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Abstract—There are a number of considerations when designing
a low-temperature detector for the best possible energy resolution.
One that has been particularly challenging for thermal kinetic
inductance detectors (TKIDs) is ensuring that the detector’s re-
sponse to deposited energy is constant across the active area of a
single pixel. In this article, we directly probe the position-dependent
response of our TKID devices at 100-µm-scale resolution through
the use of a pulsed laser beam steered with a cryogenic micro-
electromechanical system mirror. We observe position-dependent
response that could limit the energy resolution of our current
devices to the part per ten scale. We find that the position-dependent
response is strongly correlated with the local current density in
the TKID inductor, although the thermal physics and geometry
associated with the micromachined absorber also likely have a
nonnegligible effect. Finally, we suggest analysis methods and de-
sign considerations that could reduce the severity of this position
dependence, and we argue that there is significant potential for
further improvement.

Index Terms—Low-temperature detectors, quantum calor-
imeters, thermal kinetic inductance detectors (TKIDs).
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I. INTRODUCTION

M ICROCALORIMETERS based on the superconducting
transition-edge sensor (TES) [1], [2], [3] are increasingly

being used in a growing number of precision spectroscopy
applications, such as beamline physics [4], [5], exotic atom
spectroscopy [6], [7], [8], spectral line metrology [9], [10],
and X-ray/gamma-ray astronomy [11], [12]. These devices are
typically read out using superconducting quantum interference
devices (SQUIDs) [13], [14], and various SQUID-based mul-
tiplexing techniques have been developed to read out arrays
containing hundreds of TES calorimeters [15], [16], [17], [18].
The TES calorimeter is now a relatively mature low-temperature
detector technology, but scaling the SQUID readout systems for
very large arrays of thousands of devices becomes progressively
more challenging due to fabrication complexity, physical foot-
print of cryogenic circuits, and room-temperature microwave
electronics costs, among other issues.

Here, we instead consider a variant of the kinetic inductance
detector (KID) [19], [20], [21] optimized for thermal calorimeter
operation. This thermal kinetic inductance detector (TKID) [22],
[23], [24], [25] makes use of a dedicated absorber to stop
highly energetic photons and charged particles, converting the
deposited energy into a rise in absorber temperature that changes
the kinetic inductance of the TKID superconductor. This change
in inductance is sensed by measuring its effect on the frequency
of the resonant circuit embedded in the TKID. In this way,
TKIDs combine the thermal detection properties of cryogenic
calorimeters with the ease of multiplexing of KIDs, providing
a straightforward path for large detector arrays. Arrays of KIDs
optimized for visible to near-infrared detection have reached
pixel counts in the 10-kilopixel range [26]. In addition, unlike
a TES calorimeter, which can have dynamic range limited by
the narrow superconducting-to-normal transition region, TKIDs
have shown excellent linearity across a wide range of ener-
gies [27], and this dynamic range can potentially be improved
with advanced readout techniques, such as tone-tracking. We
have recently utilized prototype TKIDs to spectroscopically
characterize the ionizing radiation background in an environ-
ment representative of superconducting qubit devices [27],
[28]. We are also developing large-active-area TKID arrays for
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measurements of free neutron beta decay and other fundamental
symmetry studies [29], [30].

The TKIDs developed thus far have unfortunately shown
worse energy resolution than their TES calorimeter counterparts,
despite the fact that similar resolutions are expected from ther-
mal noise model estimates [24], [31]. This energy resolution
degradation is an active area of study, but position dependence
in the TKID response function has long been thought to be a
contributing factor [23], [32], [33]. For example, the TKID may
have a larger response (resonant frequency shift) for events that
deposit their energy at the center of the absorber as opposed to
near one of the sidewalls.

In this article, we experimentally characterize this position-
dependent response through the use of a focused laser spot that
can be steered across a single TKID pixel. Steering is achieved
with a cryogenic microelectromechanical system (MEMS) mir-
ror attached to the same cryogenic stage as the TKID. We com-
pare the measured TKID response to simulated current densities
in the TKID inductor and show that areas of higher current
density have elevated pulse response. We also see evidence for
additional position dependence that is not related to the local
current density of the superconductor and rather is likely due
to the thermal properties and geometry of the micromachined
absorber.

II. EXPERIMENTAL SETUP

A. TKID Description

Here, we summarize the most relevant parameters of the TKID
device used in this study, and a more detailed description can be
found in [27]. The TKID resonator is formed from a 200-nm-
thick substoichiometric TiN thin film sputtered on a 1.5-mm-
thick Si substrate (see Fig. 1). This substoichiometric TiN film
consists of alternating layers of stoichiometric TiN and Ti, done
to control the superconducting critical temperature (Tc) of the
film, here ∼850 mK, through the proximity effect [34], [35].

The TKID microresonator has a resonant frequency of
1.283 GHz and intrinsic quality factor Qi ≈ 3.4× 104 at the
operating temperature of 175 mK. The device is capacitively
coupled to a microstrip transmission line (also TiN) with a
coupling quality factorQc ≈ 4.2× 103. The total quality factor,
Q, is therefore largely coupling limited, and the bandwidth of
the resonator is ∼340 kHz. The device was cooled using a
commercial adiabatic demagnetization refrigerator backed by an
He-3 sorption cooler. A standard vector network analyzer was
used to measure the complex transmission across the device, and
these resonator properties were extracted from a Lorentzian fit
to the complex transmission magnitude.

The absorbing island is lithographically defined with a deep
reactive ion etch (DRIE) through the full Si wafer thickness
(1.5 mm). The island has an area of roughly 5.0 mm × 4.6 mm,
resulting in an Si absorber volume of 34.5 mm3 and heat capacity
C ≈ 7.6× 108 eV/K at 175 mK. The absorber is supported by a
set of four legs connected to the bulk Si substrate, which provides
a weak thermal link to the heat bath. The legs are 2.0 mm
long and 0.2 mm wide, resulting in a total thermal conductivity
G ≈ 8.4× 1012 eV/s/K. This gives the TKID an expected

Fig. 1. TKID micrograph and schematic. The upper panel shows a micrograph
of the TKID used in this paper, while the lower panels show schematics of the
IDC and meandered inductor with TiN shown in light blue, Si shown in white,
and removed material shown in black. The superconducting resonator consists
of a 200-nm-thick TiN film that is patterned into a meandered inductor, IDC, and
microstrip feedline. The TKID is capacitively coupled to the microstrip feedline
to read out the TKID pulse response. The inductor consists of a 700-μm-wide
meander with 10μm gaps and sits atop a 1.5-mm-thick, lithographically defined
island of Si that acts as the TKID’s absorber. The absorber is thermally coupled by
four legs to the bulk Si (the “frame”) of the chip, which in turn is thermally sunk
to the Cu device box via Au bond pads and wirebonds. The deep etch that defines
the island and legs was imperfect, resulting in some variation in the geometry
of these features. The yellow dashed box in the micrograph approximates the
MEMS mirror’s scan range.

thermal decay time of 91 μs. Turns in the leg geometry are used
to mitigate ballistic phonon escape. To efficiently remove heat
from the bulk frame of the device, Au pads are deposited along
the chip perimeter, and Au wire bonds connect these pads to the
Cu device box rigidly mounted to the cryostat cold stage. The
faces of the Cu device box near the TKID chip are blackened
with permanent marker to limit reflection of stray light.

B. Cryogenic Beam Steering With MEMS Mirror

For these measurements, a MEMS mirror was used to direct
photon pulses at various points across the back (side without
the superconducting film) of our TKID, as shown in Fig. 2.
Building upon previous work demonstrating MEMS mirror-
based laser scanning [36], our optical setup is similar to that
described in [37], but some changes were made to adapt it to our
experimental setup. First, we use a 635-nm laser diode coupled
into a single-mode fiber with a core diameter of 8.2 μm and a
numerical aperture of 0.14. We note that this optical fiber has
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Fig. 2. Cold stage optical assembly. Optical components match those de-
scribed in [37] except for the optical fiber and coupled laser diode, which are
described in the text. The red lines in the figure show the laser’s path, with
dashed lines representing portions of the path that are obscured in the image.
The laser fiber is coupled into the collimating mirror and then directed to the
focusing mirror. The focused beam is then reflected off the MEMS mirror and
onto the 45° mirror, which sends the beam onto the back side of the TKID. The
MEMS mirror can vary its angle to point the beam at different locations across
the TKID chip.

been optimized for use at longer wavelengths, potentially result-
ing in some distortion of the otherwise Gaussian beam profile
leaving the fiber. Second, due to mechanical constraints, the
TKID is positioned approximately 800 μm away from the focal
point of the off-axis parabolic focusing mirror. Together, these
changes result in a theoretical beam full-width at half-maximum
(FWHM) [37] of roughly 30 μm at the TKID. In addition, there
is some flexibility in positioning the polytetrafluoroethylene
fiber ferrule termination at the collimator input of the optical
assembly, resulting in some additional uncertainty in the beam
spot size estimation.

The spot size was experimentally verified at cryogenic tem-
peratures by scanning the laser beam across the edge of the TKID
device where the response drops significantly. The measured
beam intensity was fit to a Gaussian distribution, resulting in a
beam FWHM of 100 ± 5 μm. We expect the positioning of the
ferrule within the collimator to be the main source of discrepancy
between the theoretical and measured spot sizes.

C. Data Collection and Processing

Data for this study were collected with the device temperature
controlled at 175 mK, which we previously found to provide
maximum signal to noise in the pulse response [27]. Energy
deposition events were measured using a microwave homodyne
readout system, typical in KID measurements and described
in detail in other works [20], [38]. For all measurements, the
readout tone was fixed at the resonant frequency of the TKID
and the tone power was set to a few dB below the onset of bifur-
cation. This homodyne setup was used to sample the complex
transmission at a rate of 1.25 MHz.

Typically, the phase response of a KID device is stronger than
its dissipation counterpart [20]. For this reason, it is often useful
to extract the phase response from the complex transmission

data and analyze only the phase time series. Here, this is accom-
plished by first sweeping the complex transmission of the TKID
device in the absence of illumination at frequencies near its
resonance, resulting in a roughly circular pattern in the complex
plane. In subsequent photon absorption events, we quantify the
device’s phase response by the angle subtended by the arc of
points moving along this circle. We will refer to this angle as the
“phase shift” of the resonator, but to be clear: we are not tone
tracking the resonance during pulses.

To measure the position dependence of the TKID, a function
generator was used to drive the 635-nm laser diode with a
pulse width of 1 μs and a repetition rate of 250 Hz, providing
sufficient time for the TKID to recover after each pulse. Based on
calibrated measurements made previously with this TKID [27],
we estimate the energy deposited in the TKID chip by each laser
pulse was on the order of 1 MeV. While the laser was pulsed, the
MEMS mirror repeatedly traced out a raster pattern across the
TKID with continuous spatial resolution in the x-direction but
discrete resolution in the y-direction due to the finite number
of lines (100) included in the raster scan. The I and Q data
were recorded for a total of one hour, resulting in 32 raster scan
iterations.

Due to the preliminary nature of our experimental setup, we
were unable to synchronize the movement of the MEMS mirror
with the timing of our laser pulses in hardware. We instead
used Fourier analysis techniques, specifically phase dispersion
minimization [39], to back out relevant times from our data in
postprocessing, including the MEMS mirror line time and full
raster period. Using these extracted timescales, we converted the
arrival time of each laser pulse to a position in the x–y plane,
which we then mapped to physical locations based on the nom-
inal TKID geometry. Pulses were then grouped into bins based
on their position, and the peak heights of pulses within each bin
were averaged together to estimate the local TKID responsivity.

III. RESULTS AND ANALYSIS

Fig. 3 shows the response of our TKID as a function of laser
position, with the upper panel showing the entire 2-D distribution
and the lower panel showing four horizontal slices at different y
positions to show more clearly the quantitative variation of the
device response across the chip. The color in the upper panel
represents the average peak phase shift of pulses in each region.
The TKID island and the four legs connecting it to the Si frame
are visible in the center of the upper panel, and the frame itself
is clearly distinguished from the region between the island and
frame where minimal light is absorbed in the Si. The region of
the TKID above y = 3.5 mm is blocked by the Cu device box,
so minimal response is expected there.

We identify the following five major features in the position
dependence of the TKID’s response.

1) There are several band-shaped regions within the island
where the response is enhanced compared to adjacent re-
gions. There is an M-shaped region where device response
is about 10% higher than adjacent areas, and there are two
fainter vertical bands between the legs of the M where
response is also slightly enhanced, on the order of 3%.
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Fig. 3. TKID pulse responsivity as a function of position. The upper panel
shows pulse peak phase shift as a function of x and y positions, while the lower
panel shows four horizontal slices from the complete dataset. The locations of
these slices are indicated in the upper panel by white dashed lines, each labeled
with their corresponding number and trace color. Slices 2 and 3 show banding
behavior in the device response, with three large peaks and two smaller ones
between them. They also show the left and right legs of the TKID, which appear
as additional peaks on the sides of the main response region. Slices 1 and 4
show that device response drops near the edges of the island, although slice 1
also shows a significant increase in response near the upper leg, which carries
the TiN trace that connects the IDC and inductor. Note that in the upper panel
there are pulses that have a peak phase shift greater than π/3 rad, but the color
scale is limited to emphasize the features on the island.

2) There is a triangular region near the top of the TKID where
response is further increased.

3) Response drops by about 20% between the center of the
island and the edge, and this drop is more significant near
all legs except the upper one.

4) In contrast to the three other legs, the upper leg shows
the strongest response in the TKID, with an average pulse
height about 2.5 times larger than the average pulse height
of the TKID island.

5) The device shows nonzero response to events that happen
on the Si frame, with pulse heights about 5% of those on
the island.

Each of these features contributes to variation in pulse height
of on order a part in ten, potentially limiting the energy resolution
of this or a similar device to the same level. An understanding

Fig. 4. Simulation of current flow in TKID TiN film. The data in this plot
come from a Sonnet simulation of the TKID. The microstrip feedline and IDC
are omitted because they are blocked from the MEMS mirror by the Cu device
box. The currents crowd around the gaps in the meandered inductor, particularly
those that connect to the leads on the upper leg. The current distribution closely
matches the banding in the TKID pulse response seen in Fig. 3.

of each of these effects will likely be important to explain TKID
energy resolution, but this article will focus on features one and
four: the banding and the increased response in the upper leg.
Future work will be done to examine the other features in depth.

Previous simulation work has suggested that current density
distribution could be a source of position-dependent response in
KIDs due to kinetic inductance nonlinearities [33], so this was
one of the first effects that we examined. To do so, we modeled
the currents in our TKID using the numerical electromagnetic
simulation software Sonnet, and the results are shown in Fig. 4,
where color indicates the magnitude of the local current density
in the superconducting film. One can see that the current is
expected to crowd around the gaps in the inductor trace, with the
strongest currents near the gaps that connect to the upper leg.
This closely matches the M-shaped region of high responsivity
shown in Fig. 3. Similarly, the gaps that protrude from the bottom
edge of the inductor align with the fainter bands that appear in
Fig. 3 and show correspondingly less current crowding. The
leads along the upper leg likewise show high current density,
largely expected behavior given the TiN is much narrower in
this region.

Given that the TKID is backside illuminated and the attenua-
tion length of 635 nm light in Si is significantly shorter than the
thickness of the TKID absorber, none of the laser photons should
interact directly with the TiN film. However, the correlation
between the current density and device response suggests there is
some localized behavior in the device before it thermalizes. Such
behavior likely varies on a timescale different from the device’s
thermal behavior, so to examine this, we fit each averaged pulse
with a two-decay-time pulse shape of the functional form

s(t) = Af

[
e−(t−t0)/τf − e−(t−t0)/τr

]

+As

[
e−(t−t0)/τs − e−(t−t0)/τr

]
(1)
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Fig. 5. Two-decay-time pulse fit example. An averaged pulse (orange dots) is
compared to a two-decay-time pulse fit (solid black line) of the functional form
given in (1). The fast (red dot-dash line) and slow (blue dashed line) components
of the fit are also plotted separately to show where they each dominate the pulse
shape.

where s(t) is the pulse height as a function of time, t0 is the pulse
start time, τr is the pulse rise time, and subscripts f and s refer to
the fast and slow components of the pulse decay, respectively,
with corresponding amplitudes A and decay times τ . Fig. 5
shows the result of fitting (1) to an arbitrary averaged pulse from
our position-dependent study, with the fast and slow components
plotted individually to show where each component dominates
the fitted pulse shape.

When allowing all six parameters to vary and fitting average
pulses from a few different regions of the TKID island, we
find that most parameters vary by less than 2%; the only two
parameters that vary by more are the amplitudes Af and As. Our
fits give a rise time of 4 μs, a fast-decay time of 41 μs, and a
slow-decay time of 168 μs. The rise time is comparable to the
expected resonator response time of ∼3 μs, given by the inverse
of the resonator bandwidth, and the fast-decay time is compatible
with previous measurements of the quasiparticle recombination
time in TiN films [35]. We then interpret the slow-decay time
as the thermal decay time of the TKID island. While the fitted
value is roughly twice the theoretical value given in Section II-A,
we believe this is reasonable given several points: first, we have
seen in previous devices that sharp corners in membrane legs
decrease thermal conductance, and second, the heat capacity of
the TKID is potentially larger than designed due to fabrication
defects and byproducts. Together, these effects would slow the
detector’s thermal relaxation.

Given that only the amplitudes showed significant variation,
we repeated our fitting with all nonamplitude parameters fixed,
this time for every averaged pulse that comprises the responsivity
map in Fig. 3. The distributions of Af and As as functions of
position are shown in Fig. 6. One can see a stark contrast: while
the fast component matches the banding in Fig. 3, the slow
component shows no banding. In addition, the amplitude of the
fast component approaches zero on the Si frame, where no TiN
film is present, while the slow component maintains a nonzero
amplitude.

Further investigation is needed to confirm the mechanisms
that give rise to this behavior, but our current hypothesis is as

follows: when a laser pulse hits the back side of the TKID,
all photons that are not reflected are absorbed in the first few
microns of Si. When absorbed, the photons produce athermal
phonons with energies above the superconducting gap of TiN.
While many of the phonons downconvert before reaching the
TiN film, some are able to reach the film and directly break
Cooper pairs, increasing the film’s kinetic inductance beyond
what purely thermal effects would cause. This effect is stronger
when the laser is pointed at an area of high current density
because the athermal phonons would be slightly concentrated
around the laser spot, and phonons that hit the film where
current density is larger would have a larger effect due to the
nonlinear current dependence of kinetic inductance. The excess
quasiparticles then recombine on the timescale of our fast-decay
time (41μs), returning the TKID to its expected thermal behavior
after 10 s of microseconds, which in turn decays back to its quies-
cent state on the timescale of our slow-decay time (168 μs). This
would explain why the distribution of the fast-decay amplitude
follows the current density in the TKID while the slow-decay
amplitude remains largely position independent: the fast decay
corresponds to an early excess of athermal quasiparticles whose
effect varies based on local current density, and the slow compo-
nent corresponds to the device’s bulk thermal behavior, which
is largely unaffected by local variations in current density. We
note this is not the only plausible explanation. For example, if
the effective thermal conductivity in the island is lower than
expected, an energy deposit could cause localized heating that
peaks quickly before spreading to the rest of the island. Device
response could be similarly enhanced if this heating occurred
near regions of high current density. More work is needed to
determine the precise mechanism.

The upper leg would see increased response for similar rea-
sons, especially given our laser spot diameter is comparable
to the width of the leg. However, the response here is further
boosted by two effects: first, the TiN leads on this leg have
roughly the same number of squares as the TKID island, mean-
ing the leads have around the same kinetic inductance contained
in a smaller area. Second, the leg has a much lower heat capacity
than the island, meaning that energy deposited in the leg will
result in a larger local temperature excursion than it would have
had it been deposited in the island. These effects together could
explain why both the fast-decay and slow-decay components are
larger here. That said, we expect the upper leg to have a small
effect on the overall energy resolution of the detector given the
leg’s small area compared to the island (the cross-sectional area
of the island is about 60 times that of the upper leg).

Finally, we note that the measured position dependence varies
more smoothly than the underlying current density, suggesting
that there is some region over which the effect is averaged. The
size of this region is likely linked to the scale and location
of the exciting phenomenon, in this case our laser spot. We
expect that an event with greater spatial extent would average
over more of the current density variation, as the phonons and
heat generated would cover a larger area. Similarly, an event
that occurs further from the film, i.e., closer to the back side
of the device, would also average over a larger area given the
phonons and heat generated would have more time to spread
before reaching the film. The size of the smoothing region would
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Fig. 6. Position dependence of the fast and slow TKID pulse components. The left and right panels show the amplitude of the fast and slow components,
respectively, in units of resonator phase shift. Note that the color scale varies only over values from 0 to π/3. This is done to emphasize the key features of the two
distributions, namely, the banding that is predominantly present in the map of the fast component. Anomalous bright areas appear in each distribution between the
upper leg and the TKID island. We believe these are due to light that is absorbed in excess Si left over from the DRIE process or that is reflected off of the TKID
device box lid and absorbed directly in the TiN film.

likely vary significantly for different particles and energies of
interest, as each particle species could behave quite differently
in the Si absorber. For example, we expect a 1 MeV gamma ray,
which is quite penetrative in Si and could be absorbed close to
the TiN film, to show more severe position dependence than our
1 MeV laser pulses, which are absorbed very close to the surface
of the absorber.

IV. CONCLUSION

In this article, we have measured the position-dependent
response of TKIDs designed to detect particles with MeV-scale
energy and have done so using cryogenic beam steering with a
MEMS mirror. The measured regions with enhanced response
are in excellent agreement with calculated regions of high cur-
rent density in the TKID superconducting film. In particular,
the response increased in areas of high current density near
the inductor sidewalls, as well as in a region of high kinetic
inductance that connects the inductor on the TKID island to the
interdigitated capacitor (IDC). That said, when fitting pulses to
a double exponential decay, only the fast component is seen
to show this position dependence. Thus, until this particular
source of position dependence is mitigated, we see potential
for improving TKID energy resolution in analysis by evaluating
pulse size using only the slow component of the pulse.

We also believe it should be possible to design TKIDs that
have minimal current-dependent positional effects. Given the
way in which the variation in device response is smoothed
compared to the underlying current density, we believe that
the current-linked position dependence could potentially be
averaged out by reducing feature sizes in the film below the
spatial scale of the smoothing. For example, using narrower
inductor traces could space current density variations more
finely, and the smoothing effect would then result in a more
consistent response across the device. A simple change like
this would have other knock-on effects for the device, but we

believe these effects could be mitigated with other changes in
geometry. Some TKID applications could potentially also see
benefits from using a thicker absorber, but this would likely only
work for some particle species and energy ranges (for example,
detection of minimum-ionizing particles would likely see no
benefit from this since the particles would deposit energy along
the absorber’s entire thickness). Alternatively, this current-based
behavior could be avoided entirely by separating the inductor
from the absorber, although we believe this may exacerbate other
position-dependent effects. We have plans to fabricate and test
TKIDs with narrower inductor traces and more experimental
inductor geometries to explore this theory further. We also note
here that given some of the similarities between our detectors
and phonon-mediated KIDs [40], [41], [42], primarily the use
of large silicon absorbers and indirect Cooper pair breaking, our
results may be informative for future work on those types of
detectors as well.

Aside from future design and fabrication tests, there is still
more work to be done exploring position dependence. First, more
data are needed to test our theory about the mechanism behind
the position-dependent banding in the response of our TKID.
By repeating these MEMS mirror scans with varying readout
powers, which should vary the current density in the film, or
using photons with energy below the Si band gap, which should
be absorbed primarily in the TiN film rather than the Si absorber,
we could examine to a greater extent the role that current density
plays. In addition, if scans were performed at multiple temper-
atures, potentially more information could be gleaned about the
relationship between the current-dependent and thermal effects
in the device. In particular, the varying heat capacity of the sili-
con absorber could affect the balance of these two components at
different temperatures. Second, even if TKIDs can be designed
to avoid the current-dependent position dependence, the other
features noted in Section III are of a nonnegligible scale and must
also be reduced to improve device resolution past the part in the
ten scale. We believe these features are largely connected to the
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thermal and geometric characteristics of the device, but more
testing and modeling are needed to definitively identify their
sources. That said, we see significant potential for improvement
with these new measurement and analysis techniques.
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