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In previous work using thin superconducting films as photon detectors it has been assumed
implicitly that the quasiparticle yield in proximized superconducting bilayers should be the same as
for a pure superconducting layer with the same energy gap. The reasoning is that, following the
energy down conversion cascade, the resultant quasiparticles will all finish up at the edge of the
density of states, which has the same energy throughout the whole structure regardless or whether
it is pure or proximized. In this paper we show that, although the energy gap is the same, the actual
density of quasiparticle states may vary considerably across a proximized structure, with a
secondary peak at the energy of the higher gap material. Our calculations indicate that this peak can
give rise to the generation of excess subgap phonons through which a larger portion of the original
photon energy is lost from the quasiparticle system. The associated lower quasiparticle yield
effectively reduces the responsivity of the proximized detector and affects the limiting energy
resolution. The predictions have been confirmed by experimental results obtained with a distributed
read out imaging detector (DROID) in which the response to photons absorbed in a pure Ta layer
and in a Ta/Al proximized structure could be compared directly. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3141840]

I. INTRODUCTION

Due to their spectroscopic properties superconducting
detectors are id for use as photon counting
spectrophotometers. In these detectors the energy of the
absorbed photon is converted into a large quantity of quasi-
particles or phonons via a down conversion process which
occurs in three stages.4-6 First the energy of the photon EQ is
released into a photoelectron which excites secondary elec-
trons and plasmons. This stage of the down conversion pro-
cess is dominated by strong electron-electron interactions.
The second stage starts at a lower energy E1~ 1 eV, when
the electron-phonon interaction becomes dominant; the elec-
trons begin to emit phonons with energy close to the Debye
energy ftD. In the third stage the mixed distribution of
phonons and quasiparticles evolves into a quasiparticle dis-
tribution at the edge of the energy gap of the superconductor.
During this stage energy is lost via phonon loss into the
substrate, mainly of phonons which do not have sufficient
energy to break a Cooper pair and create two more quasipar-
ticles.

Depositing one superconducting layer on top of a second
superconducting layer of different material will modify the
properties of both materials around the interface (the prox-
imity effect). If the thicknesses of the layers similar to or
smaller than the coherence length the properties of both ma-
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terials will be modified throughout the entire bilayer. Al-
though the density of states is broadened and will differ in
the two materials, the energy gap will remain constant
throughout the complete structure at a value intermediate
between the energy gaps of the two individual materials de-
termined by the relative layer thicknesses. Since after the
down conversion process the quasiparticles will reside at the
energy gap of the complete structure it is very often assumed
that, although the devices are not BCS-type (following the
theory as described by Bardeen et al. ), the down conversion
will progress in the same manner and the standard relation
for the number of quasiparticles created would still be valid,
Eqg. (1).

Quasiparticle dynamics and relaxation in superconduct-
ors are currently of great interest in numerous studies. Espe-
cially the discovery on an extra relaxation channel reducing
the quasiparticle relaxation time and the likely involvement
of magnetic impurities has provided a boost in this field.8-10
In this paper we will look at the creation of quasiparticles
and consider the final stage of down conversion process,
where energy loss via subgap phonons is of importance, with
particular reference to proximized superconducting tunnel
junctions (STJs). The STJ consists of two thin layers of su-
perconducting material separated by an insulating layer. As
detectors they are sensitive for energies ranging from the
near-infrared up to x rays, they can handle count rates up to
tens of kilohertz and they provide each event with a submi-
crosecond accurate time stamp. The photon energy which is

© 2009 American Institute of Physics
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absorbed in the superconducting material is converted, via
the down conversion process, into a large number of quasi-
particles. These quasiparticles can tunnel across the thin bar-
rier and, by applying a dc bias voltage across the junctions
they can be detected as a measurable current pulse. To avoid
a significant population of thermally excited quasiparticles
the detector has to be cooled well below the critical tempera-
ture (T< 0.1Tc) of the material, thereby constraining the op-
erating temperature. For the widely used tantalum devices
this operating temperature is around 400 mK. Aluminum is
often used in tantalum STJs, between the tantalum layer and
tunnel barrier, in order to reduce the energy gap, thus im-
proving the charge output, and to confine (“trap™) the quasi-
particles near the tunnel barrier, enhancing the tunnel rate.ll

To increase the active area position sensitive configura-
tions, distributed read out imaging detectors (DROIDs)12 are
being developed. In general these consist of a large absorber
area with STJ detectors at the edges. The quasiparticles gen-
erated from absorption of a photon in the absorber will reach
the detectors via diffusion processes where they can be de-
tected via tunneling. The absorption position and incident
energy can be reconstructed using the different signals from
the detectors adjacent to the absorber. The DROIDs de-
scribed in this paper consist of Ta/Al STJs and a pure tanta-
lum absorber. The lower energy gap of the proximized STJs
will confine the quasiparticles under the tunnel barrier, thus
improving the energy resolution and position sensitivity.
With the DROID geometry described in this paper this con-
finement of the quasiparticles in the STJ is not perfect: to
some extent quasiparticles can diffuse out of the STJs back
into the absorber.

In this paper we describe an investigation of the effect of
the last stage of the down conversion process in proximized
STJs on the quasiparticle yield. In this regime the down con-
version involves relaxation of high energy quasiparticles by
phonon emission and breaking of Cooper pairs by energetic
phonons providing additional quasiparticles. Using calcu-
lated phonon emission rates we simulate the final stages of
the down conversion process in proximized tantalum/
aluminum bilayers and compare the result with that of the
hypothetic BCS counterpart with the same energy gap. To
test the model we performed measurements of the ratio of
charges from photon absorption in the proximized STJ and in
the pure tantalum absorber immediately adjacent to the STJ
of a DROID.

J. Appl. Phys. 105, 123906 (2009)

FIG. 1. (a) The quasiparticle density
of states in a proximized Ta/Al bilayer
with thicknesses 100/30 nm. The solid
lines show the density of states in the
two materials at their free interfaces
and the dashed lines show the quasi-
particle density of states on either side
of the interface between the two mate-
rials. The energy gap Asi+s2 is equal to
500 meV and the broadened peak in
the tantalum layer is at As2=ATa
=700 meV. (b) The BCS counterpart
density of states which only shows a
singularity at the energy gap.

II. QUASIPARTICLE RELAXATION IN THE FINAL
STAGE OF THE DOWN CONVERSION PROCESS

The quasipartide density of states of a BCS-type super-
conductor, illustrated in Fig. 1(b), shows a singularity at the
energy gap of the material and is constant throughout the
layer thickness. Moving toward higher energy levels the qua-
siparticle density of states reduces asymptotically toward the
value of 2NO (the normal state single spins density of states)
of the material.

In a proximized superconducting material, the quasipar-
ticle density of states, the Cooper pair density, and the pair
potential are all modified throughout the layers thickness.
Brammertz et al.™ noted that the pair potential displays a
step at the interface and the energy gap (Aslts?) is constant
throughout the complete structure, if the layer thickness is in
the order of a few coherence lengths. The proximized quasi-
particle density of states, illustrated in Fig. 1(a), is different
in the two layers, varies across the thickness of the layers and
is discontinuous at the interface. In the lower gap material
(i) the quasiparticle density of states shows a broadened
peak at the energy gap of the complete structure and in the
higher gap material (i2) a broadened peak is present at the
energy gap of this material (As2) with a shoulder toward
Asl+s2 creating the uniform energy gap throughout the two
layers. Toward higher energies the density of states reduces
asymptotically toward the value of 2NO of the respective ma-
terials, identical to the BCS-type density of states.

The first two stages of the down conversion process oc-
cur at relatively high energies where the proximized structure
and BCS-type structure appear identical and the down con-
version will follow the same route. In the final stage of the
down conversion the differences in quasiparticle density of
states become more apparent. This stage is dominated by
relatively slow relaxation of quasiparticles with release of a
phonon. If ftftphonon> 2ASI+R, with ftftphonon the energy of
the released phonon, this phonon can break a Cooper pair
releasing two more quasiparticles thus preserving the total
energy. In contrast, subgap phonons (ft"phonon< 2Asl+s2)
cannot break Cooper pairs and the energy will be lost pro-
ducing inefficiency in the energy preservation. This is ac-
counted for by a factor of 1.75 (Ref. 14) in the expression for
calculating the number of created quasiparticles following
the absorption of a photon with energy EO in a BCS-type
superconductor
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FIG. 2. The two routes of down conversion in a thin film proximized su-
perconductor. (a) Relaxation of a quasiparticle to the energy gap producing
two extra quasiparticles. (b) Relaxation of a quasiparticle toward the energy
gap via the energy gap of the higher energy gap material producing no extra
quasiparticles. (c) A schematic representation of the quasiparticle density of
states of a proximized superconducting bilayer averaged over the bilayer
thickness.

N = Eo
T 1.75A° ©

with N as the number of quasiparticles and 1.75A as the
average energy needed to break a Cooper pair.

The rate of spontaneous phonon emission is affected by
the phonon density of states, which scales as ft2. An extra
power of the initial energy of a quasiparticle enters because
the number of final states below the initial energy ea is pro-
portional to ea. On the other hand the quasiparticle relax-
ation is also dependent on density of electronic states. Since
the quasiparticle density of states of a proximized supercon-
ductor is broadened and displays a maximum at As2 in s2 this
creates two possibilities. The first is emitting a high energy
phonon and ending at an energy where the quasiparticle den-
sity of states is small [as in Fig. 2(a)] and the second is
emitting a lower energy phonon and ending at an energy
where the quasiparticle density of states is large [as in Fig.
2(b)]. In the process depicted in Fig. 2(a) relaxation from the
initial state in the range 3Asl+s2" 2Asl+s2+ As2 can produce a
productive phonon, ftftphonon> 2Asl+s2, which results in the
breaking of a Cooper pair. In contrast, in the process in Fig.
2(b) where the energy of the emitted phonon is not sufficient,
ftftphonon< 2Asl4s2, to generate extra quasiparticles and the
system finally relaxes by emitting another nonproductive
phonon.

. PHONON EMISSION RATE IN BCS AND
PROXIMIZED STRUCTURES

Comparison of the phonon emission rate for a prox-
imized thin film superconductor with its BCS-type counter-
part will indicate if the less efficient route is of importance

J. Appl. Phys. 105, 123906 (2009)

for the quasiparticle yield. The local phonon emission rate
Temi is calculated using the following expression:1315

emiCM0a ®Aep)
1 SaS Qrsy2
ft  G(x,sa—ft)
TOX) [KTc(X)13) ea-e r 2

ALX) Im F(x,sa—ft) [1+n(ft)]dft, (2)

where x is the coordinate perpendicular to the interface be-
tween the two layers, ea and ep are the initial and final
energies of the quasiparticle, rOis the electron-phonon inter-
action characteristic time, Tc is the bulk critical temperature
of the bilayer, both taken from literature.16 Alis the position
dependent order parameter, G(x,e) is the quasiparticle den-
sity of states, Im F is the imaginary part of the anomalous
Green function, as explained in Ref. 13, and «(ft) is the
phonon distribution function which is in most cases smaller
than unity and can be neglected. In the geometries discussed
below the quasiparticles traverse the bilayer much faster than
the time it takes to emit a phonon and the Bhonon emission
rate can be averaged over the x-coordinate

Temi(ea ™ efi)

Nq(x)G(x, Sa)remi(x, S a” Sjj)dx

©)

Ng(x)G(x,sa)dx
el

For the numerical evaluation of this expression, energy inter-
vals of width Se (here chosen to be equal to Asl+s2/11) are
used and the phonon emission rate from energy level ea to
the energy interval Sep near the energy ep can be averaged
over the interval [ep-Se/2,ep+Se/2]

| Temi(sa ™ Ssfi)dsa
J As

Se (4)
From these expressions the phonon emission rate in the en-
ergy range Asl+s2 to 5Asl+s2 has been calculated for a prox-
imized Ta/Al superconducting thin film with thickness
100/60 nm (100 nm of tantalum and 60 nm of aluminum)
and for the hypothetic BCS superconductor with the same
energy gap (Asl+2=420 ”~eV). The significance of the inter-
val Asl+s2 to 5As1+s2 is that the maximum energy of the emit-
ted phonons is less than 4Asl+s2, hence there may only be
one pair-breaking phonon emitted during the relaxation.
Figure 3 shows the calculated emission rate from any
energy level ea, in the range of A to 5A, to any lower energy
level ep. The BCS-type layers show the highest phonon
emission rate, for all initial energies levels ea, to the final
energy level ep= Asl+2, while the proximized bilayer show
the highest rate, for all initial energy levels ea, to the final
energy level ep=As2. This indicates that indeed quasiparticle
creation in a proximized superconducting thin film proceeds
with high efficiency through the route shown in Fig. 2(b).
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IV. QUASIPARTICLE CREATION EFFICIENCY

Using the phonon emission rate the final stage of down
conversion can be modeled for the proximized and BCS-type
superconductor thin films. The goal is to investigate if the
efficiency of quasiparticle creation in a proximized structure
is reduced in comparison with the efficiency of quasiparticle
creation in a BCS structure with the same energy gap. For
this comparison the number of quasiparticles created at the
end of the down conversion process is of interest. The main
reduction in the quasiparticle creation in a proximized super-
conductor will take place in the final relaxation toward the
energy gap where the differences between the proximized
and BCS density of states are the largest. This step is the
relaxation from the range 3Aslts2< e <5 A sl+s2 in which the
phonons emitted due to relaxation can only break a single
Cooper pair at most. Below this range the emitted phonons
will not possess Cooper pair-breaking capabilities in either a
proximized or a BCS-type superconductor thus not affecting
the total number of quasiparticles. The energy dependent bal-
ance equation is given by18

dN(Sea) =*
dt

rem(S:M" SaJ eN(Sep)—2 Temi(“ea
p p

A Sep) *N(Sea),Equation (5)

with N(SeJ) as the number of thermal quasiparticles in the
energy interval Sea. In order to account for quasiparticle cre-
ation due to breaking of Cooper pairs by high energetic
phonons the number of emitted productive phonons (ftO
> 2A) is of importance. When a phonon resulting from the
relaxation from energy level ea to ep has Cooper pair-
breaking capabilities it can produce two extra quasiparticles
positioned at energy levels ey and ea—ep-ey. A small
amount of the productive phonons will be lost into the sub-
strate before they can break a Cooper pair, but this is as-
sumed to be negligible. As mentioned above only the total
number of quasiparticles at the end of the down conversion
process is of interest and not the dynamics of the quasiparti-
cle distribution, which makes it possible to simplify the
simulation of this process further. In the model each relax-
ation with ea—ep> 2A is assumed to create two more qua-
siparticles, one of which is positioned at the energy gap and
the other one is positioned at ea—ep—Asl+2. This simplifi-
cation will produce a small error on the relaxation toward
these energy levels because these levels will be more popu-

J. Appl. Phys. 105, 123906 (2009)

FIG. 3. The rate of phonon emission
resulting from relaxations of a quasi-
particle from energy ea to ep in the
range of A to 5A (a) of a Ta/Al film
100/60 nm with an energy gap of
420 «eV and (b) of a BCS-type film
with the same energy gap.

lated. However, in the required accuracy of the model this is
negligible.

Using this model the final number of quasiparticles for
different Ta/Al layouts has been calculated using the prox-
imized and the BCS phonon emission rates. In this calcula-
tion we have used the density of states in Ta/Al bilayers as
calculated with the model from Brammertz et al. ™ The en-
ergy gaps predicted for the experimentally tested structures
in Sec. V were found in excellent agreement with the mea-
sured gaps. The density and energy gaps of the modeled
geometries are only dependent on the layer thicknesses of the
two materials. The rest of the parameters are the bulk values
taken from literature.16 The ratio of numbers of calculated
created quasiparticles in the proximized structure and in the
BCS counterpart (Nprox/ NBCS) for the different geometries is
shown as a function of tantalum layer thicknesses for three
different aluminum thicknesses in Fig. 4. In all cases the
ratio Nprox/N BCS is smaller than unity indicating that the cal-
culated quasiparticle creation is indeed less efficient in prox-
imized structures.

For tantalum thicknesses larger than a few coherence
lengths (x0~ 90 nm) the proximized quasiparticle density of
states will approach the quasiparticle density of states of pure
tantalum and display a sharp peak near the energy gap of
tantalum. In the proximized part of the structure the energy
gap Asl+s2 will be constant with tantalum thickness, in the
nonproximized tantalum the energy gap will be equal to
ATa(=700 «eV) and in between there will be a intermediate
region where the energy gap changes from Asl+2 to ATa The
effect of the proximized density of states will reduce with
increasing tantalum thickness and the device will appear

Ta thickness [nm]

FIG. 4. Ratio of quasiparticle yield in a proximized Ta/Al bilayer and in the
BCS counterpart as a function of tantalum layer thickness for aluminum
thicknesses 30, 60, and 100 nm.
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Tatop electrode

W - Nb contacts -

Ta absorber

sapphire
substrate

j Photon

FIG. 5. Schematic representation of the DROID configuration.

more like BCS tantalum with the ratio Nprox/ NBCS approach-
ing Asl+s2/ ATa (0.71, 0.60, and 0.51 for Al thicknesses of 30,
60, and 100 nm, respectively).

Due to the finite bin size Se in the numerical calculation
of the averaged phonon emission rate [EqQ. (4)], the number
of states in the sharp peak at ATa for thick Ta layers tends to
get underestimated, and hence also the contribution of the
relaxation through this channel. The efficiency of quasiparti-
cle creation will be overestimated and the calculated ratio
Nprox/Nbes for thicker tantalum layer will be too large. For
this reason we only display calculations for layer thicknesses
up to a few coherence lengths. Note that the BCS quasipar-
ticle density of states shows a similar sharp peak near the
energy gap. However, in this case underestimation of the
number of states in the peak has only a minor effect, since
there is only a single relaxation channel.

V. EXPERIMENTAL INVESTIGATION OF THE
QUASIPARTICLE YIELD IN THE BCS ABSORBER
AND PROXIMIZED STJ OF A DROID

To test the model we compared the charge outputs (de-
fined as the number of tunneled electrons) of photon absorp-
tion events occurring inside an STJ with those in the ab-
sorber immediately next to the STJ, in three DROID
structures with different STJ layer structures. Within a
DROID we can measure the charge output (e-) of a prox-
imized superconductor (the STJ) and a BCS-type supercon-
ductor (the absorber) within a single experiment. Since the
two types of superconductor are part of the same detector the
measurement parameters such as film quality, operating tem-
perature, and magnetic field are identical. The DROIDs, pro-
duced by MicroFab Ltd (Ref. 19) using high quality sputter
targets (purity of 99.99%) and r-plane Sapphire substrates,
have a length, including the STJs, of 400 jvm and a width of
30 vm. The STJs are square in geometry with the sides
equal to the width of the absorber. The tantalum layer of the
base electrode of the STJ is an integral part of the pure BCS
tantalum absorber (see Fig. 5) which has an energy gap of
700 veV. The STJs are made out of a Ta/Al/AIOX/All/ Ta
multilayer with thicknesses of 100/30/1/30/100 nm, 100/60/
1/60/100 nm, and 100/100/1/100/100 nm energy gaps, as
measured from the IV curves of 500, 420, and 360 veV and
residual resistivity ratio values of 50, 59, and 41, respec-
tively. The confinement of the quasiparticles in the STJ im-
proves with aluminum layer thickness due to the lower en-

J. Appl. Phys. 105, 123906 (2009)

-02 0.0 0.2

(Q-Q)(Q+Q)

FIG. 6. Scatter plot of the total charge output, measuring a photon energy,
against the ratio of the charges, measuring the position of absorption site, for
the 100/30 nm Ta/Al DROID and a wavelength of 300 nm. The lines show
a graphical representation of the selection of the different areas with the
sections used to calculate the ratios indicated.

ergy gap. For the 100 nm aluminum layer the confinement is
nearly perfect which means that the quasiparticles cannot
escape from the STJ.

A 3He sorption cooler has been used with a base tem-
perature of 295 mK, low enough to reduce the thermal cur-
rent to a negligible level for all three devices. The cryostat is
equipped with an optical fiber to illuminate the chip through
the sapphire substrate with optical photons (Eg=1-5 eV)
from a double grating monochromator.

The signal pulses from the STJs are fed into a charge
sensitive preamplifier and subsequently digitized in a com-
puter oscilloscope card. In a DROID structure the generated
quasiparticles will diffuse throughout the structure and are
detected by tunneling across the barrier in the STJs. The sum
of the measured charge outputs Q1+Q2 is a measure of the
photon energy, while the normalized difference (Qj
- 62)/(Q1+ Q2 refers to position of absorption along the ab-
sorber. Figure 6 shows a scatter plot of individual photon
signals in an energy versus position representation. Absorp-
tions in the STJs can easily be distinguished from those in
the absorber by their spatial separation. The pulses from a
single position are averaged to reduce the noise and inte-
grated to obtain the charge output. To ensure that the de-
tected quasiparticles undergo the same loss due to diffusion
the STJ charge output is compared to the charge output of an
area on the absorber next to the STJ. This area should be
sufficiently large so that the lateral proximity effect™ has a
negligible influence. Also it should not be big enough for the
differences in loss due to diffusion through the absorber to
become apparent. An area with a width of 33 vm is chosen,
which divides the absorber in JJ sections (see Fig. 6). This is
much larger than the extent of the lateral proximity effect,
which is only for a few micrometers, and it is well within the
position resolution of the devices used.

There are some differences between an absorption in the
STJ and one in the absorber which have to be taken into
consideration. For photon absorption in the STJ the quasipar-
ticles will ultimately relax toward Astj. Quasiparticles which
are generated due to absorption in the absorber will ulti-
mately relax toward ATa and diffuse toward the STJs where
they are injected into the STJ at ATa. The relaxation time of
these quasiparticles is much faster than the time required for
diffusing into and out of the STJ and the quasiparticles will
relax with emission of a phonon.
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FIG. 7. Ratio of the charge output of absorption in the STJ and in the
absorber right next to the STJ for the three layouts at different bias voltages.
The three lines are the calculated ratios.

Under the influence of gain in energy due to sequential
tunneling, relaxation with emission of a phonon and the in-
and out-flux of quasiparticles between the STJ and absorber
a quasistationary spectral distribution of quasiparticles will
be formed in both situations. This quasiparticle distribution
will retain its spectral shape during the whole process of
charge acquisition, while the number of nonequilibrium qua-
siparticles (area under the spectral distribution curve) de-
creases as quasiparticles are lost or recombine. The effect of
the different initial conditions in distribution between ab-
sorption in the STJ and that in the absorber on the shape of
the spectral distribution is expected to be negligible. How-
ever, the confinement of quasiparticles in the STJ could have
an effect on the charge output ratio, e.g., with perfect con-
finement all quasiparticles generated resulting from an ab-
sorption in the STJ would remain in the STJ. While for an
absorption in the absorber a fraction of the quasiparticles
would diffuse toward the opposite STJ, experiencing the loss
mechanisms in the absorber. The confinement of quasiparti-
cles is affected by the applied bias voltage. With each tunnel
event a quasiparticle gains energy equal to the bias voltage,
this is counteracted by relaxation, and with increasing bias
voltage the confinement will reduce. If the confinement has
an effect on the ratio of charges in the way explained above
it should be visible in a scan over different bias voltages.
Because with reduced confinement in the STJ the quasipar-
ticles created in the STJ will be subjected to more losses (the
losses in the absorber) the ratio QSTY Qabs should reduce with
bias voltage. Figure 7 shows the ratio of the measured charge
outputs for photon absorption in the STJ and for absorption
in the absorber next to the STJ as a function of bias voltage.
Even if the data of the thicker aluminum devices show a lot
of scatter due to noise, no trend is visible in all three situa-
tions and we conclude that the extra losses for quasiparticles
produced by an absorption in the absorber immediately ad-
jacent to the STJ are negligible.

In the model the multiple tunneling is seen as an ampli-
fication of the number of generated quasiparticles which is
the same for absorption in the STJ and for absorption in the
absorber. Thus in both situations the charge output is a mea-
sure of the number of quasiparticles generated and the ratio
should be equal to the ratio of the number of created quasi-
particles following the absorption of a photon on each posi-
tion.

J. Appl. Phys. 105, 123906 (2009)

Al thickness [nm]

FIG. 8. Ratio of the charge output from the STJ and from the absorber just
next to the STJ for the DROIDs with aluminum layer thickness of 30, 60,
and 100 nm, all with a tantalum layer thickness of 100 nm. The dashed line
is the predicted ratio for a BCS-type STJ with energy gap Astj. The solid
line is the ratio as calculated obtained with the model. The presented points
are averages of the measured ratios at different photon energies in the range
of 1.5-5 eV over which range the ratio is constant in all three cases. The
ratios for the bilayers with 30 nm aluminum have been measured at a bias
voltage of 100 j V and the ratios for the bilayers with 60 and 100 nm
aluminum have been measured at 150 j V.

If the proximized STJs were acting like BCS-type STJs
the ratio between the charge output in the STJ and the ab-
sorber section next to the STJ would simply be determined
by the ratio of the energy gaps [cf. Eq. (1)].

QSTIBCS _ ATa (6)
Sabs ASTJ

Here QSTJBCS is the charge output of a BCS-type STJ and
Qax is the charge output of the absorber. However, taking
into account the lower quasiparticle yield in the proximized
STJ we arrive at a lower ratio.

QST prox _ ATa Nprox )
Sabs ASTINBCS

Here QSTJprox is the charge output of the proximized STJ and
Nprox/ Nbcs is the calculated ratio of the numbers of created
quasiparticles for a proximized and for a BCS-type density
of states for the STJ, which can be calculated using the
model explained in Sec. IV. From Eq. (7) the ratio
QSTJprox/ Qabs has been calculated for DROIDs with 30, 60,
and 100 nm thick aluminum layers in the STJs. The results
are compared with the ratio of the charge output of the STJ
and the part of the absorber immediately next to the STJ for
different photon energies ranging from 1.5 to 5 eV for the
different devices. The bias voltage was 100 jV for the
DROID with 30 nm aluminum layers and 150 j V for the
DROIDs with 60 and 100 nm aluminum layers. For all three
aluminum thicknesses the ratio is constant with photon en-
ergy and the ratios of a single energy scan have been aver-
aged to increase the accuracy. The results are shown in Fig. 8
where the points are the measured ratios, the dashed line is
the ratio ATa/ Astj and the solid line is the resulting ratio of
the model.

For all three DROIDs the measured ratios are well below
the ratio ATa/Astj indicating the significance of different
conditions for the quasiparticle creation. The simulated ratio
convincingly fits the results in all three measurements.
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VI. DISCUSSION

We have investigated the final stage of down conversion
in proximized thin film superconductors and clearly con-
firmed a lower efficiency in quasiparticle creation compared
to the BCS counterpart. This lower efficiency is caused by
the modified quasiparticle density of states of a proximized
device (shown in Fig. 1) which, contrary to the BCS quasi-
particle density of states shows an increased number of states
at As2 in the higher gap material. In the final stage of the
down conversion process of a proximized superconducting
thin film, the result will be an increase in relaxation of high
energy quasiparticles first toward As2 followed by relaxation
toward Asl+s?, instead of immediately relaxing toward Asl+s2
as in a BCS-type superconductor. Quasiparticles from the
energy range 3Asl to 2Asl+2+ A2 which relax to As2 do not
emit phonons with Cooper pair-breaking capabilities while
the phonons would be energetic enough to break a Cooper
pair if the quasiparticle immediately would have relaxed to
Asl+s2. This results in reduced quasiparticle creation effi-
ciency in proximized superconducting thin films.

The reduced quasiparticle creation efficiency is con-
firmed in the measurements using DROIDs where we have
compared the charge output of the proximized STJ with the
charge output of the BCS absorber. Figure 8 clearly shows
that the ratio of the two responsivities is lower than the ratio
of the energy gaps. Using the model we have calculated the
ratio as it would be with the lower efficiency in quasiparticle
creation in the proximized STJ. In all three situations the
calculated ratio closely fits the measured ratios. For the mea-
surements it is assumed that the difference in loss of quasi-
particles due to diffusion is negligible for these two loca-
tions. Although the quasiparticle diffusion and injection in
the STJ are different for the two locations a constant distri-
bution of quasiparticles is quickly formed, which is the same
in shape but different in amplitude. The trapping of quasipar-
ticles in the STJ could produce a lower loss rate for quasi-
particles created in the STJ. However, a variation in the bias
voltage, which changes the trapping efficiency of the STJs,
has no effect on the ratio indicating this effect is negligible.
The ratio of the responsivities is constant with photon energy
in the optical range. With the absorption of an optical photon
the quasiparticle concentration is too low to produce signifi-
cant recombination between two mobile quasiparticles,
which would reduce the charge output in both the STJ and
absorber. Also the number of states available in the quasipar-
ticle density of states is large enough to accommodate all
generated quasiparticles close to the edge of the energy gap,
such that no restriction in the relaxation of quasiparticles is
introduced.

For photon detectors based on proximized superconduct-
ors, such as STJs, the implication of this lower quasiparticle
yield at the end of the down conversion is lower signal am-
plitude and a lower limiting energy resolving power. In the
case of a DROID, where the absorber is made of a pure
superconductor and the STJs are proximized superconduct-

J. Appl. Phys. 105, 123906 (2009)

ors, the charge output of the STJ will be lower than one
would assume from the ratio of the energy gaps of the STJ
and absorber. Also the resolution of the STJs will be affected
accordingly.

VIl. CONCLUSION

In conclusion we have successfully clarified in signifi-
cant detail the final stages of down conversion in proximized
superconducting thin films and compared them to the BCS
counterpart with the same energy gap. The model has been
tested using the ratio of the charge output of the proximized
STJ and BCS-type absorber of three DROIDs with different
aluminum trapping layer thicknesses in the proximized STJs.
The experimental data agree closely with the model. We con-
clude that the quasiparticle creation in proximized devices
compared with a BCS-type superconductor is indeed less
efficient due to increased quasiparticle relaxation toward the
energy gap of the higher gap material.
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