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1,a)

We studied InAs quantum dots (QDs) where electron Cooper pairs penetrate from an adjacent
niobium (Nb) superconductor with the proximity effect. With time-resolved luminescence meas-
urements at the wavelength around 1550 nm, we observed luminescence enhancement and reduc-
tion of luminescence decay time constants at temperature below the superconducting critical
temperature (Tc) of Nb. On the basis of these measurements, we propose a method to determine
the contribution of Cooper-pair recombination in InAs QDs. We show that the luminescence
enhancement measured below ¢ is well explained with our theory including Cooper-pair recombi-

nation. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928621]

. INTRODUCTION

Quantum-entangled photon pair (QEPP) sources play an
important role in quantum information and communications
technologies. Parametric down conversion (PDC) in an opti-
cal non-linear crystal has been widely used for sources to
generate QEPPs.'” The pair generation rate of PDC has
recently been dramatically improved, enabling an entangle-
ment swapping at a telecom band at a practically sound
rate.” In the PDC, however, the emission of higher photon-
number components is unavoidable, which should increase a
risk of eavesdropping in the application to quantum key dis-
tribution. The PDC is not deterministic but probabilistic,
which would complicate the synchronization between differ-
ent device units in large-scale system integration.

The implementation of QEPP sources with solid-state
devices has the potential for large-scale system integration
as well as deterministic on-demand pair generation with
nearly zero probabilities of higher photon-number compo-
nents. Semiconductor quantum dots (QDs) are representative
examples, where the electrons and holes recombine to emit a
pair of photons. In the method by Fattal et al.,* QEPPs were
generated with the superposition of two sequentially emitted
single photons with a time delay by passing them through
short and long parallel paths to compensate the time delay
and were measured in the post-selection. Biexciton-exciton
cascaded photon-pair emission from QDs is another well
known method, and the violation of Bell’s inequality without
any additional operations was demonstrated by using iso-
tropic QDs grown with droplet epitaxy.’ Salter e al. demon-
strated an entangled light-emitting diode (LED) which
contains a QD and could emit QEPPs by electrical excita-
tion.® However, most of photon pairs emitted from QDs
grown with a normal method fail to be QEPPs due to their
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exciton-state fine structure splitting induced mainly by QD-
shape anisotropy.’

We have proposed and have been working on a new
method based on superconductors, where QEPPs can be gen-
erated through the radiative recombination of Cooper pairs.®
Electrons in superconductors form Cooper pairs which are
spin-singlet entangled pairs.” At a superconductor/normal-
metal interface, Cooper pairs penetrate into the normal region
by the proximity effect.'” We fabricated an InGaAs-based
LED with a niobium (Nb) superconducting (SC) electrode for
the n-type contact. We observed drastic enhancement of the
LED output below the Nb SC critical temperature (TC).ll We
analyzed luminescence of a Cooper pair with the second-
order perturbation theory, where a Cooper pair recombines
with a pair of holes."* The theory predicted luminescence
enhancement below Tc. We demonstrated that the observed
luminescence enhancement is well explained with the
theory.'® We also observed sharp reduction of the LED lumi-
nescence decay time constant with another SC-LED below
Tc, and also demonstrated a good agreement with our
theory.'*'> With these results, we evidenced the active role of
Cooper pairs in radiative recombination in SC-LEDs.

However, SC-LEDs demonstrated in the previous works
have been based on quantum well (QW) active regions. Our
first proposal of the on-demand QEPP generation was based
on a QD.® Cooper pairs are bosons and due to their coherent
nature their number states are not fixed.'> While Cooper pairs
penetrate from the SC electrode into the semiconductor region,
it is minority holes injected from the counter p-type electrode
that regulate the photon emission process. In this regard, we
proposed to control the QEPP generation process by regulating
the hole-number states via the valence-band lowest quantum
state of a QD under the Pauli’s exclusion principle.®

In this paper, we study luminescence of an InAs QD het-
erostructure doped n-type and in close proximity to a
Nb superconductor with time-resolved measurements. We

© 2015 AIP Publishing LLC
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demonstrate abrupt luminescence enhancement at tempera-
ture below 7. We propose a method to determine the contri-
bution of Cooper-pair recombination without ambiguity. We
also study the measured temperature dependence of the
Cooper-pair recombination with our theoretical model.
Finally, we discuss the difference of the presently measured
temperature dependence and the previously measured prop-
erties of SC-LEDs.

Il. SAMPLE PREPARATION

In our previous SC-LEDs, active QW regions were at
the center of p-n junction. Without external bias, p-n junc-
tions induce internal built-in potential and deplete the
active layers. For the purpose of time-resolved measure-
ments under pulsed-laser excitation, we adopted n-type
doping in an InAs QD heterostructure rather than the p-n
junction. The sample was grown on a (311)B InP substrate
with molecular-beam epitaxy (MBE). The growth was
started with 50-nm-thick Ings53Gag47As/100-nm-thick
Ing 5oAlp4gAs layers for selective etching of the InP
substrate. Then, the growth was followed by a heterostruc-
ture of 200-nm-thick n-Ings3Gag25AlH2,A8/20-nm-thick
n-Ing 53Gag 35Alp.12As/5-monolayer of InAs QDs/100-nm-
thick n-In0_53Ga0.35AIO.12As/10-nm-thick n-In0.53GaO.47AS.
The n-type doping level was ~1 x 10"®cm ™. The most
part of the heterostructure was grown at 470 °C, but InAs
QDs were grown at 530 °C to reduce the QD density and it
was 3.4 x 10"cm™2.'® The average QD lateral size and
height were 57nm and 5.6nm, respectively. The thin
n-Ing 53Gag 47As layer on top of the surface is for ohmic
contact to a subsequently evaporated Nb layer.

The semiconductor wafer surface was etched into a peri-
odic array of pillars with different diameters ranging from
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200 nm to 2 um with electron-beam lithography and the sub-
sequent reactive ion etching (RIE). Inductively coupled
plasma (ICP) was used for RIE and the pillars height was
~900 nm. A 200-nm-thick Nb layer was evaporated on the
pillar array surface, and the SC critical temperature T of the
evaporated Nb layer was measured with a simultaneously
evaporated reference sample and was 9.07 K. On the pillars
covered with the Nb layer, an additional ~1.5-um-thick sil-
ver (Ag) layer was evaporated. Then, the sample is turned
upside down and the Ag surface of the sample was pasted to
a supporting substrate (microscope slide). Finally, the InP
substrate was removed with mechanical polishing and subse-
quent ICP-RIE or selective chemical etching. The schematic
of the prepared final structure is shown in Fig. 1(a) and the
optical microscope image of the sample surface is shown in
Fig. 1(b). Ag exhibits high optical reflectivity in the infrared
spectral range and enhances extraction of emitted photons by
the lateral reflection at the pillar-sidewall and Ag interface.'”

At the Nb/InGaAs-based semiconductor interface shown
in Fig. 1(c), penetration of Cooper pairs from the Nb super-
conductor to the normal semiconductor region is known as
the proximity effect.'® Recently, the proximity effect was
studied with tunneling spectroscopy in InAs/Al core-shell
nanowires hosting a gate tunable tunneling barrier, and its
spectra clearly showed the opening of SC gap in InAs nano-
wires.'® This directly demonstrated that the normal region in
close proximity to a superconductor acquires SC properties
by the penetration of Cooper pairs. In the present experi-
ment, the InAs nanowire is replaced with the n-type InGaAs-
based semiconductor. The penetration depth is related to the
coherence length of electron Cooper pairs, and it is calcu-
lated to be 9.16 x 107*(N3p)"/?/T"/2(nm) with the physical
parameters for InGaAs.'*'? N5p, is the electron concentration

FIG. 1. (a) Schematic of Ag-embedded
InAs QD heterostructure sample and
the photo-excitation and photon extrac-
tion from the surface. (b) Optical micro-
scope image of a prepared sample
surface. The circles (pillars), the address
numbers, and the alphabets are the sur-
face of the embedded semiconductor
and the other area is the Nb surface. (c)
Schematic band structure.
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in the n-type semiconductor and is 1 x 10'®cm . This gives
the coherence length of 916/T'/?(nm) at temperature T (K)
and it is ~450 nm at 4 K, which is much longer than the dis-
tance of 110nm of the QD plane from the Nb/InGaAs
interface.

The Schottky barrier height at the metal (Nb)/
Ing.s3Gag 47As interface is estimated to be ~200meV.?° For
Cooper pairs to penetrate into the n-type semiconductor, this
barrier must be tunneled. Further barrier reduction by
~50meV is estimated with the Schottky effect.?! Then, the
depletion layer width at the interface is estimated to be
~15 nm for the electron concentration of 1 x 10'® cm™ in the
Ing 53Gag 47As layer. However, the modulation doping from
the adjacent wider-bandgap n-Ing 53Gag35Al12As increases
the electron concentration in the Ing 53Gag 47As layer and the
further reduction of the depletion layer width is expected. In
such a thin depletion layer, penetration of the electron wave
functions into the depletion layer effectively results in residual
electron concentrations in the depletion layer. Even when it is
assumed to be three-orders of magnitude lower than the dop-
ing level of 1 x 10"® cm ™, the coherence length is still given
as 91.6/T"/?(nm), which is much longer than the depletion
layer width. Therefore, coherent tunneling of supercurrent
through the Schottky barrier, which is the flow of Cooper
pairs, will take place for the event of luminescence in the
InAs QDs. The heterointerface barriers in the heterostructure
are in the range of 90—-130 meV assuming the band offset ratio
of 0.7 and 0.3 for the conduction and valence bands, respec-
tively,?? and the similar discussion on tunneling through the
depletion layers at the heterointerfaces is possible. Therefore,
coherent tunneling of supercurrent through InAs QDs is possi-
ble in our heterostructure samples.

lll. MEASUREMENT METHOD

For luminescence measurements under pulsed excita-
tion, the prepared sample was placed in a liquid-helium-
cooled cryostat and was excited with a mode-locked pulsed
Titanium:Sapphire laser (operating at the wavelength of

600 T T T T T
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770nm) with 5-ps pulse width and 76 MHz repetition rate.
The laser beam was focused on one of the semiconductor pil-
lars surface employing an objective lens (OL) with the nu-
merical aperture (NA) of 0.4. Luminescence emitted from
InAs QDs was collected with the same OL and was dispersed
by a double monochromator with the 50-cm focal length and
300-grooves-per-mm gratings and was detected with a lig-
uid-nitrogen-cooled InGaAs-photodiode array detector.

For time-resolved luminescence measurements, emis-
sion from InAs QDs was coupled into a single-mode optical
fiber (SMF) with an additional OL with NA of 0.25 and was
directed into a superconducting single-photon detector
(SSPD) by Single Quantum BV. The laser pulse was par-
tially converted to an electrical pulse with a p-i-n photodiode
and was used as the start signal, and signal from the SSPD
was used as the stop signal of a time-to-amplitude converter
(TAC). To spectrally select the QD emission, a 1570-nm
band-pass filter with 20-nm bandwidth was inserted in the
optical path before coupling to the SMF.

IV. SPECTRAL MEASUREMENTS

Figures 2(a) and 2(b) show the excitation power depend-
ence of QD-emission luminescence spectra measured at 4 K
and 12K, respectively, on one of the Nb/Ag embedded pillars
with the diameter of 1.5 um. The excitation power is given
with the time-averaged value for the pulsed excitation. The
QD luminescence spectra are slightly blue shifted for the
higher excitation. Although the spectra are not much tempera-
ture dependent, the luminescence intensity measured at 4K is
almost double of that at 12 K. The peak intensity measured at
4K and 12K and their intensity ratio are plotted against the
excitation power in Fig. 2(c). The saturation behavior
observed around the excitation power of ~1 uW is character-
istic to QDs with filling of their lowest energy states (hole fill-
ing in the present n-type heterostructure). It is clearly seen
that the luminescence intensity measured at 4K is highly
enhanced by ~two times. This substantial enhancement below
the SC critical temperature of Tc=9.07K reproduces the
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per second. (b) Excitation power de-
pendence of time-averaged lumines-
cence spectra measured at 12K under
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dependence of time-averaged lumines-
cence spectrum peak intensity at 4K
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luminescence enhancement previously observed in QW struc-
tures.' '3 In what follows, we focus to time-resolved lumines-
cence measurements to confirm the role of Cooper-pair
recombination for the luminescence enhancement. For this
purpose, we propose a method to identify the contribution of
Cooper-pair recombination quantitatively in Sec. V.

V. ANALYTICAL METHOD

In the present n-type heterostructure, luminescence
decay is regulated by the lifetime of minority holes. A life-
time generally consists of two parts: radiative lifetime 7,,q
and non-radiative lifetime 7,,,.q. TO distinguish the terms
below and above T, we adopt the subscript of L and U,
respectively. For temperature T > T, the lifetime is given by

—1

Ty = radU+Tn0nradU’ T=Ty>Tc. (1)

For temperature below Tc, we include the additional
Cooper-pair recombination term

-1 _ —1 —1 —1 _
T, = Trad,L + Tnonrad,L + Tsuper’ T= TL < TCa (2)

where Tgper is the SC term due to the Cooper-pair recombi-
nation. Measured luminescence intensity is proportional to
the internal quantum efficiency (IQE) and is given by

-1 -1

T
rad U rad,U
ILumu /1o = NexMinu = 1 + 1 =1
Tnonrad,U TradﬁU Ty
T=Ty>Tc, 3
l'dd L + Tsuper
TtamL/To = NexMimL = —=5

nonrad,L + Trad L + Tsup er
—1
l'dd L + Tsup er
1 )
g

=T, <Tc, “)

where I}y, is the measured luminescence intensity and #;y, is
the IQE. 7.y, is the external collection efficiency of photons
emitted from QDs and is temperature-independent. [ is the
luminescence intensity in the case of 100% efficiency.
Normal radiative lifetime in InAs QDs remains almost con-
stant in the low-temperature range studied in this work,”
and we set T4y = T = Trag- Since electrons very close to
the electron Fermi level are condensed in the SC density of
states (DOS) based on the Bardeen Cooper Schrieffer (BCS)
theory,?* this assumption is rationalized in the present highly
n-type doped sample. Then taking the ratio of the lumines-
cence intensities measured at 71, and Ty as Ry ym (=ILumL /
I um.v), it is given by

-1

T
Ruum = (14 Toper/ b ) -2 5)
L

Taking the ratio of the decay time constants measured at 77
and Ty as Riifetime (= ral /7. '), the ratio of the superconduc-
tive (Cooper-pair) to normal radiative recombination rates is
given by

J. Appl. Phys. 118, 073102 (2015)

sup er/Trdd Rium /Rlifetime -1, 6)
and it is uniquely determined with the measured values. In
the total photon emission process from the QD, the numera-
tor in the left term of Eq. (6) gives the contribution from
electron Cooper pairs, and the denominator gives the one
from normal electrons. From Eqgs. (1)—(4), it is also possible
to study the T,onmq term (nonradiative recombination), but
the unique determination requests additional information
how it depends on temperature.

VI. TIME-RESOLVED LUMINESCENCE
MEASUREMENTS

One of the transient decay of the QD luminescence
measured at 4K and 12K with the average excitation power
of 0.8 uW is shown in Fig. 3. The measured decay is fitted
by a single exponential function and the results are shown
with the solid lines. The fitting results in the decay time con-
stant 7 of 3.0l ns at 4K and 3.41 ns at 12 K.

The measured temperature dependence of the transient
QD luminescence peak intensity and the luminescence decay
time constant is shown in Fig. 4. The luminescence intensity
shows sharp increase below T¢ of 9.07 K. This well reprodu-
ces our previous observation of luminescence enhancement
in SC-LEDs.'""'* Above T¢ the decay time constant remains
the same, but below T¢ it shows clear decrease with tempera-
ture. This also well reproduces our previous observation of
decrease of the electroluminescence decay time constant in
SC-LEDs.'*'” These correlations of both the luminescence
intensity and the decay time constant to the SC critical tem-
perature are the clear evidence that the observed phenom-
enon is based on the Cooper-pair recombination in QDs
penetrated from the Nb superconductor.

Employing the measured data in Fig. 4, we study the ra-
tio of the superconductive to normal radiative recombination
rates. Since both the luminescence intensity and the decay

1000:|---|---|"'|"'|"'|"'|:

Luminescence Intensity [arb. units]

1I.||I.||l|||l|||l||||||||
0 2 4 6 8 10 12

Time (ns)

FIG. 3. Time decay of luminescence peak intensity measured at the wave-
length of 1570 nm (790 meV) with the bandwidth of 20nm (10.1 meV). The
average excitation power is 0.8 uW (pulse peak power is 2.1 mW). The solid
lines are the fitting curves obtained with a single exponential function.
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age excitation power of 0.8 uW.

time constant remain almost constant above T in Fig. 4, the
result is not much dependent on the selection of Ty above T
in Egs. (1)-(4), but Ty was set to the measured highest tem-
perature of 12 K. The result is shown with closed circles in
Fig. 5 and is further studied theoretically.

Our theory on the Cooper-pair luminescence presented
in Ref. 12 is based on the second-order perturbation theory
for electron-photon interaction, and the time-averaged ex-
pectation value of the number of emitting photon is calcu-
lated. The superconductivity effect is included through the
Bogoliubov transformation from operators for electrons to
those for Bogoliubov quasiparticles.” In Ref. 12, we consid-
ered two cases of finite relaxation time, which originates
from scattering of electron Cooper pairs penetrated into the
n-type semiconductor. One is elastic impurity scattering and
the other is inelastic scatterings such as electron-phonon
scattering and repulsive electron-electron scattering. Both
cases resulted in similar temperature-dependent lumines-
cence enhancement below T¢. In Fig. 5, we fitted the data
with the case of elastic impurity scattering. The solid line is
for Agto/i=1.2, where A is half of the SC gap at zero tem-
perature, o is the relaxation time due to elastic impurity
scattering, and / is the Planck constant divided by 2n. We
measured T to be 9.07 K. However, as is shown in the inset
of Fig. 5, we also find a transient temperature range and the
differential resistance reaches the maximum at 9.15 K. Since
T¢ of intrinsic Nb is known to be 9.26 + 0.01 K,*° this tran-
sient behavior implies that SC regions survive in the Nb
layer inhomogeneously in the temperature range of
9.07-9.15 K. Therefore, we set Tc as 9.15 K in the theoretical
calculation. We could fit the measured superconducting
Cooper-pair luminescence enhancement very nicely as
shown in Fig. 5. Further discussion will be given in Sec. VII.

VIl. DISCUSSION

First, we study and discuss the excitation power depend-
ence of the transient properties shown in Fig. 3, and the

J. Appl. Phys. 118, 073102 (2015)
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results are summarized in Fig. 6. The measured decay time
constants are shorter at 4 K in comparison to 12 K, but they
show relatively weak excitation power dependence. On the
other hand, the ratio of the transient luminescence peak
intensities measured at 4 K and 12 K exhibits relatively sharp
peak at the average excitation power of 0.8 uW. Similar
characteristics is observed with the time-averaged spectral-
peak intensity ratio shown in Fig. 2(c). The ratios observed
with the average excitation power of 1.5 and 2 yW show a
different tendency between the two measurements. This is

R
18|
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150
14 L

13f

Luminescence Decay Time Constant [ns]
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FIG. 6. Excitation power dependence of the ratio of the transient QD lumi-
nescence peak intensity at 4K to that at 12K (left axis) and the lumines-
cence decay time constants with error bars at 4 K and 12 K (right axis).
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related to the QD-state population saturation of photo-
excited minority holes as is evident from the luminescence
saturation shown in Fig. 2(c). Employing the measured data
in Fig. 6, we study the ratio of the superconductive to normal
radiative recombination rates with the method presented in
Section V. The result is shown in Fig. 7. The ratio shows the
sharp peak at the average excitation power of 0.8 uW, indi-
cating the largest enhancement of the SC Cooper-pair
recombination.

In the series of samples, we observed the SC enhance-
ment reproducibly around the photon energy of ~790 meV
as exemplified in Fig. 2. This is because of the uniform
n-type doping in the present InGaAs-based heterostructure,
where the conduction-band Fermi level is almost uniform
and common in the grown sample. In some high-quality sam-
ples, we observed “sharp edge” in the luminescence spectra
below Tc.>” We interpreted this luminescence sharp edge to
reflect the sharp SC-DOS near the SC gap. Below T¢, elec-
trons near the Fermi level form Cooper pairs and are con-
densed to the SC-DOS, and the SC gap opens near the
electron Fermi level. Then QDs, whose conduction-band
lowest energy states are near resonance with the energy of
the SC-DOS, experience enhanced photon emission by the
Cooper-pair recombination.?”**

Concerning the excitation power dependence, the
minority-hole population in the valence-band lowest QD states
changes with the excitation power. When the excitation
remains low, the hole population among QDs is determined
mainly by the capture process of photo-generated carriers at
low temperature. We presume that dominantly luminescent
QDs at this stage are those of which conduction-band energy
states are off resonant to the SC-DOS. With the higher excita-
tion, population of the lowest energy states of larger dots are
saturated, and the population of their excited states and carrier
transfer to smaller QDs with higher QD-state energies take
place through coupled excited states.”® Then, when the
conduction-band QD-state energies of dominantly luminescent

0.9 [
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0.7 |
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Average Excitation Power (WW)

Ratio of Super/Normal Recombination Rate

FIG. 7. Average excitation power dependence of the ratio of Cooper-pair
superconductive to normal radiative recombination rates.
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QDs come to near resonance with the SC-DOS, the SC recom-
bination rate reaches the maximum as shown in Fig. 7. This
results in the observed excitation power dependence with the
peak excitation power of 0.8 uW.

In Fig. 5, we calculated the theoretical curve numerically.
In Ref. 12, we derived an analytical formula of the time-
averaged expectation value of the number of emitting photon
for Agto/hi < 1, i.e., for the case of higher scattering probabil-
ity. The major term regulating the temperature dependence in
this formula is A%/T, and the enhancement is proportional to
the square of half the SC gap at a given temperature 7 and
inversely proportional to 7.'> We could fit the observed
enhancement in the previous SC-LEDs with this analytical
formula.'*'>*® The A*T dependence results in more slowly
varying temperature dependence than that shown in Fig. 5 and
can be approximated for Agto/71 less than 0.2.

The parameter Agto/ii > 1 in Fig. 5 indicates lower scat-
tering probability. For Agtp/fi <1 in the previous SC-LEDs,
higher scattering probability prevents coherent Cooper-pair
enhancement of radiative recombination. This results in the
milder temperature dependence of luminescence enhance-
ment below Tc. Therefore, we attribute the sharp increase of
the luminescence enhancement below T to the lower scat-
tering probability of Cooper pairs in the present sample. The
difference of the samples is that the previous SC-LEDs were
grown on (001) InP substrate with metalorganic chemical
vapor deposition (MOCVD), while the present sample was
grown on (311)B InP substrate with MBE. The other differ-
ence is that most of the previous SC-LEDs were doped
n-type up to 5x 10" cm3,'"!* while the present sample
was doped 1x 10" cm ™. In principle, the higher electron
concentration extends the coherence length as discussed in
Section II, but the higher impurity concentration may
increase the scattering probability.

Vill. CONCLUSIONS

We studied InAs QDs grown on an InP substrate, where
electron Cooper pairs penetrate from the adjacent Nb super-
conductor with the proximity effect. With time-resolved
measurements of luminescence around the wavelength of
1550nm, we demonstrated abrupt luminescence enhance-
ment and reduction of luminescence decay time constant
below superconducting critical temperature. We proposed a
deterministic method to find the contribution of Cooper-pair
recombination and demonstrated the enhanced superconduct-
ing Cooper-pair recombination. We studied the measured
temperature dependence of the Cooper-pair recombination
theoretically and showed the excellent agreement with our
theory. We also discussed the difference of the temperature
dependence with our previously measured samples. The next
issue to pursue is the demonstration of photon bunching of
the emitted photons to prove the QEPP generation and the
study is in progress.
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