The electroluminescence
spectrum at 4.6 K shows a clear maximum at the quasi-
Fermi energy level, corresponding to the injected Cooper
energy (Figure 3c). With increasing temperature, the
luminescence enhancement reduces significantly, matching
the calculated dependence (Figure 3b).
We modeled the differential conductance spectra in

superconducting−normal (S−N) junction using the
Blonder−Tinkham−Klapwijk (BTK) formalism,21 assuming a
delta-like potential barrier at the interface based on the
Bogoliubov−de Gennes (BdG) equations,37 which describe
the transport across S−N interface

m
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where u(x,t), v(x,t) are the quasi-particle wave functions, V(x)
is a spatially dependent potential,Δ(x) is the superconducting
gap, and μ(x) is the chemical potential. The wave function
amplitudes together with the magnitude of the potential barrier
are directly related to the conducance of the SN junction.
According to the BTK model,21 Andreev reflection and quasi-
particle tunneling are competing processes which depend on
barrier strength Z = kFH/2EF, where kF and EF are the Fermi
wavenumber and energy respectively, and H is the potential
barrier amplitude. Small barrier strength leads to Andreev
reflection without quasiparticle tunneling spectra, while large
barrier strength leads to quasiparticle tunneling spectral dip
without an Andreev reflection feature. Because of the large area
of our planar junctions, significantly larger than the coherence
length of the superconductor, the low-resistance and high-
resistance contact regions were modeled as parallel junctions
with different barrier strength parameters Z. This approach has

been used previously for large-area planar junctions resulting in
good predictions to experimental results.31 The lower-
resistance junction has a smaller proximity-induced super-
conducting gap inside the semiconductor, resulting in Andreev
reflection occurring not at the material interface but rather in
the semiconductor between its normal and proximity regions
with virtually zero Z parameter.1 On the other hand, the high-
resistance junction has a large Z parameter, explaining the
quasiparticle tunneling spectral dip.
Each of the two junction types was modeled using the

parameter set Δn, Γn, Zn, γn, δn (Table 1). The superconducting

gap of Nb without proximity effects is given by Δ0, while the
smaller proximity induced gap in the semiconductor in the
low-resistance region is given by Δ1. The calculation includes
the spectral broadening due to temperature (γn) in the Fermi−
Dirac distribution,20 by Gaussian distribution of disorder
(δn),

38 and quasiparticle dephasing39 (Γn) (included as an
imaginary energy term E + iΓn). The index n indicates the
junction with n = 0 marking the high resistance junction and n
= 1 indicates the low resistance junction. All parameters are
given with respect to Δ0. The calculated conductance spectra
are in good agreement with the experimental results (Figure
2b) with extracted fit parameters given in Table 1.
The extracted value of thermal broadening agrees with the

temperature of the experiment, while the disorder broadening
is comparable to the typical disorder obtainable in epitaxial
semiconductors structure growth.38 The dephasing Γn was
previously shown to be dominated by carrier−carrier scattering
at low temperatures40 and thus strongly dependent on carrier
density. In our transport experiments, the low current (∼100
μA) results in low injected carrier density and correspondingly
slow dephasing time (>1 ps), therefore making temperature,
disorder, and dephasing broadening comparable in the
conductance spectra. In our electroluminescence experiments,
however, the relatively strong currents (∼10 mA) result in
much faster carrier−carrier scattering induced dephasing times
(<100 fs), thus making dephasing the dominant spectral
broadening factor, while disorder and thermal broadening
remain similar to those of the electrical transport experiment.
The theoretical modeling of the electroluminescence

intensity spectra is based on the second-order perturbation
calculation for Cooper-pair enhanced emission11
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Table 1. Parameters Used for the Theoretical Conductance
Spectrum Curve Shown in Figure 2b (Dashed Line)a

parameter Δ0,Δ1 Γ0,Γ1 Z0,Z1 γ0,γ1 δ0,δ1

value Δ0 Γ0 =
0.23Δ0

Z0 = 1.5 γ0 =
0.08Δ0

δ0 =
0.07Δ0

Δ1 = 0.3Δ0 Γ1 =
0.23Δ0

Z1 = 0 γ1 =
0.08Δ0

δ1 =
0.07Δ0

aAll parameters are given with respect to Δ0.
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where ( 2 ) 4q q n
ph ph 2 2
u v

ω ω μΩ = + − + Δ∼ , Δ is the super-

conducting gap parameter (with the assumption of being
spatially independent), nμ

∼ is the semiconductor Fermi energy
level relative to the conduction band edge Ec, and sum of the
photon pair energies ωqu

ph + ωqv
ph ≈ 2Eg where Eg is the

semiconductor bandgap. Our model for EL is based on Fermi
Golden rule calculation of emission rates based on carrier
injection into semiconductors, similar to regular one-photon
emission done by first-order perturbation41 but using second-
order perturbation in our case due to Cooper pair decay
effect.9 The dephasing, disorder, and the thermal broadening
affect EL spectra, similar to the effect on electrical transport in
principle. However, higher carrier densities and corresponding
short dephasing times shorter than 100 fs result in dephasing
being the dominant broadening effect for EL spectra. The
corresponding spectral broadening is an order of magnitude
larger than the superconducting gap in our experiment, making
it impossible to resolve the superconducting gap structure in
the luminescence spectra under such strong currents. The
shape of the calculated spectrum (Figure 3c black curve)
agrees well with that of the measured one, whereas the
magnitude of the calculated maximum is a fit to the
experimental data. Moreover, the integrated intensity has
also been calculated (Figure 3 b). The measured emission
power versus temperature (circles in Figure 3b) with the
calculated dependence shown by the solid line, reaches a value
of ∼8% enhancement at T = 4 K, relative to the emission
above Tc. The relatively small enhancement can be attributed
to the fact that current is injected into the semiconductor
structure not only as Cooper pairs (seen in Andreev reflection
in Figure 2) but also as single quasiparticles (seen as the
tunneling part of the spectra in Figure 2). Above Tc, no
enhancement was observed. The emission efficiency (emitted
photons per injected carrier) of our SLED device is estimated
to be ∼0.01% with emission rate of ∼1012 photons/s, which
can be further enhanced in future devices by carrier injection
and light extraction optimization. In comparison, the highest
reported efficiency (emitted photons per pump photon) for
conventional methods such as spontaneous parametric down
conversion42 is ∼10−4% with corresponding emission rate on
the order of ∼107 photons/s.
The devices in our experiment, as well as in previous

works,7,23,24 are based on narrow-bandgap materials such as
InGaAs, which enable efficient Cooper pair injection due to
the relatively small Schottky barrier at the interface with the
superconducting contact. However, narrow-bandgap devices
emit photons in the long wavelength range, which makes
single-photon counting and correlations challenging. On the
other hand, wider-bandgap materials emitting in the Si photon
counter wavelength range such as AlGaAs, suitable for photon
correlation experiments, make Cooper pair injection difficult
due to higher Schottky barriers. A promising solution to this
trade-off was proposed based on resonant tunneling of Cooper
pairs into AlGaAs structures despite higher barriers,43 enabling
future photon correlation experiments. Another interesting
direction for future SLED studies can be applying magnetic
fields, resulting in effects such as reflectionless tunneling.44

However, this involves challenges of cryogenic environments
with both optical access as well as relatively strong magnetic
fields.
In conclusion, we demonstrated Cooper-pair injection into a

superconducting light-emitting structure by performing differ-

ential conductance spectroscopy, which reveals Andreev
reflection at the superconductor−semiconductor interface.
We show enhanced electroluminescence from the device
below Tc at the quasi-Fermi level. The calculated conductance
and electroluminescence spectra based on Cooper-pair
injection into the semiconductor correspond well to our
experimental results. Our findings enable future super-
conductor−semiconductor quantum optoelectronics devices.
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