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Aluminum lumped-element kinetic inductance detectors (LEKIDs) sensitive to millimeter-wave photons have
been shown to exhibit high quality factors, making them highly sensitive and multiplexable. The superconducting gap of aluminum limits aluminum LEKIDs to photon frequencies above 100 GHz. Manganese-doped
aluminum (Al-Mn) has a tunable critical temperature and could therefore be an attractive material for
LEKIDs sensitive to frequencies below 100 GHz if the internal quality factor remains sufficiently high when
manganese is added to the film. To investigate, we measured some of the key properties of Al-Mn LEKIDs.
A prototype eight-element LEKID array was fabricated using a 40 nm thick film of Al-Mn deposited on a
500 µm thick high-resistivity, float-zone silicon substrate. The manganese content was 900 ppm, the measured
Tc = 694 ± 1mK, and the resonance frequencies were near 150 MHz. Using measurements of the forward
scattering parameter S21 at various bath temperatures between 65 and 250 mK, we determined that the
Al-Mn LEKIDs we fabricated have internal quality factors greater than 2 × 105 , which is high enough for
millimeter-wave astrophysical observations. In the dark conditions under which these devices were measured,
the fractional frequency noise spectrum shows a shallow slope that depends on bath temperature and probe
tone amplitude, which could be two-level system noise. The anticipated white photon noise should dominate
this level of low-frequency noise when the detectors are illuminated with millimeter-waves in future measurements. The LEKIDs responded to light pulses from a 1550 nm light-emitting diode, and we used these light
pulses to determine that the quasiparticle lifetime is 60 µs.
Lumped-element
kinetic
inductance
detectors
(LEKIDs) are superconducting thin-film resonators
that are designed to detect photons energetic enough
to break Cooper pairs1,2 . Each resonator consists of
an interdigitated capacitor (IDC) and a meandered
inductor, which absorbs the incident radiation directly
(see Figure 1). LEKIDs are sensitive to photons with frequencies greater than νc = 2∆/h ≈ 74 GHz × Tc /(1 K),
where ∆ ≈ 1.76kB Tc is the superconducting gap, h
is Planck’s constant, kB is Boltzmann’s constant, and
Tc is the critical temperature of the superconductor.
Thin-film aluminum LEKIDs are being developed for
cosmic microwave background (CMB) studies near
150 GHz3,4 . Thin-film aluminum works well for this
spectral band because the Tc ∼ 1.4 K, and the associated
low-frequency cutoff is approximately 100 GHz. However, future CMB observations, such as CMB Stage-4,
will observe at a range of frequencies including frequencies below 100 GHz5 . Thus materials with a tunable
Tc are particularly attractive because the LEKIDs can
be re-optimized for the lower photon frequencies of
interest. Sub-stoichiometric titanium nitride (TiNx ) and
TiN/Ti/TiN trilayers are already being considered for
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these lower-frequency devices6,7 . An alternate material
is manganese-doped aluminum (Al-Mn). The Tc of
thin-film aluminum can be reduced in a controllable
way by adding a small amount of manganese8–11 .
High-purity Al-Mn sputtering targets can be used to
deposit extremely uniform films, and these targets can
be purchased with a specified manganese content making
the film Tc very predictable and reproducible. Because
of these attractive properties, Al-Mn is now commonly
used to fabricate transition edge sensor bolometers12,13 .
The high sensitivity and dense multiplexing factors of
LEKIDs rely on the high quality factors (Q) that can be
achieved when the superconducting films are operated
below ∼ Tc /5. Because manganese can be a magnetic
material, one concern is that it could adversely affect the
Q of the detectors14 . However, it has been demonstrated
that manganese loses its magnetic character in lightly
doped Al-Mn, and the resulting films have been shown
to retain a sharp density of states, with only a slight
broadening of the superconducting gap, as expected
for non-magnetic impurities15–17 . We therefore expect
LEKIDs made from Al-Mn films to have the same high
quality factors seen in pure aluminum devices. To test
this hypothesis, we built and tested an array of eight
Al-Mn LEKIDs to characterize their quality factors, and
our results are presented in this paper.
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FIG. 1. Left: A photograph of the detector module tested in
this study. The package lid is removed so the LEKID array is
visible. Metal clips are used in the corners to hold the LEKID
array in place. Right: A schematic drawing of one LEKID in
the array. The signal from the feedline is capacitively coupled
to the resonator.

The LEKID array was fabricated using a 40 nm thick
film of Al-Mn sputter deposited onto a 500 µm thick
high-resistivity, float-zone silicon substrate that was precleaned with HF to remove native oxides. The atomic
ratio of manganese to aluminum was 900 ppm. For this
demonstration, the detectors were mounted in a lighttight aluminum package and the seams were sealed with
copper tape. Figure 1 shows the LEKID array in the
package. The test array consists of eight resonators patterned on a 20 mm×10 mm chip. The designed resonance
frequencies were in the range 100–200 MHz. The integrated module was cooled using an adiabatic demagnetization refrigerator (ADR) backed by a helium pulse tube
cooler4 . A µ-metal shield was placed around the outside
of the cryostat to suppress the effects of ambient magnetic fields14 .
At a given bath temperature, for each resonator, we
collected two data sets. First, we measured the forward scattering parameter S21 by sweeping the readout
tone frequency across the resonance. This data set provided the resonance frequency. Second, we set the readout tone to the measured resonance frequency and collected time-ordered data for 120 s. We identified six of
the eight resonators in the array, all of which showed similar performance. The data presented in this paper is all
from a single resonator with a resonance frequency near
144.56 MHz. The S21 sweeps for five representative module temperatures are shown in Figure 2. The measurements presented here were recorded using readout tone
powers of approximately −114 dBm to −111 dBm on the
feedline. This is several dB below the power at which the
resonator bifurcates, which was measured to be approximately −104 dBm. The corresponding non-linear inductance scaling energy18 E⋆ is within a factor of two of the
condensation energy for the inductor Ec = N0 ∆2 VL /2,
assuming the same single-spin density of states at the
Fermi level N0 = 1.72 × 1010 eV−1 µm−3 as for pure aluminum. The inductor volume VL = 2800 µm3 .
We determined the resonance frequency fr , the total
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FIG. 2. Measured microwave transmission (S21 ) sweeps at a
range of module temperatures. The points are measured data
and the lines show the best fit resonator model.

quality factor Q, and the coupling quality factor Qc by
fitting a model including a resonance term of the form

S21 = 1 −

Q
1
,
Qc 1 + 2jQx

(1)

as well as multiplicative terms to account for cable delay
and gain slope, to the measured S21 sweeps4,19 . We define the fractional frequency shift x = 1 − fr /fref , where
fref is a reference frequency, typically taken to be the
maximum observed resonance frequency. The coupling
quality factor of the resonator studied here is approximately 150 × 103 as designed. From Q and Qc we calculate the inverse internal (unloaded) quality factor, which
can be thought of as the loss in the resonator, using the
expression 1/Qi = 1/Q − 1/Qc . We also use this model
to transform the S21 time series data into fluctuations in
x and then use standard spectral analysis to compute the
power spectral density of the fractional frequency fluctuation, Sxx .
The inverse internal quality factor and x are plotted
as a function of module temperature in Figure 3. Previous experiments have demonstrated that aluminum films
with similar levels of manganese doping retain sharp energy gaps in their density of states because the manganese impurities lose their magnetic characteristics15–17 .
We therefore fit the data presented in Figure 3 to equations derived from the Mattis-Bardeen integrals20 , which

3

(3)

Here ξ = hfr /(2kB T ), where fr is the resonance
frequency, and I0 and K0 are modified Bessel functions of the first and second kind. The TLS contribution as a function of temperature is included as
QTLS (T, FTLS δ0 ) and xTLS (T, FTLS δ0 ), which are defined
in the literature20 . We fit for the value of the product
of the TLS filling factor FTLS and low-temperature loss
tangent δ0 as a single parameter. We set ∆ = 1.76kB Tc
and fit for Tc . For the joint fit to succeed, we find it
necessary to allow different scale factors αq and αx for
the Qi and x response, respectively. The fits show no evidence for TLS in the S21 sweeps and imply an upper limit
on FTLS δ0 < 3 × 10−7 . The 1/Qoffset and xoffset terms
are nuisance parameters that absorb any bias from not
knowing the true zero-temperature behavior of the resonator. We also included a nuisance parameter to scale
the uncertainties in the x measurements to prevent the
joint fit from being completely dominated by the x data.
This resulted in scaling the x uncertainties by a factor
of 129. The uncertainties before and after scaling, are
shown in Figure 3.
We find that the joint fit implies Tc = 694 ± 1mK,
assuming ∆ = 1.76kB Tc . This is somewhat lower than
the value of 730 ± 10 mK observed by monitoring the
feedline transmission during warm up, which could imply that ∆ = 1.66kB Tc for this sample. A similar reduction in the effective gap implied by fitting the MattisBardeen model to resonance frequency versus temperature data has been observed in TiN resonators, and was
attributed to broadening of the superconducting gap22 .
Other studies in the literature show that a slight broadening of the gap in Al-Mn is expected, and has been modeled using a so-called Dynes parameter15–17 . Because it
is not expected to significantly impact the optical sensitivity of the resulting LEKIDs, investigating the details of this gap broadening effect is beyond the scope of
this initial study. However, we note that gap broadening
may also explain some of the structure in the residuals
shown in Figure 3. The scale factors αx = 0.168 and
αq = 0.106 are reasonable when interpreted as kinetic
inductance fractions, and similar differences in the loss
and fractional frequency responses have been observed
in other aluminum resonators23 . Non-dissipative quasiparticle states that affect x but not Qi have also been
invoked to explain other MKID data24 .
Noise spectra from a single resonator are shown in Figure 4 at module temperatures 65 mK and 114 mK, and
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FIG. 3. Inverse quality factor (left) and fractional frequency
shift (right) as a function of module temperature. The measured data points and error bars are shown in red in the top
panels. For clarity, every third error bar is shown. The bestfit Mattis-Bardeen model is shown in red. The residuals are
shown in the bottom panels. The visible (blue) error bars in
the x plots have been expanded by a factor of 129 for the
joint fit as described in the text. The gray points in the two
upper panels have negative values (i.e. the measured value
of x or 1/Qi is less than the best fit xof f set or 1/Qi,of f set ,
respectively), and so the absolute value is plotted.

with probe tone powers differing by 3 dB. At 65 mK
the noise is entirely dominated by a shallow power law
∝ ν −0.2 . At 114 mK there is evidence for a white noise
component, but a slightly steeper power law dominates
below ∼20 Hz. The noise spectra were fit to
−1


f2
β
+ Samp , (4)
1+ 2
Sxx (f ) = Sw + A1 f
f3 dB
where A1 is the red noise power at 1 Hz, Sw is the level
of the white component of the device noise, ν3 dB is the
3 dB roll-off frequency, and Samp is the LNA contribution
to the fractional frequency noise. The roll-off frequencies are generally comparable to the resonator ring-down
bandwidth fr /(2Q).
To further investigate the resonator time constant, we
performed an additional experiment where we modified
the setup by coupling light from a 1550 nm wavelength
LED to illuminate the resonators via an optical fiber that
passed through a small hole in the package. We then observed the resonator response at a higher order resonant
mode around 1000 MHz. This resonance had Q ∼ 3×104
and Qi ∼ 6 × 105 , thus the resonator ring-down bandwidth was around 16 kHz. Using pulses of light from the
LED, this wider bandwidth allowed us to measure a time
constant of ∼ 60 µs at 65 mK. This is consistent with
other measurements of aluminum LEKIDs under similar
conditions25 .
The Al-Mn LEKIDs we fabricated have high internal quality factors, limited at the lowest temperatures
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FIG. 4. The spectral density of the fractional frequency time
series data at module temperatures 65 mK and 114 mK, as
well as probe tone powers of −114 and −111 dBm at the
feedline. To ease comparison between the different test conditions the noise floor set by the low noise amplifier (Samp )
was modeled and subtracted from the data. The data have
been binned in logarithmic frequency intervals for clarity. The
dark portion of each curve shows the data used in the fits.
The best fit models are shown by the gray lines. The black
dashed lines show the red noise components of each fit. The
blue dotted line shows the white noise level in the detector
band (Sw ) for the 114 mK data. The spur at 1.4 Hz is due to
the pulse tube cooler. The steeper noise below 1 Hz is largely
correlated between detectors and is suspected to be caused by
module temperature fluctuations and microphonics.

(65 mK) to approximately 2 × 105 , which is high enough
for millimeter-wave astrophysical observations. We also
observed Qi as high as 6 × 105 at resonance frequencies
around 1 GHz, which suggests that this material will also
be useful for traditional MKIDs based on transmission
line resonators with GHz resonance frequencies, including the multichroic millimeter wavelength detectors currently being designed and tested by our collaboration26 .
The limiting loss mechanism is currently unknown, but
could result from residual magnetic fields or an unanticipated quasiparticle population excited by some feature
of our experimental setup. In the dark conditions under which these devices were measured, the fractional
frequency noise spectrum shows a shallow slope, which
could be TLS noise. It is likely this noise level will be
sub-dominant to white photon noise under optical loading conditions that are typical for for ground-based instruments. As a next step, we will verify this by illuminating these LEKIDs and studying their noise properties
in more detail. An added advantage of low-Tc films is
that photons with frequencies much greater than νc will
be energetic enough to break multiple Cooper pairs in the
sensing element, which should further suppress the detector noise relative to the photon noise. We will investigate
this hypothesis as well with future measurements.
We thank the anonymous reviewers for their very
thoughtful comments that significantly improved this pa-
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