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Abstract

Because of their versatility and scalability, Microwave Kinetic Inductance Detectors (MKIDs) represent a rapidly develop-
ing class of cryogenic superconducting detectors. In the context of optical photon detectors, the efficiency of MKIDs faces
limitations due to the reflection of visible and near-infrared (VIS-NIR) photons by low resistivity metallic films, which pre-
vents a significant portion of incident photons from being absorbed and detected. To address this issue, we propose the use
of granular Aluminum (grAl), a disordered superconductor which can achieve resistivity as high as 10 mQ-cm. We measure
optical transmission and reflection of grAl thin films in the wavelength range 400 nm to 1100 nm, from which we infer their
absorption. Compared to other commonly used superconductors in the MKIDs community, for grAl we observe comparable
or superior absorption, depending on the wavelength and the film thickness, which makes it a promising alternative material.

1 Introduction

Microwave Kinetic Inductance Detectors (MKIDs) are a
class of superconducting cryogenic pair-breaking detectors
with a plethora of applications in advanced instrumentation
[1]. In particular, for optical and near-infrared astronomy,
instruments such as ARCONS [2], DARKNESS [3] and
MEC [4] have been demonstrated and deployed on sky.
While these instruments clearly show that the state-of-the-
art is well advanced, in the optical and near-infrared range
further research and development can be beneficial in order
to further improve detector performance. The optical prop-
erties of thin superconducting films are being widely inves-
tigated by the MKIDs community. Studies show promising
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results for TiN [5-7], Ti/TiN multilayers [5], Hf [8], p-Ta
[7] and PtSi [6, 9].

Granular Aluminum (grAl) is a superconductor with a
long standing record of scientific publications starting with
Cohen and Abeles [10] in 1968. It is made up of nanom-
eter-sized grains of superconducting Aluminum (Al) [11]
coupled to each other through thin insulating layers of non-
stoichiometric Aluminum Oxide (AlO,) to form an effec-
tive 3-dimensional network of Josephson junctions [12]. Its
superconducting properties, such as kinetic inductance and
critical temperature, as well as the optical properties related
to the film resistivity, can be tuned by varying the oxida-
tion parameters during deposition. Remarkably, grAl can
show superconductivity for relatively high resistivity up to
10 mQ-cm [13], which corresponds to low reflectivity thin
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films, promising for photon detectors. Superconducting grAl
resonators and devices with relatively high internal qual-
ity factors Q; ~ 100,000 have already been demonstrated
[14-20], and used to implement kinetic inductance detectors
for GHz [21] and THz [22] radiation.

Here we assess the possibility of using grAl for optical
and near-infrared astronomy by investigating the absorption
of grAl films for photons in the 400 nm - 1100 nm range. On
visual inspection, grAl looks dark-grey and possibly exhibits
higher absorption than more traditional superconductors in
the same wavelength range. Possible advantageous features
of optical grAl detectors for VIS-NIR MKIDs include small
reflectivity [23], a high sheet-inductance which yields small
pixel size and enables up-scaling the density of pixels on
the focal plane of an instrument, a technically less involved
thermal deposition method which does not require ultra-high
vacuum, as well as a resilience to magnetic fields of up to
1 T [24]. It is also worth mentioning that the quasiparticle
relaxation time for grAl films can be in excess of 1 s [16] in
principle allowing for a long signal integration time. Previ-
ous optical characterisation of grAl films have focused on
different morphologies with larger grains by one order of
magnitude [23], obtained by thermal treatment at tempera-
tures above 300 °C.

The grAl films discussed in this article were deposited at
room temperature on c-plane Sapphire substrates by evapo-
ration in an atmosphere with a partial pressure of oxygen.
They are all nominally 20 nm thick and are uniform within
10% across the radius. Such uniformity is achieved by rotat-
ing the sapphire substrate around its axis during the evapo-
ration process. These films exhibit resistivity values which
are about one order of magnitude below the grAl supercon-
ducting-insulator transition, as summarized in Table 1 [25].

2 Optical transmittance

The optical transmittance of a sample is defined as the frac-
tion of the incident optical flux that is not absorbed nor
reflected by the sample. This is a measure of how transpar-
ent a certain sample is to incident radiation.

The experimental setup used to measure transmittance
is shown in Fig. 1 and is composed of a broad-spectrum
tungsten lamp filtered by a Quantum Design MSH-150

Table 1 GrAl films resistance and resistivity values obtained from a
4-probe measurement at room temperature, with a +10% uncertainty.
All films are nominally 20 nm thick

Sample 1 2 3 4 5
R(Q/00) 1250 1000 550 220 170
p(uQ-cm) 2500 2000 1100 440 340
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Fig. 1 Schematic of the experimental setup used for the thin film
optical transmittance measurements. The light produced by the lamp
is passed through a monochromator which scans the source from 400
nm to 1100 nm. The light is then shone through an integrating sphere
and then through the sample into a photodiode in order to obtain a
spectrum

monochromator. The monochromatic light is coupled into
an optical fiber, which is then connected to one of the four
ports of an integrating sphere (Newport 819C) to uniformly
illuminate the samples. This custom setup acts as a home-
built spectrophotometer.

The samples to be characterized are attached to a holder
located at the second port, at 90° with respect to the first
one. Behind the holder, we mounted a calibrated photo-diode
(Thorlabs S120C) in order to measure the amount of light
that is transmitted through the sample. The remaining two
ports were kept closed with their caps. The whole setup is
then placed inside a light-tight enclosure to avoid the effects
of stray light.

The Transmittance 7;(4), presented in Fig. 2, is calculated
for wavelengths A between 400 nm and 1100 nm by comput-
ing the ratio

_ grAl;(4)
Tih) = Sapphire(4)’ (M

where grAl; is the optical flux (after dark current subtraction)
measured by the detector for the i-th sample and Sapphire(A)
is the detected optical flux for a blank sapphire wafer. Here,
we have neglected any second-order effects, such as those
induced by multiple reflections at the interfaces. This
approximation is justified by the small thickness of the film
as described in Ballester et al. [26].

The error bars in Fig. 2 were determined by propagating
the detector uncertainty: we measured a set of dark current
values from which we calculated the standard deviation o.
We have then calculated the relative error for the optical flux
values using 2¢ and propagated it (See Appendix A.1). Note,
that the sharp increase in noise around 800 nm is due to a
change in the grating of the monochromator which results in
a significant reduction of light passing it. The noise at the far
ends of the spectrum are due to low intensity emitted from
the monochromator in these wavelength ranges.

For samples 1 to 4, at a fixed wavelength (e.g. 1100 nm)
the transmittance increases with increasing resistivity of the
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Fig.2 Transmittance vs. wavelength for all grAl samples
(see Table 1) measured using the setup in Fig. 1. Each colour cor-
responds to a different sheet resistance, according to the legend. The
shaded areas represent the uncertainty on the measurements. The
inset shows the measured transmittance at 1100 nm vs. the sheet
resistance of the grAl film. The red line shows a quadratic fit to the
data to guide the eye

film. For samples 5 and 6 (Black and magenta curves), we
see that the trend seems reversed but still consistent within
measurement uncertainties. This could be due to a sample
mix-up, a drift in the lamp intensity or a drift in the detector
efficiency.

The inset of Fig. 2 indicates a non-linear dependence of
the transmittance as a function of the resistivity for differ-
ent films.

3 Optical reflectance

The experimental setup shown in Fig. 3 consists of a broad-
spectrum tungsten lamp connected to a Quantum Design
MSH-150 monochromator the output of which is coupled
to a fiber. The fiber is mounted at one end of a black plastic
tube which is part of a light-tight box. At the other end of the
tube, we place our samples, i.e., either a calibrated Al mirror
(PF20-03-GO1 from Thorlabs), a blank sapphire wafer, or
the Sapphire + grAl film. We use a black cardboard behind
the sample to reduce any spurious reflections. The light is
reflected from the samples and then coupled into another
optical fiber, mounted parallel to the first one. The collected
light signal is then measured with the use of a calibrated
photodiode (Thorlabs S120C). The setup is shielded inside
a light-tight enclosure.

Light Tight Enclosure

Optical Fiber

B
[ Lamp ][Monochromator 3
g
@©
o
x
Detector S
) ) )
Optical Fibre
Sample wafer
a=72° e
l=5cm Mirror

Fig.3 Schematic of the experimental setup used for the thin film
optical reflectance measurements. The gray shape represents the two
fiber ends mounted at one extremity of the plastic tube

Following the scheme and the labels of Fig. 3, geometri-
cal considerations allow us to set an upper limit for the angu-
lar deviation from perpendicular incidence:

a= arctg(dSIleA> =7.2°+0.5°

where dg,,, = 7.9 mm is the diameter of the sub miniature A
(SMA) connectors, which is also the distance between two
fiber-core centers, and / = 5 cm. While the setup does not
test the reflectivity at perpendicular incidence (a > 0), it is
important to note that « is far from Brewster’s angle which
varies with the refractive index of the sample between 60°
and 65°, so the reflectance is expected to vary slowly with
the angle of incidence.

In this configuration, the reflectance of the grAl films
is given by the ratio between the signal read out by the
detector when the Sapphire + grAl wafer is mounted in the
sample space (taking into account its reflectivity) and the
signal measured when the mirror is mounted re-normalized
through the known reflectivity of the mirror itself. A thor-
ough description of the measurement strategy can be found
in Appendix B.1 We observe that the reflectance decreases
as the film’s resistivity increases at a fixed wavelength. The
inset of Fig. 4 shows the reflectance of the grAl films at
1100 nm as a function of the resistivity of the films. The
error bars in Fig. 4 were calculated following a similar recipe
as described in the previous section, i.e. by evaluating the
relative error of the detection and propagating it (for details
see Appendix B.2).

Note, that the signal that reaches the detector in all cases
is about one order of magnitude bigger than the previous
case, hence the effects of the reduction of the throughput of
the monochromator are not as relevant. For this reason, the
nominal relative error on the measurement as provided by
the manufacturer of the detector is greater than the contri-
bution of the dark current, hence we used that for propaga-
tion. Thorlabs quotes 3% between 440 nm and 980 nm, 5%
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Fig.4 Reflectance vs. wavelength for all grAl samples (see Table 1)
measured using the setup in Fig. 3. Each colour corresponds to a dif-
ferent sheet resistance, according to the legend. The shaded areas
represent the uncertainty of the measurements. The inset shows the
measured reflectance at 1100 nm vs. the sheet resistance of the grAl
film. The red line shows a quadratic fit to the data to guide the eye

between 400 nm and 439 nm and 7% between 981 nm and
1100 nm. Since we are operating the detector to measure
an optical flux which is in the order of 35 nW which is out-
side of the nominal power range for which the detector is
calibrated (50 nW - 50 mW), we used the max value of 7%
across the whole spectrum. The lamp intensity was meas-
ured and it appears to fluctuate by about 0.8% of its maxi-
mum intensity. However, if summed in quadrature with the
uncertainty of the detector this contribution is negligible.

4 Optical absorbance

The optical absorbance is obtained from energy
conservation:

1 =Ri(A) + Ti(A) + A(A), 2)

where R;, T; and A, represent the reflectance, the transmit-
tance and the absorbance for each film i, respectively. The
resulting A, curves are shown in Fig. 5 and the shaded areas
represent the uncertainties.

Unlike the cases of transmittance (see Fig. 2) and reflec-
tance (see Fig. 4), the spread between the different curves
is much smaller and almost fully contained within the error
bars. The inset of Fig. 5 shows the absorbance of the grAl
films at 1100 nm as a function of the resistivity of the films.
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Fig.5 Absorbance vs. wavelength for all grAl samples (see Table 1)
obtained using Eq. 2. Each colour corresponds to a different sheet
resistance, according to the legend. The shaded areas represent the
uncertainty of the measurements. The inset shows absorbance at
1100 nm vs. the sheet resistance of the grAl film. The red line shows
a quadratic fit to the data to guide the eye

Any possible variation of absorbance with resistivity is
within the measurement uncertainty of our setup.

In Fig. 6 we compare the average over all measured
absorbance curves of our grAl films with other supercon-
ductors from the literature, with critical temperatures in
the same range. We used a publicly available database of
refractive indices for different materials and at different
wavelengths produced by [27, 28] to obtain data on the
transmittance and reflectance of thin films of Aluminum
(Al), Molybdenum (Mo), Niobium (Nb), Titanium (Ti) and
Titanium Nitride (TiN). The database provides easy ways to
calculate both the reflectance and transmittance as a function
of the wavelength, the angle of incidence (which was kept
at 0°) and the thickness of the film (for further details see
Appendix B.3). In order to compare with our grAl films, we
fixed the thickness of all films to 20 nm.

MKIDs instruments that have been tested and deployed
on sky such as DARKNESS [3] and MEC [4], use 60 nm
thick films of PtSi as superconducting material with criti-
cal temperature in the range 0.8—1.0 K [9]. We therefore
compare the absorption of our grAl films with the absorp-
tion of PtSi films. This comparison is not straightforward,
as we need to compensate for different thicknesses; a
thicker film absorbs more radiation than a thinner one. In
a simplified picture, we assume that the reflectance of the
material depends only on its surface and the transmittance
decreases exponentially with the thickness of the film B.3.
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Fig.6 Absorption of different 20 nm films of different superconduc-
tors commonly used in the MKIDs community: Brown - Aluminum,
Blue - Molybdenum, Red - Niobium, Green - Titanium, Orange
- Titanium Nitride (TiN). The black scatter represents the curve
obtained by averaging the 5 curves of the grAl films shown in Fig. 5.
The inset shows the absorption for selected materials including GrAl
rescaled to be 60 nm thick. The PtSi (in Pink) value is taken from
data published by [9], the Hf (in Dark Blue) is taken from data pub-
lished by [8], all others are based on refractive index calculations

Increasing the thickness of the film three-fold results in a
three-fold decrease in surface impedance, so that must be
taken into account.

Figure 6 shows that 20 nm of grAl absorb about 40% of
the impinging radiation across the whole 400 nm - 1100
nm band. Our data indicates that an MKID fabricated with
a 20 nm thick film of grAl is as capable of absorbing vis-
ible and near infrared radiation with efficiencies similar to
those of TiN MKIDs.

The inset of Fig. 6 shows a comparison between the
extrapolated absorbance of GrAl, Ti and TiN, with meas-
ured PtSi data from [9]. We can infer that for 60 nm thick
films, while the short-wavelength performance of Ti and
TiN are marginally superior to grAl, grAl absorbs more
visible and near-infrared radiation compared to PtSi films
of the same thickness. Accordingly, it was estimated that
a 90 nm thick film, if we imagined no reflectivity (e.g.
by depositing anti-reflective coating on top of the film),
would exhibit absorbance larger than 92% while retain-
ing a large sheet inductance compared to other competing
superconductors. Furthermore, being grAl deposited on
sapphire substrates instead of silicon, it might exhibit bet-
ter performance in terms of Two-Level Systems noise. A
study on the TLS noise figure of grAl films can be found
in [28]. It must be stated that the spectra can be treated

with de-noising methods which are specific to thin film
spectrometry [29] but were not used in this paper.

5 Conclusions

In an effort towards the development of better-performing
MKIDs, we have carried out an investigation of the optical
properties of grAl focusing on the reflectance and the absorb-
ance of thin films of grAl of different morphology and con-
sequently different resistivity, at room temperature. While
reflectance and transmittance vary as the resistivity (i.e. the
morphology) of the film varies, the absorbance appears to
remain constrained within the uncertainties of our meas-
urements. grAl is a promising superconductor for MKIDs
because of its easy and affordable deposition, which yields
uniform film thickness within + 10%. We have shown that grAl
films absorb light as efficiently as other - more technologi-
cally challenging - superconductors, already employed in the
community such as PtSi and TiN, while offering higher sheet
inductance and therefore prospects for device miniaturization
in Megapixel-instruments. The study carried out for this report
aims to produce a rough estimate of the optical properties of
grAl films (thus indirectly inferring on n and k) based on sim-
plified wave propagation models. Ellipsometry coupled with
sophisticated dispersion models [30, 31], like Kramer-Kronig
consistent methods, could offer a more comprehensive analysis
and are intended for future work.

Appendix A Transmittance measurements
A.1 Error propagation

In order to calculate the errors on the transmittance curves,
we have measured a data-stream of dark current from which
we calculated the standard deviation and eventually, from the
standard deviation, the peak-to-peak value and used this value
to calculate the relative uncertainty on the current measured
when measuring the photo-current when in front of the detec-
tor there is either the i-th grAl sample or a blank Sapphire
wafer. The error on the transmittance figure was obtained by
propagating such relative errors as described in [32].

epeak—lo—peak =2.355X% O dark-current (3)

€ = €peak-lo—peak/ grAli (4)

€Sapphire = €pea.k—to—peak/ Sapphlre (5)
— 2 2

€Transmittancei - €grAli + €Sap[)hirg X Ti (6)
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Appendix B Reflectance measurements
B.1 Measurement strategy

The reflectance measurement was carried out as follows:

First we measure the light reflected by the mirror
Lyt mirror(A)) loaded in the sample holder, and by know-
ing its nominal reflectivity (R,,,,,,(4)), we can calculate
the impinging optical flux (1;,(4)):

Iout,mirror(ﬂ) = Rmirror()”) : Iin(/l) 7)

Once we have calculated the impinging optical flux, and
assuming we can neglect any fluctuation of the lamp inten-
sity, we can now calculate the reflectivity of the sapphire
wafer in a similar fashion:

Inut(l) = RSapphire(/l) + 0<T32apphire)] ’ Im(/l) (8)

Where Rgyppnire 18 the reflectance of the sapphire wafer,

2
O(T{ textSapphire
contribution due to multiple reflections in the sapphire.
These are considered negligible due to the fact that

Téapphire < 0.04 across the whole wavelength range.

The samples we are characterizing consist of a thin
grAl film deposited on a Sapphire substrate, therefore their
reflectance depends mainly on the reflectance of the grAl
film and on the reflectance of the Sapphire and the trans-
mittance of the grAl films [33]. If we exclude higher-order
effects such as multiple reflections, the reflectance of the
stack can be calculated as:

Lo (A) = Ly (4) - (Ri(A) + T{(DRsapphire (D T;(4)) ©)

)= TSapphireRSapphireTSapphire + ... includes any

Where, along with the already defined Rg,pires T'sapphire 204
T;, R; represents the reflectance of the i-th grAl sample (see
Table 1. The transmittance 7; when squared is < 0.16 and
when multiplied by Rg,hire, the second term in equation 9
as well as any other multiple-reflection effect contributes
to at most 0.05. We have, therefore, neglected them in the
calculation of the reflectance values shown in Fig. 4. We
justify this assumption by the fact that the measured R; are
over an order of magnitude larger.

We noticed that the detector’s reading was below the
operating regime recommended by the manufacturer of
50 uW. This means that the calibration of the detector
may need to be adjusted. In order to do that, we have
characterized the reflectance of a blank sapphire wafer
and compared it to literature estimates of 15% for nor-
mal incidence. We have therefore assumed that, for small
variations in light intensity about the operating point, the
response of the photodiode can be linearised. We have
hence introduced a scaling factor that takes into account

@ Springer

the corrections necessary to match the 15 % reflectance we
expect from the sapphire substrate (our measurements lie
at about 19-20%). We have also investigated if any reflec-
tion off the black cardboard could introduce any significant
contribution to the measured signal. Our measurements
indicate that if any contribution is present, it is below 0.5%
and can therefore be neglected.

B.2 Error propagation

In order to calculate the errors on the transmittance curves,
we have measured a data-stream of dark current from which
we calculated the standard deviation and eventually, from
the standard deviation, the peak-to-peak value and used this
value to calculate the relative uncertainty on the current
measured when measuring the photo-current when in front
of the detector there is either the i-th grAl sample or a blank
Sapphire wafer in a fashion that is entirely identical to what
discussed in A.1. We have then noticed that the uncertainty
quoted on the specs-sheet of the photodiode were larger
than what we measured in this configuration. We were also
operating the detector outside its nominal operation range,
we have de thus decided, in a conservative fashion, to take
maximum uncertainty quoted on the data-sheet (7%) and
used it across the whole wavelength range. We have used a
nominal (14%) uncertainty on the reflectance figure in order
to account for both the uncertainty on the photo-current
measured when the mirror and the photo-current measured
when the grAl film is the optical path.

B.3 Calculation of absorption values
from the database

The website http://www.refractiveindex.info is a database
of simulated and experimentally measured values of optical
constants. All data is derived from publicly available sources
such as scientific journal articles and material data sheets
published by manufacturers. In particular, a large number
of datasets of real (n) and imaginary (k) refractive indices is
available. At each wavelength value, the reflectance, which
depends on material properties, is calculated from Fresnel’s
formulae [34] in their simplified form for perpendicular
incidence:

_ -1y

T (m+1)2 (10)

Where n is a complex number n = n + ik, and where we
assume the refractive index of air to be 1. It is especially
important to state that the Fresnel formulae only apply to
simple interfaces and do not account for multiple interfer-
ences within the film.
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Fig.7 Wavelength dependent penetration depth of VIS-NIR radiation
as computed for grAl using data measured from 20nm thick films

In order to account for the losses inside the thin film, we
have also calculated the absorption («) of the material from
its extinction coefficient (k) as follows:

4k

with the obvious meaning of the symbols. Using the extinc-
tion coefficient, we have calculated the transmitted light in
a film with thickness d as:
1d) = Ipe™ (12)
Consequently, the transmitted light can be evaluated as
I(d) = I,(1 - e~*?). The Beer-Lambert law (Eq. 12) is only
valid in the case of a collimated beam and if we can neglect
any internal effects in the film including interference.

For the sake of clarity, the penetration depth definied
as the length in the material after which the intensity has
decreased by a factor 1/e, has been calculated and is shown
in Fig. 7.
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