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ABSTRACT

We present prototype antenna-coupled thermal kinetic inductance detectors (TKIDs) designed for Cosmic Microwave
Background (CMB) observations in the 150 GHz band. The next generation of telescopes studying the CMB will require
large arrays of detectors on cryogenic focal planes to achieve higher sensitivity than the current experiments. However,
currently used detector technologies would achieve this advance at the cost of increased integration and readout complexity.
TKIDs have demonstrated photon-limited noise performance comparable to traditional bolometers with a radio frequency
(RF) multiplexing architecture that enables the large detector counts needed. We characterize TKIDs fabricated for observ-
ing the CMB in a frequency band centered at 150 GHz and discuss their optical performance. These devices are a critical
step towards fielding a pathfinder Keck Array camera with 512 devices on a focal plane.
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1. INTRODUCTION

The Cosmic Microwave Background (CMB) is a key observable for improving our understanding of the early universe.! In
particular, the B-mode polarization of the CMB at degree angular scales constrains the tensor-to-scalar ratio r of primordial
modes from the inflationary epoch.”3 Improving constraints on r requires observing the millimeter wave sky in several
frequency bands in order to separate out the foregrounds due to scattering from galactic dust and synchrotron radiation.*
Since the polarization signal is faint, experiments must deploy large arrays of sensitive bolometric detectors to build up the
required sensitivity.

In current experiments, arrays of Transition Edge Sensor (TES) bolometers are used to this effect.’ However, since
TESes have a low output impedance, Superconducting Quantum Interference Devices (SQUID) amplifiers must be used
to provide the impedance matching required to read out the detectors through a chain of cold and warm electronics.® To
limit the heat load through the readout cables, TES bolometers are multiplexed using either time division multiplexing
(TDM) or frequency division multiplexing (FDM). Using these techniques kilo-pixel arrays of TES bolometers have been
deployed and are currently observing the CMB. The next generation of CMB instruments will require even higher detector
counts. Thermal Kinetic Inductance Detectors (TKIDs) are an alternative detector technology that is intrinsically scalable
to large arrays and offers the same noise performance as TES bolometers do. Each TKID consists of a superconducting
resonator with a unique resonance frequency and a narrow bandwidth. Many TKID pixels can therefore be read out on
a single readout line using fast Field Programmable Gate Array (FPGA) based or Graphical Processor Unit (GPU) based
readout systems.’

In a TKID bolometer, the changes in the island temperature are tracked by monitoring the resulting change in the
resonance frequency or the quality factor of the resonator. Unlike a kinetic inductance detector (KID), the detected photons
do not directly break Cooper-pairs into quasiparticles in the superconductor. Rather, the optical power is thermalized on
the substrate and the thermal phonons generate the quasiparticles. Integrating a superconducting resonator with a thermal
bolometer circuit provides additional design flexibility since the absorber and resonator can be optimized independently.

In these proceedings, we describe the design and optical performance of antenna-coupled prototype TKIDs. In previous
work,%? we presented a design for a dark TKID device that demonstrated that TKIDs could offer photon noise limited
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performance while observing the CMB in the 150 GHz band. Here, we show that our dark TKID design can be coupled
with a planar lithographed phased-array antenna as the active optical element. Even though our optical TKID devices are
optimized for making observations of the CMB at 150 GHz, with an expected sky Rayleigh-Jeans temperature 7,; ~ 8 K,
we demonstrate that these TKIDs can perform well even at room temperature backgrounds (300 K), allowing for in lab
characterization. These prototype devices are a crucial step towards a planned deployment of a full TKID focal plane in a
Keck telescope at the South Pole.

2. DEVICE DESIGN

We designed test chips with 12 TKID devices each: 8 optically active and 4 dark devices. The resonators were defined in
a frequency band starting at 250 MHz and with a 5 MHz frequency spacing. Adjacent pairs of resonators were coupled to
a single dual-polarization antenna such that each optically active resonator bolometer measures the optical power from a
single polarization mode of the antenna.

The antenna itself consists of a two dimensional array of closely-spaced slots in the ground plane. There are two sets of
orthogonally oriented and co-located slots corresponding to the two polarization modes. This antenna design is the same as
has been used in BICEP2/ Keck Array.'%!! The optical power from the antenna passes through an on-chip band defining
filter before being dissipated in a Au meander strip on the bolometer island. From numerical simulations and measured
in-field performance, our antenna design provides spectral bands with 20% - 30% bandwidth, symmetric co-aligned beams
and a low 0.5% cross-polar response. The Keck Array camera has /2.2 refractive optics.'? To match the antenna beam to
the camera optics, the antenna is 7.8mm long on each side in a 12x12 array of slots. The beam is constructed by a uniform
illumination of the slot array and the detector beam terminates at -15 dB on the cold stop of the camera at 4K

The bolometer island is fabricated from a patterned low stress silicon nitride (LSN) layer. The released island is
mechanically supported on 300 ym long legs. The leg length sets the thermal conductance of the bolometer and therefore
the island temperature. Our TKID design targets operation from a 250 mK bath temperature in order to achieve a 380
mK operating temperature 7, with the expected 5 pW loading from observing the millimeter wave sky in a 150 GHz band
with a 25% bandwidth from the South Pole.!” The niobium ground plane of the antenna layer extends onto the thermal
island through the bolometer legs and is placed underneath the resistive meander to isolate it from the aluminum resonator
inductor which is situated at the opposite end of the bolometer island. We maintain a small Au heater on the thermal island
to measure thermal conductances, thermal time constants, responsivity and noise. Figure 1 shows an Scanning Electron
Microscope (SEM) micrograph of the resonator bolometer with the inductor, calibration heater and resistive meander
visible.

The resonator is built out of lithographed, lumped-element inductors and capacitors. In our design, the aluminum
inductor and niobium main capacitor are identical for all the resonators on the chip. The resonance frequency is set during
fabrication by using a pair of knife cells to blade off sections of the fingers of the inter-digitated capacitor. Smaller coupling
capacitors were also used to set the coupling of the resonator to the readout line. We chose the coupling capacitors to ensure
that the coupling quality factor Q. of our devices matches the internal quality factor Q; at the operating temperature. The
thermal response of the resonator is limited to the aluminum inductor (7; ~ 1.2K) on the bolometer island since the bulk
of the resonator circuit is fabricated out of niobium with a much higher superconducting transition temperature, 7. ~ 9K.

The MUSIC KID camera fielded resonators that used inter-digitated capacitors. Their team reported that the IDC acts
as a multi-moded broadband antenna creating significant response to optical power even without an antenna.'?® To remedy
this, we implemented an RF choke consisting of short co-planar wave guide (CPW) and microstrip sections between the
capacitor and the inductor. The choke was designed in Sonnet'* to achieve 30 dB suppression of direct capacitor stimulation
in our design band (125 - 175 GHz). In addition, a pure 50 Q microstrip using a SiO, dielectric is less than 2 um wide.
On a full wafer, the feedline is long (~ 0.5 m) which is difficult to reliably fabricate with no defects or line breaks. To
remedy this, we implemented a hybrid CPW-microstrip feedline with a line impedance of 50 Q as well as a wide 8 um
main feedline that is less susceptible to catastrophic line defects. A hybrid line is desirable because a pure CPW feedline
would create breaks in the ground plane of the wafer. The microstrip sections bridge the ground plane underneath the
main feedline keeping the entire ground plane on the wafer continuous. Figure 2 is an SEM micrograph of the resonator
capacitor and shows a section of the feedline on chip.
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Figure 1: SEM micrograph of the TKID bolometer. The inductor and the microstrip lines that run off the island to the
capacitor are visible on the left. To the right is the meander strip that terminates the microstrip line from the antenna as
well as a Au heater for calibrating the bolometer response. The dense network of square holes on the island are for the
XeF; release process that forms the island.

3. EXPERIMENTAL SETUP

We initially characterized our devices in a dark configuration in a Model 103 Rainier Adiabatic Demagnetization Refrig-
erator (ADR) at the Jet Propulsion Lab (JPL). With the test chip installed, the cryostat achieves an ultra-cold (UC) stage
temperature of 80 mK. For the optical testing, we installed our devices in a new focal plane installed in a Keck Array
camera at Caltech that has been fitted with RF hardware. The optical system consists of a pair of low-loss high-density
polyethylene (HDPE) lenses with a refractive index n = 1.5 that are cooled to 4K. Unfortunately, the lenses we had avail-
able were anti-reflection (AR) coated for the 220 GHz band rather than at 150 GHz. In our target band, the optics are in
effect uncoated, causing reflection loss at each of the air to dielectric interfaces. For normally incident rays, the reflectance
at the air-dielectric interface is given by, R = (%)2 = 4%. Accounting for the 2 lenses, we expect the transmission to
degrade by about 15%, averaged across the detectors’ optical band . The implementation of the RF chain and the system
level design requirements for fielding a TKID camera are given in Minutolo et. al.!?

The test chip was mounted in an aluminum holder installed on the focal plane. The optical window of the holder is
28.6 mm on each side. The chip was held down using copper clips and a quartz microscope slide of thickness .25 mm was
glued to the backside of the chip exposed by the optical window as an anti-reflection coating for the air-silicon interface.
On the front side of the chip, a 0.5mm gap between the chip and the chip cover provides a A /4 backshort for the antenna.

4. DETECTOR PERFORMANCE

Of the 12 resonators on chip, we identified 6 resonators within our design band; with 2 dark devices and 4 light devices.
2 of the optically active resonators have calibration heaters wired up for biasing externally. We also identified 5 higher
frequency resonators within the 700-850 MHz band. This frequency range matches the expected location of the self
resonances of the main capacitor tank found using numerical simulations.'* These resonators are visible even above 4K,
and we have identified them as niobium resonators which arise due to shorts between the capacitor fingers. In the time
since the devices discussed here were fabricated, we have further improved our fabrication process to reduce the incidence
of shorts between the capacitor fingers. In addition, we have also tested the use of a focused ion beam (FIB) to clear out
small shorted capacitor sections to recover devices.

4.1 Resonator Properties

We characterize our resonators by measuring the forward transmission S, as a function of the readout frequency for each
of the resonators. S is then fit using a single pole Lorentzian model that accounts for kinetic inductance non-linearity and
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Figure 2: SEM micrograph of the TKID capacitors and feedline. The capacitors are deposited directly on the silicon
substrate which is exposed in a large via through the dielectric stack of the wafer. The smaller capacitors on each side of
the capacitor set the coupling of the resonator to the feedline seen at the top. The large niobium pad at the bottom of the
image makes a parallel plate capacitor contact to the ground plane in place of a direct via.
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resonator asymmetry.'®!7 In a dark cryostat configuration and starting from a 95 mK bath temperature, we measured the
resonator quality factor as a function of the readout power in the range -110 dBm to -70 dBm. Above -80 dBm the kinetic
inductance bifurcation parameter a > 0.8 marking the onset of the non-linearity. We also characterized our resonators
under bath temperature sweeps at a -90 dBm single tone readout power level.

Using the bath temperature sweep data, we fit the frequency as a function of the bath temperature to a Mattis-Bardeen
(MB) plus two-level system (TLS) model.'® Figure 3 shows that the model describes the data well across the entire
temperature range measured. As an additional step, we took the best fit parameters and used them to predict the resonator
quality factors. Above 300 mK, which is the regime of interest, and where the Mattis-Bardeen dependence dominates,
the best fit MB parameters predict the quality factor well. Below 250 mK, we see TLS-like behavior in Q;. However, the
loss tangent, F'Oy that is obtained from the frequency shift data is too small to match the measured Q;. This indicates that
there is an additional effect that modifies Q; at lower temperature but that does not affect the frequency shift data. This is
currently being investigated. The best fit parameters summarized in table 1 show that the resonator parameters are largely
consistent from resonator to resonator.
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Figure 3: Fits to the frequency shift data (figure a.) for the 234.2 MHz resonator under a MB + TLS model. The inset plot
has a smaller x axis range to better show the agreement between the data and the fit. The lower plot gives the residuals
to the fit. The shaded region is the 1 sigma error obtained from the covariance of the best fit. The best fit parameters are
summarized in table 1. In figure b, the best fit parameters obtained from fitting the frequency shift data are used to predict
the quality factor. Above 300 mK, where the MB dependence dominates, the agreement between the data (black dots) and
prediction (solid line) is strong.

4.2 Optical Performance

The optical efficiency is the fraction of the total incident optical power that is absorbed by the detectors on the focal
plane. Losses due to reflections in the optical chain, antenna network and detectors contribute to the end-to-end optical
efficiency. can measure the end-to-end optical efficiency of the optical system directly. We measured the resonator response
in resonance frequency and quality factor to aperture filling blackbody sources at 77K and 300 K. The difference in the
optical power AP from the temperature difference AT = (300K —77K) needed in order to infer the efficiency can be
directly measured by biasing the resonators under a 77K load using the calibration heaters until the resonator response
matches the response seen at a 300K load as shown in figure 4. The end to end efficiency can be calculated given the
measured band center vy and bandwidth Av of the device using the relation
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Jr [MHz] o T:[K] F& [x107°]

234.2 0.52 &£ 0.01 1.388 + 0.004 9.5+ 04

243.1 0.54 + 0.01 1.396 + 0.002 8.6 +£04

258.5 0.53 £ 0.01 1.397 &+ 0.005 9.1 £ 04

264.7 0.55 £ 0.01 1.396 + 0.005 9.6 £0.3

268.8 0.53 &£ 0.01 1.390 % 0.007 9.9 £ 0.5

279.6 0.53 &£ 0.01 1.390 + 0.006 99 £ 04
Table 1: Best fit Mattis-Bardeen (MB) and two-level system (TLS) parameters of the 6 TKID bolometers measured at -90
dBm. The kinetic inductance fraction, 0y and the superconducting transition temperature 7, are the 2 MB parameters while
the loss tangent constant F' &y sets the TLS effect.

A
AP ~ n-kB~AT~(v>-vo. (1
Vo

The total camera efficiency is 29% on average as given in table 2. We measured a lower dP/dT = 0.15 pW/K
on average than is expected for our antenna design (0.17 pW/K). This difference can be accounted for by the 15% drop
in transmission through the optics chain due to reflections off the uncoated optics. In addition, the microstrip lines of the
antenna were fabricated using a liftoff recipe. In early antenna designs for BICEP2 and Keck,'? it was empirically observed
that liftoff recipes contributed to loss in the microstrip lines, presumably by leaching organic materials from the resist. This
degrades the antenna performance, and the optical efficiency in particular. Etched microstrip was not observed to have these
deficiencies.!? We have switched to an etchback recipe for microstrip lines in devices currently under fabrication. We are
also currently working on making direct measurements of the detector efficiency using an in-cryostat cold load.
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Figure 4: Heater calibrated measurements of the optical efficiency of the 258.5 MHz (left) and 268.8 MHz (right) res-
onators. The y-axis shows the shift in resonance frequency from the measured frequency under a 77 K optical load. The
horizontal dashed line shows the position of the resonance under room temperature loading. The points are discrete mea-
surements of the frequency shift with the heater biased. The solid line is a quadratic fit to the measured frequency versus
heater power data that is used to predict AP.

4.3 Spectra

Understanding the spectral response of the detectors is crucial in order to constrain potential sources of systematic effects.
Such measurements are also required to facilitate component separation of the CMB polarized signal from the dust and
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fr[MHz] dP/dT [pW/K] n v [GHz] Av/v

258.5 0.15 0.28 150.4 0.26
268.8 0.15 0.30 148.5 0.29
234.2 - 0.26 148.1 0.28
243.1 - 0.35 146.8 0.29

Table 2: Measured optical parameters of the 4 antenna-coupled TKIDs. For the 258.5 MHz and the 268.8 MHz resonators,
the optical efficiency was directly measured using the heaters on the bolometer island. For the 234.2 MHz and the 243.1
MHz resonator, the efficiency was computed from the measured spectra assuming that the devices had the same dP/dT
as measured on average. The bandcenter vy and bandwidth vy were obtained from the measured spectra of each of the
resonators.

synchrotron foreground components which have a different spectral signature.'® The spectra are primarily determined by
the band-defining filter between the antenna and bolometers, but also include roll-off of the antenna, transmission spectra
of optics above the focal plane, and any fringing associated with pairs of impedance mismatched interfaces.

To measure the device bandpass, we used a Martin-Pupplet Fourier Transform Spectrometer (FTS) that was mounted
on top of the cryostat. In a time reversed sense, the detector beam is split into two beams at the input polarizing beam
splitter; with one beam terminating at a 77 K blackbody source made of liquid nitrogen soaked Eccosorb HR-10 and the
second beam terminating on an Eccosorb HR-10 blackbody at room temperature. The interference pattern generated as the
position of the movable mirror is changed and the interferogram encodes the spectral response of the detectors. The FTS
is on a movable x-y stage and is adjusted to find the point of maximum illumination of the detectors. We orient the FTS at
a 45° angle to the polarization axes so detectors measuring both polarizations can be simultaneously illuminated. The test
chip centered on the focal plane is small enough to illuminate all the detectors at without changing the FTS position on the
X-y stage.

All the interferograms are filtered using a moving average filter and aligned at the point of zero path difference before
being stacked and averaged. The real part of the Fourier Transform of the averaged interferogram then gives the spectral
response of the detector. Figure 5 shows the averaged interferogram and resulting spectrum for the 234.2 MHz resonator.
The band center and bandwidth of the detectors are then estimated from the spectra S(Vv) using the relations

v = /vS(v)dv 2)
_ (JS(v)dv)?
Av = W 3

Table 2 shows the measured band center and bandwidth for all 4 resonators. Averaged over the 4 detectors, the band
center is 148.5 £ 1.3 GHz and the fractional bandwidth is 28% 4 1%. As designed, the resonator band avoids the
atmospheric oxygen line at 118 GHz and the water line at 183 GHz.”’ There are fringes present in the band with an
average standing wave ratio (SWR) of 1.26 & 0.06 averaged over all the detectors and the 140-160 GHz range. Using this
SWR with a Fabry Perot reflection model predicts a reflectance R = 0.058 £ 0.025, consistent with the expected 4%
reflectance from each of the lens surfaces. With new optics coated for the 150 GHz band, we therefore anticipate that the
spectra will improve.

5. CONCLUSIONS AND FUTURE WORK

In this proceedings, we present the initial results from our antenna-coupled TKID design. These results establish that
we can use standard lab techniques to characterize TKID bolometers designed to observe the CMB at 150 GHz. We also
demonstrate that calibration heaters can be used in conjunction with blackbody sources at different temperatures to measure
the optical efficiency of TKID detectors.

Using these results, we have designed and are currently fabricating a 4 inch TKID tile with 128 detectors to be installed
in a Keck telescope at the South Pole. The detectors are tightly packed in an 8x8 array with all the calibration heaters on a
single row connected in parallel. The focal plane will hold 4 tiles for a total of 512 detectors on the focal plane. This test
camera is planned to deploy in the 2021-2022 Austral summer.
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Figure 5: The averaged interferogram (top) and spectrum of the 234.2 MHz resonator (bottom). The blue interferogram is
the averaged detector response with the individual interferograms in grey. In the lower plot, the magnitude of the spectrum
is shown black with the real part in red and the imaginary part in green.
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