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Abstract—We present an updated design of the 220 GHz
microwave kinetic inductance detector (MKID) pixel for SPT-
3G+, the next-generation camera for the South Pole Telescope.
We show results of the dark testing of a 63-pixel array with
mean inductor quality factor Qi = 4.8×10

5, aluminum inductor
transition temperature Tc = 1.19 K, and kinetic inductance frac-
tion αk = 0.32. We optically characterize both the microstrip-
coupled and CPW-coupled resonators, and find both have a
spectral response close to prediction with an optical efficiency
of η ∼ 70%. However, we find slightly lower optical response on
the lower edge of the band than predicted, with neighboring dark
detectors showing more response in this region, though at level
consistent with less than 5% frequency shift relative to the optical
detectors. The detectors show polarized response consistent with
expectations, with a cross-polar response of ∼ 10% for both
detector orientations.

Index Terms—MKIDs, CMB, South Pole Telescope

I. INTRODUCTION

M ICROWAVE kinetic inductance detectors (MKIDs) ex-

ploit the increased inductance produced by the breaking

of Cooper pairs in a strip of superconducting metal under

an alternating current. When this superconducting strip is

coupled to a capacitor the resulting circuit resonates at a

specific frequency. If exposed to a sufficiently energetic photon

source the resonant frequency shifts as incident photons break

Cooper pairs inside the strip, and this frequency shift can be

used to monitor the intensity of incident light [1]. A simple

design, straightforward fabrication, and natural frequency-

domain multiplexability make MKIDs well-suited for high-

density telescope arrays, and several such arrays have been

deployed in recent years [2], [3], [4], [5] or are planned for

upcoming years [6], [7].

The subject of this paper is the development of MKID arrays

for a next-generation camera for the South Pole Telescope

(SPT). The SPT is a ten-meter mm/sub-mm telescope located

at the Earth’s South Pole whose primary purpose is to measure

the cosmic microwave background (CMB). It currently hosts

the SPT-3G camera, composed of 16,000 transition-edge-

sensor (TES) bolometers [8], [9], [10]. At the conclusion

of the 3G survey, the camera will be replaced with the

new MKID-based SPT-3G+ camera. The SPT-3G+ science

goals include new constraints on the history of reionization,

including the optical depth, via measurements of the kinematic

Sunyaev-Zel’dovich effect; characterizing dusty astrophysical

foregrounds, which will help enable the discovery of new high-

redshift galaxy clusters, distant dusty star-forming galaxies,

and new constraints on Rayleigh scattering at recombination

[11]. MKIDs offer reduced readout complexity and require

fewer readout wires, enabling the increased detector density

necessary to achieve these science goals. SPT-3G+ will consist

of seven monochroic MKID arrays observing at 220, 285, and

345 GHz, with a total of approximately 35,000 detectors across

the entire focal plane [12], [11]. Here we focus on the design

and characterization of the 220 GHz SPT-3G+ detectors. We

present the latest 220 GHz pixel design, highlighting changes

since [12], as well as a dark characterization of the detectors’

microwave properties. We also present an optical characteriza-

tion of 220 GHz prototype detectors, including spectral band

measurements, optical efficiency, and polarization response.

II. DESIGN

Each SPT-3G+ MKID consists of an aluminum inductor,

which acts as a tuned absorber, coupled to a niobium interdig-

itated capacitor (IDC). The IDC is then capacitively coupled

to a coplanar waveguide (CPW), which serves as a feedline

for readout of multiple resonators. A single pixel in the focal

plane is made up of two MKIDs whose inductor-absorbers

are aligned to orthogonal polarization modes. An image of

one SPT-3G+ 220 GHz pixel is shown in the left panel of

Figure 1. These sit beneath a feedhorn-coupled waveguide

whose diameter sets the lower edge of the observation band;

the upper edge of the band is set by a metal-mesh filter in front

of the feedhorn. The detectors are patterned onto silicon-on-

insulator (SOI) wafers whose device-layer thickness is chosen

to act as a quarter-wavelength optical backshort beneath the

inductor-absorbers. This integrated silicon backshort allows for

post-fabrication editing of the IDCs for fine-tuning resonant

frequency placement after testing. The right panel of Figure

1 is a cartoon representation of the feedhorn, waveguide,

choke, and silicon backshort. Refer to [12] for details of the

inductor geometry and simulated optical bands for each SPT-

3G+ observation frequency.
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Fig. 1. Left: Image of an 220 GHz pixel, consisting of two orthogonally aligned inductors (A) coupled to arc-shaped IDCs (B), which are in turn coupled to
the coplanar waveguide (CPW) feedline (C). The CPW is bridged at the six vertices of each hexagonal pixel cell (D) to maintain ground-plane connectivity.
This device is aluminum-only, but on final devices, structures B, C, and D will be made out of niobium. Right: Diagram taken from [12], showing the pixel‘s
position beneath the feedhorn-coupled waveguide and above the integrated silicon quarter-wavelength optical backshort.

The primary change in pixel design from that published

in [12] is the replacement of the microstrip feedline with

a coplanar waveguide. This is due to the strong parasitic

coupling between the IDCs and microstrip feedline that ap-

peared in simulations of densely-spaced resonators. To avoid

this coupling and maintain control of resonator widths, the

CPW, whose field strength declines faster as a function of

distance from the feedline, was implemented. The CPW is

periodically bridged to maintain ground plane connectivity. A

silicon dioxide layer beneath each bridge isolates the feedline

in the center of the CPW from the niobium bridge layer.

Fabrication begins with the deposition and patterning of

the 120nm niobium IDC and feedline layer, followed by the

30nm aluminum inductor layer. Patches of 1200nm silicon

dioxide are patterned via liftoff along the CPW, onto which the

niobium CPW bridges are patterned via another liftoff process.

Prior to deposition of the bridge layer, the oxide is destroyed

using an ion mill at the connection points of the bridges to the

ground plane of the CPW. The silicon backshorts are etched

from the backside of the wafer down to the device layer, and

a layer of niobium is deposited onto the backshort. A thick

layer of aluminum coats the rest of the wafer backside, acting

as an absorber of stray light.

III. 220 GHZ DETECTOR CHARACTERIZATION

A detailed characterization of individual dark 220 GHz

detectors was presented in [12]. The findings of that char-

acterization have been consistent across larger dark arrays.

Figure 2 shows histograms of the inductor quality factor Qi

(minimum target value: 105), critical temperature Tc, and

kinetic inductance fraction αk (simulated value: 0.34) for

a dark chip containing 124 functional dark detectors (97%

yield). Tc and αk were extracted from fits to the resonant

frequency versus temperature curves of the resonators, and Qi

was extracted from fits to the resonance shapes at an operating

temperature of 100 mK. The mean Qi was Q̄i = 5×105, with

σ(Qi) = 3× 105, with the entire Qi distribution greater than

twice our minimum target value. Assuming a ∆ = 1.76kBTc

relationship between the energy gap and critical temperature

of the Al film, we found T̄c = 1.19K, σ(Tc) = 0.02K. The

distribution of α was consistent with the simulated expectation,

with ᾱk = 0.32, σ(αk) = 0.03. With dark microwave

properties relatively well-understood, the next step on the

development timeline is to test the detectors under an optical

load.

A. Optical efficiency

The detectors’ response to a controlled optical load was

measured in a closed cryostat with the feedhorn-coupled

detectors facing a blackbody coldload of variable temperature.

Assuming a single-polarization, beam-filling single-moded

system, such that the etendue of the system is approximated

AΩ = λ2 = (c/ν)2, the optical power reaching the detector

at a given blackbody temperature Tbb can be expressed as

the product of the total filter stack transmission Γfilt and the

integral of the blackbody flux:

Popt(Tbb) = Γfilt

∫

νfilt

νwg

hν

exp( hν

kBTbb

)− 1
dν. (1)

The bounds of the integral, νwg = 176 GHz and νfilt = 240
GHz, are the lower and upper band edges defined by the

waveguide cutoff frequency and metal-mesh low-pass filter

frequency respectively. Γfilt characterizes the band-averaged

efficiency of the metal-mesh filters in the cryostat, which is of

order 0.70-0.90, depending on the exact optical configuration

used. Frequency sweeps and timestream data for optically cou-

pled resonators were collected at each blackbody temperature,

with the device kept at the intended operating temperature of

140 mK. The frequency vs blackbody temperature curve ob-

tained from the sweeps are converted to detector responsivity

Rx via:

Rx(Popt) =
d

dPopt

(∆f0(Popt(Tbb))

f0

)

. (2)

The power spectral densities of the timestream data are fit with

a model to extract the detector white noise level Sxx at each

optical power. Combining the white noise with the responsivity

produces an NEP at each optical loading:
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Fig. 2. Distributions of inductor quality factor Qi (Left), Aluminum critical temperature Tc (Center), and kinetic inductance fraction αk (Right) for a 63-pixel
(126 resonator) dark 220 GHz array, of which 124 resonators yielded. The Qi distribution lies above our target multiplexing value of 105. The Tc for the Al
film was found to be ∼1.2K, and the αk distribution is consistent with our simulated expectation of 0.34.

Fig. 3. The measured NEP at several different optical loads for both the
microstrip (W023, blue) and CPW (W029, orange) chips. These points are
fit with a theoretical model (Equation 5) to extract an optical efficiency, η,
reported in the legend. Fits to the data are represented by solid lines, while
other line styles represent the photon, recombination, and thermal components
in Equation 5 that make up the total NEP. The gray vertical band is the
expected range of optical loading for SPT-3G+.

NEP(Popt) =

√

Sxx(Popt)

R(Popt)
. (3)

Two chips were tested with this setup: W023 has the old

microstrip feedline, and W029 has the new CPW feedline.

Both chips are single-layer aluminum test devices, as opposed

to the fiducial design with aluminum inductors and niobium

IDCs, feedline and ground plane. (We have not observed a

difference in dark responsivity, noise, or resonator quality, be-

tween the all-aluminum test devices and the fiducal aluminum

and niobium design.) The blue and orange points in Figure 3

show the calculated NEP as a function of optical power for

both a microstrip (blue) and a CPW (orange) feedline. Within

the expected SPT-3G+ optical loading range (gray vertical

bar), both resonators have an NEP of roughly 10−16 W/
√

Hz.

The loaded NEP as a function of optical power is then fit with

a theoretical model [13]:

NEP2 =
NEP2

photon + NEP2

R

ηopt

+ NEP2

therm, (4)

where NEPR is the optical recombination noise, and

NEPtherm is a catch-all for any thermal-like contributions that

remain constant with optical power. The photon and optical

recombination contributions to the overall NEP are given by:

NEP2

photon = 2Popthν
(

1 + ηoptn̄ph(ν, Tbb)
)

,

NEP2

R = 2Popthν,
(5)

where ν is the observation frequency, set to 220 GHz, and

n̄ph(ν, Tbb) is the mean photon occupation number per mode at

the observation frequency for a given blackbody temperature.

The optical efficiency ηopt and the thermal term NEPtherm are

the fit parameters. The fit to this model is shown in Figure 3 for

two resonators, a breakdown into the photon, recombination,

and thermal NEP is overplotted in dotted, dashed, and solid

lines, respectively. Both fits indicate an optical efficiency of

∼ 70%. Though this is approximately 15% lower than the

simulated expectation, the simulation does not account for

feedhorn loss or other sources of optical power loss.

B. Spectral response

For characterization of the spectral response, the same

devices were tested in a second configuration, this time with

the detectors facing an open cryostat vacuum window. The

left panel of Figure 4 shows the spectral response of optical

pixels on both the microstrip (W023, blue) and CPW (W029,

orange) chips. All spectra on this plot are normalized to have

unit maximum transmission. These are overplotted with the

simulated optical band, indicated by the gray dotted line.

Test results mostly agree with the simulation, except for

a discrepancy in the lower part of the band. This could

potentially be explained by a slight deviation from simulation

in the machined RF choke, or unexpected coupling to the RF

choke by nearby structures.

The W029 chip contains several structures in which a

feedhorn-coupled central pixel is surrounded by six “dark”

pixels that are not coupled to a feedhorn. This enables mea-

surements of a dark pixel’s response to a change in the power

incident on its optically coupled neighbor. The black solid line

in the left panel of Figure 4 shows the measured spectrum

of the dark resonators on W029. The dark spectral response

peaks at the lower edge of the simulated band, indicating
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Fig. 4. Left: The simulated (grey dotted) optical band overplotted with the measured optical band for a resonator from each of the microstrip (W023, blue)
and CPW (W029, orange) chips. The black line is the measured spectrum from the dark detectors on W029. All bands here are normalized to have a maximum
transmission of 1. Right: Comparison of the averaged fractional frequency shift of dark detectors on W029 to that of optically loaded detectors as a function
of incident optical power. This ratio of dark to optically loaded frequency shift is less than 5% within the expected SPT-3G+ optical loading range (gray
vertical band).

Fig. 5. Frequency shift as a percentage of maximum frequency response for
two orthogonally-polarized, optically-coupled detectors from W029. The blue
and orange points are measurements of fractional frequency shift at various
rotation angles of a polarizing grid. Solid colored lines are fits of Equation 6
to these points, and the minima of these curves correspond to the percentage
of cross-polarization response seen in each detector. This was found to be
roughly 10% for both detectors.

that some of the in-band photons that were not absorbed by

the optical detector were scattered and eventually absorbed

by neighboring dark detectors. The right panel of Figure 4

shows the averaged fractional frequency shift of dark detectors

on W029 as compared to that of optically loaded detectors

as a function of incident optical power. Within the expected

range of optical loading for SPT-3G+, the ratio of dark to

optically loaded frequeny shift is less than 5%. Note that

since optical load decreases detector responsivity, this ratio is

an overestimate of the expected cross-coupling between two

adjacent optically loaded detectors.

C. Polarization response

The polarization response of two resonators with

orthogonally-aligned optically-coupled absorbers is shown in

Figure 5. These measurements were obtained by directing a

hot blackbody source onto the detectors through the cryostat

vacuum window, with a rotating polarizing grid between

the source and detectors. For each polarization angle, the

detectors’ resonant frequencies were measured with and

without the source. The fractional shift in resonant frequency

as a function of source polarization angle is fit with the model

[14]:

∆f0
f0

(θ) = A
[

cos(2(θ − ϕ)) +
1 + ϵ

1− ϵ

]

. (6)

These fits are represented by the solid lines in Figure 5,

and are rescaled to show frequency shift as a percentage

of the maximum response. Here ϵ is the ‘cross-polarization

parameter,’ which corresponds to the minimum of each curve

in Figure 5. The other fit parameters, A and ϕ are an amplitude

and phase shift respectively. For both detectors, the cross-

polarization was found to be about 10%. This is higher than the

simulated value of 3%, however, the simulation includes only

the waveguide, RF choke, and detectors. The simple conical

feedhorn used in this setup is expected to contribute about 4%

to the cross-polarization [15]. Further contributions may come

from errors in manually-adjusted polarization grid angle, or

from stray reflections in the fully on-axis measurement setup.

IV. CONCLUSION

Since the publication of [12], we have modified the SPT-

3G+ pixel design by replacing the microstrip feedline with

a coplanar waveguide. Dark testing of a 63-pixel array of

these CPW-coupled resonators produces results consistent with

those of the microstrip-coupled detectors presented in [12].

Inductor quality factors are well above our Qi = 105 multi-

plexing target, and the transition temperature Tc and kinetic

inductance fraction αk are tightly distributed around expected

values that meet our requirements. Testing of optically-coupled

pixels from both the microstrip and CPW feedline devices

show good agreement in both the measured optical band and
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optical efficiency, with both detectors having effectively iden-

tical bands and an optical efficiency of ∼ 70%. The measured 
bands agree with predictions from simulations, except at the 
lower band edge, where the detector response is less than 
expected. The polarization of the CPW-coupled optical pixels 
was also measured, with cross-polarization response of ∼ 10%
for both polarities. Dark detectors on the CPW chip were 
found to have less than 5% of the frequency shift of their 
optically loaded neighbors within the 5-10 pW range of optical 
loading. The majority of the dark spectral response was seen to 
come from the lower edge of the band, just past the waveguide 
cutoff. Further simulations are underway to understand and 
mitigate this effect, potentially by making slight adjustments to 
the integrating cavity design or by adding dedicated structures 
to the pixel to absorb stray photons.
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