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COSMIC MICROWAVE BACKGROUND

• Temperature variations tell us about distribution of matter in the universe
• E-mode (curl free) polarization from density perturbations
• B-mode (divergence free) polarization from lensed E-modes and gravitational waves
• Science products

• scalar-to-tensor ratio, r
• effective number of relativistic species, ∆Neff
• sum of neutrino masses, ∑mv

2.3 Sensitivity forecasts for r 17
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Figure 6. Theoretical predictions for the temperature (black), E-mode (red), and tensor B-mode (blue)
power spectra. Primordial B-mode spectra are shown for two representative values of the tensor-to-scalar
ratio: r = 0.001 and r = 0.05. The contribution to tensor B modes from scattering at recombination peaks
at ` ⇠ 80 and from reionization at ` < 10. Also shown are expected values for the contribution to B
modes from gravitationally lensed E modes (green). Current measurements of the B-mode spectrum are
shown for BICEP2/Keck Array (light orange), POLARBEAR (orange), and SPTPol (dark orange). The
lensing contribution to the B-mode spectrum can be partially removed by measuring the E and exploiting
the non-Gaussian statistics of the lensing.

2.3 Sensitivity forecasts for r

Achieving the CMB-S4 target sensitivity of �(r) ⇠ 10�3 will require exquisite measurements of the B-mode
power spectrum. It is expected that CMB-S4 will target the degree-scale recombination feature rather than
the tens-of-degree-scale reionization feature (see Fig. 6), because these largest scales are di�cult to access
from the ground due to atmosphere and sidelobe pickup (though some Stage-3 ground-based experiments
are attempting this measurement, notably CLASS [24]).

As can be seen from Fig. 6, the first requirement for this level of sensitivity to r is a substantial leap forward
in raw instrument sensitivity. For ground-based bolometric detectors, which are individually limited in
sensitivity by the random arrival of background photons, this means a large increase in detector count. The
forecasts in this section use a baseline of 250,000 detectors operating for four years (or 106 detector years),
dedicated solely to maximizing sensitivity to r. It will be necessary to split this total e↵ort among many
electromagnetic frequencies, to separate the CMB from polarized Galactic foregrounds. The forecasts here
assume eight frequency bands, ranging from 30 to 270 GHz. Contamination from gravitationally lensed E
modes must also be mitigated. While a precise prediction for the cosmological mean of the lensing B-mode
power spectrum can be made and subtracted from the observed spectrum, there will be a sample variance
residual between this prediction and the real lensing B modes on a particular patch of sky. To suppress
this sample variance, it will be necessary to “delens” the B-mode maps with a prediction for the lensing
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COSMIC MICROWAVE BACKGROUND

• Detectors in ground-based experiments are already mostly background-
limited (largest noise source is photon noise from the sky)

• Measurements of B-modes requires increasingly sensitive experiments
• More sensitivity = More detectors4 Exhortations
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Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors

Figure 2. Plot illustrating the evolution of the raw sensitivity of CMB experiments, which scales as
the total number of bolometers. Ground-based CMB experiments are classified into Stages with Stage II
experiments having O(1000) detectors, Stage III experiments having O(10,000) detectors, and a Stage IV
experiment (such as CMB-S4) having O(100,000) detectors. Figure from Snowmass CF5 Neutrino planning
document.

1.2.1 Raw sensitivity considerations and detector count

The sensitivity of CMB measurements has increased enormously since Penzias and Wilson’s discovery in
1965, following a Moore’s Law like scaling, doubling every roughly 2.3 years. Fig. 2 shows the sensitivity of
recent experiments, expectations for upcoming Stage-3 experiments, characterized by order 10,000 detectors
on the sky, and the projection for a Stage 4 experiment with order 100,000 detectors. To obtain many of the
CMB-S4 science goals requires of order 1 µK arcminute sensitivity over roughly half of the sky, which for a
four-year survey requires of order 500,000 CMB-sensitive detectors.

To maintain the Moore’s Law-like scaling requires a major leap forward, a phase change in the mode of
operation of the ground based CMB program. Two constraints drive the change: 1) CMB detectors are
background-limited, so more pixels are needed on the sky to increase sensitivity; and 2) the pixel count for
existing CMB telescopes are nearing saturation. Even using multichroic pixels and wide field of view optics,
these CMB telescopes are expected to field only tens of thousands of polarization detectors, far fewer than
needed to meet the CMB-S4 science goals.

CMB-S4 thus requires multiple telescopes, each with a maximally outfitted focal plane of pixels utilizing
superconducting, background limited, CMB detectors. To achieve the large sky coverage and to take
advantage of the best atmospheric conditions, the South Pole and the Chilean Atacama sites are baselined,
with the possibility of adding a new northern site to increase sky coverage to the entire sky not contaminated
by prohibitively strong Galactic emission.

CMB-S4 Science Book

CMB Experimental Scaling

5

From 2013 Snowmass documents

1.4 The Road from Stage 3 to Stage 4 7

2015 

2016 

2017 

2018 

2019 

2020 

2021 

2022 

2023 

Target

Stage 2  
1000  

detectors

Stage 3  
10,000  

detectors

Stage 4
CMB-S4  
~500,000  
detectors

≳10-5

10-6

10-8

Sensitivity  
(μK2) σ(r)

0.035

0.006

0.0005

σ(Neff)

0.14

0.06

0.027

σ(Σmν)

0.15eV

0.06eV

0.015eV

Dark Energy  
F.O.M

0.15eV ~180

~300-600

1250

Boss BAO 
prior

Boss BAO 
prior

DESI BAO 
+τe prior

DES+BOSS 
SPT clusters

DES + DESI 
SZ Clusters

DESI +LSST 
S4 Clusters

Figure 3. Schematic timeline showing the expected increase in sensitivity (µK2) and the corresponding
improvement for a few of the key cosmological parameters for Stage-3, along with the threshold-crossing
aspirational goals targeted for CMB-S4.

improvement for a few of the key cosmological parameters for Stage-3, along with the threshold-crossing
aspirational goals targeted for CMB-S4.

Finally, in Fig. 4 we show how the scientific findings (yellow circles), the technical advances (blue circles)
and satellite selections (green circles) would a↵ect the science goals, survey strategy and possibly the design
of CMB-S4.
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COSMIC MICROWAVE BACKGROUND

§ Single experiment bringing together the CMB community
– Two sites: South Pole and Atacama
– Both small (0.5 m) and large (6 m) aperture telescopes

§ ~ 510K detectors in 9 frequency bands
– TES detectors
– Feedhorn coupling
– Dual-polarization, dichroic pixels

§ Community fabrication effort with detectors made at several sites (ANL, 
LBNL/SeeQc, SLAC, others….)

CMB-S4
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CMB DETECTOR ARRAYS

• Most commonly used detector in 
current CMB experiments

• Superconducting Thermistor
• Voltage bias in the middle of 

superconducting – normal 
transition

• Negative ETF stabilizes bias 
points and speeds up detector 
response

• Can be DC or AC biased

• SQUID amplifier based readout
• Time Domain Mux (TDM)
• Frequency Domain Mux (FDM)

• Noise levels sub-dominate to 
other noise sources (e.g. 
readout and sky)

Transition Edge Sensors (TES)

5.2 Transition edge sensor (TES) bolometers 129
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Figure 70: (Left) Illustration of a thermal circuit for a typical TES detector highlighting the principles of
signal detection. A weakly thermally sunk heat capacity absorbs power, Psignal, which is to be measured.
Variations in the absorbed power change the heat capacity’s temperature, which is measured by a TES
operating under strong electrothermal feedback. (Right) Plot of resistance versus temperature for a typical
TES illustrating the principles of negative electrothermal feedback [220]. The TES is voltage biased onto
its superconducting-to-normal transition. Small changes in the TES temperature produce large changes in
the TES resistance. Since the TES is voltage biased, an increase (or decrease) in the temperature produces
an increase (or decrease) in the resistance leading to a decrease (or increase) in the Joule heating power
supplied by the bias. This canceling e↵ect corresponds to a strong negative electrothermal feedback making
the current through the TES nearly proportional to Psignal.

of (30-50) aW/
p
Hz (nearly background limited at CMB frequencies). Detectors deployed at low optical

frequencies (⇠40GHz) and balloon-borne payloads should realize even lower NEPs of ⇠10 aW/
p
Hz. In

multiple deployed experiments, the TES noise is consistent with what is predicted from theoretical modeling
with realized ground-based experimental sensitivities (array NET) in the range of ⇠10-20 µK

p
s [63,226–228].

Prospects and R&D path for CMB-S4 for TES bolometers

Given the maturity, diversity and demonstrated performance of TES-based CMB detectors, TES detectors
are at a high technology status level (see Section 5.9). Multiplexed readouts are required for implementing
TES focal planes with thousands of detectors. Current multiplexer technologies (Sections 5.4 and 5.5)
already enable arrays of O(10,000) detectors, though readout R&D described in Sections 5.5–5.7 could
improve scalability and lower cost. The most critical R&D elements needed to advance TES technology
for CMB-S4 is that associated with scaling up TES array production for large sensor counts and su�cient
quality assurance.

CMB-S4 Technology Book
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CMB DETECTOR ARRAYS
SPT stages
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Figure 3. Left: Monolithic 150 GHz array, consisting of 84 polarimeters (comprising 168 optical and 5 dark TES
bolometers). Pixel orientations vary between 0 and 45� from nominal in order to improve polarization crosslinking when
scanning. Center: Single 90 GHz pixel in module with feedhorn and waveguide removed. Right: Photograph of the SPTpol
focal plane populated with 150 GHz array modules (center, with smaller aperture feedhorns) and individual 90 GHz pixel
modules (outer rings of feedhorns).

4. SPTPOL RECEIVER

4.1 Focal Plane

The SPTpol focal plane is filled with 768 feedhorn-coupled, dual-polarization pixels, each consisting of two
transition-edge sensor (TES) bolometers for simultaneous detection of incident power in each of two orthogonal
polarizations (for a total of 1536 optically coupled TES bolometers). The focal plane area is split nearly evenly
between 90 and 150 GHz sensitive pixels, with the outer ring of the focal plane consisting of 180 pixels at 90
GHz and the inner diameter consisting of 588 pixels at 150 GHz, see Figure 3. The 90 and 150 GHz pixels were
developed independently at Argonne National Laboratory (ANL) and the National Institute of Standards and
Technology (NIST) in Boulder, CO, respectively, and are briefly reviewed below with details found elsewhere in
these proceedings.18,19

4.1.1 90 GHz Polarimeters

Each 90 GHz pixel is built as a single module that comprises two individual, but identical, single-polarization
detectors mounted face-to-face and rotated 90 degrees with respect to each other. A contoured feedhorn with
a single-moded circular waveguide couples light to the detectors via a resistive PdAu absorbing bar, which is
connected to a SiN thermal mass with a lithographed Mo/Au bilayer TES. In this configuration, the 90 GHz
modules have been measured in the lab to have low cross-polarization response (< 1.6%), high optical e�ciency
for each polarization (⇠ 87%), and excellent noise properties consistent with expectations.18 The 90 GHz modules
are built individually and can be installed to the focal plane as independent units, thus allowing replacement of
broken pixels or those with poor performance. A 90 GHz pixel with the feedhorn and waveguide removed can
be seen in Figure 3.

4.1.2 150 GHz Polarimeters

The SPTpol 150 GHz polarimeter design is based on the generic mm-wave polarimeter development by the
TRUCE collaboration31–33 that is being used in multiple upcoming and future CMB experiments including ABS34

and ACTpol.35 SPTpol detectors represent a branch of this development where TES designs were modified to
match the expected loading and readout requirements of the SPTpol experiment. The layout was expanded into
a monolithic array of 84 polarimeters, and on-chip passband filters were removed in favor of low-pass free space
filters and a high-pass waveguide in order to improve optical e�ciency and block out-of-band leakage.36

Optical power is coupled to the polarimeters through corrugated feedhorns, which help provide low cross-
polarization, symmetric beams, high transmission e�ciency, and wide bandwidths. Corrugated, gold-plated,
silicon platelet feedhorn arrays were developed at NIST37 and made to match the 84-pixel polarimeter arrays.
Single-moded waveguide feeds incoming radiation to a planar orthomode transducer (OMT) that separates the
radiation into orthogonal polarizations. Each polarization is then coupled through micro-strip to its own TES

Figure 3. Left: Monolithic 150 GHz array, consisting of 84 polarimeters (comprising 168 optical and 5 dark TES
bolometers). Pixel orientations vary between 0 and 45� from nominal in order to improve polarization crosslinking when
scanning. Center: Single 90 GHz pixel in module with feedhorn and waveguide removed. Right: Photograph of the SPTpol
focal plane populated with 150 GHz array modules (center, with smaller aperture feedhorns) and individual 90 GHz pixel
modules (outer rings of feedhorns).
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best sites for mm-wave observations. The SPT is a tele-
scope optimized for a SZ cluster survey with arcminute 
resolution at A = 2 mm, low scattering, and a wide field 
of view ('-^ 1 deg^). 

The optics for the SPT has just two mirrors and a weak 
lens, where the lens is used to make a telecentric final 
focus. The SPT primary is a 10-m mirror comprised of 
218 Al panels. The panels are afigned so that the rms 
surface error of the primary is 20 ^m giving less than 
1.5% scattering loss at the highest frequency passband. 
Only the inner 8-m of the primary is illuminated with the 
outer portion serving as a guard ring. 

The SPT secondary is a 1-meter Al mirror cooled to 
lOK. The secondary is surrounded by a set of cones 
lined with microwave absorber (HR-10) also maintained 
at lOK. This configuration not only shields the beam of 
the detectors, but also terminates the beam spillover on a 
cold surface. The combination of the cold secondary and 
cones serve as the cold Lyot stop for the SPT. The entire 
assembly is cooled with a separate cryogenic system 
from the SPT receiver though the two share the same 
vacuum space. 

There are no moving optics for the SPT. Modulation 
of the sky signal is achieved by rapidly scanning the 
entire telescope. For the galaxy cluster survey, the SPT 
observing strategy consists of scanning the telescope 
back in forth in azimuth (0.44-0.84 deg s^^) and stepping 
in elevation to cover an entire field. 

DETECTOR ARRAY AND READOUT 
The SPT-SZ focal plane consists of 960 spiderweb TES 
microbolometers [7, 8, 9, 10]. The detectors are fabri-
cated at the University of California Berkeley Micro-
fabrication Laboratory [10]. As seen in Fig. 1, the fo-
cal plane is assembled out of six wedges each of which 
has 160 detectors. Above each wedge is a horn array 
which defines both the beam pattern for each bolome-
ter as well as the lower edge of the detector pass band. 
The upper edge of the detector pass band for each wedge 
is defined by a set of metal-mesh filters [11] mounted di-
rectly above the horn array. The backside of each wedge 
is metalized, with the thickness of the wedge chosen to 
correspond to a A/4 backshort. 

The entire focal plane array is readout using a 
frequency-domain SQUID multiplexer [12]. In this mul-
tiplexing scheme, detectors are biased with a high fre-
quency signal and are connected in series with a resonant 
LC circuit which defines a narrow band for each TES. 
Seven unique TES-LC circuits are then summed together 
and readout by a single DC SQUID array. Figure 1 shows 
a photograph of a single wedge and feedhom array, to-
gether with a board containing the individual inductors 
and capacitors for the LC filter. 

FIGURE 1. left: a picture of one of the six subunits for 
the SPT-SZ focal plane. Each subunit consists of a feedhorn 
array held above a wedge of 160 spiderweb TES bolometers. 
Connected to the bolometer wedge is a circuit board holding 
the LC resonant filters used for frequency domain SQUID 
multiplexing. Right: an image of the fully assembled focal 
plane. The upper edge of each wedge's optical passband is 
defined by a set of metal-mesh filters (seen covering each 
subunit's horn array). 

Figure 2 shows an image of one SPT-SZ bolometer. 
Each detector consists of a 3-mm diameter spiderweb 
absorber made from a I jUm-thick suspended silicon 
nitride mesh coated with gold to give a sheet resistance 
of a few 100 Q/D. Thermal power produced by radiation 
absorbed on the spiderweb is measured by a TES near the 
center of the absorber operating under strong Electro-
Thermal Feedback (ETF). The TES is an Al-Ti bilayer 
tuned to a Tc '-̂  0.5K. The center of the detector also 
has a Bandwidth Limiting Interface Normally made of 
Gold (BEING) which is a structure used to suppress 
instabilities arising from the increased bandwidth from 
the strong ETF [13]. The weak thermal link, G, for the 
bolometer is defined by a gold bar extending down one 
of the legs of the spiderweb. 

Each wedge observes the sky in a single passband. 
There are three passbands (90 GHz, 150 GHz, and 220 
GHz) used by SPT-SZ corresponding to good atmo-
spheric observing windows from the South Pole. 

ON SKY PERFORMANCE 

SPT-SZ deployed and achieved first light in 2007. The 
initial set of detectors had higher G's which reduced the 
detector sensitivity. Additionally, the high G's increase 
the bolometer thermal bandwidth which made stable op-
eration difficult [13] leading to a reduced on-sky yield. 
For the 2008 season, the entire focal plane was replaced 
with a new focal plane having an optimized BEING de-
sign and G's near what is needed for background limited 
operation. Observations for the 2008 season were car-
ried out in two passbands, 220 GHz (190 detectors) and 
150 GHz (340 detectors). Damage on the 90 GHz wedge 

476 

SPT-SZ
960 detectors
Single-Pol, single-chroic pixel
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1,536 detectors
Dual-Pol, single-chroic pixel

SPT-3G
16,260 detectors
Dual-Pol, multi-chroic pixel
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FABRICATION OF SPT-3G DETECTOR ARRAYS

• Science drivers
• Frequency Bands
• Saturation Powers
• Noise levels

• Practical Drivers
• Cryostat base temperature
• Telescope optics
• Readout system

• Need control over detector 
parameters

• TC
• Rn
• G

• Depending on design, 
parameters are degenerate

Detector Design

9

J Low Temp Phys

Fig. 1 Visualization of
parameter phase space for TES
Tc and RN. Background color
indicates total detector NEP
(thermal, electrical, and an
expected readout noise of
10 pA/

√
Hz) excluding

contributions from photon noise.
White dashed lines indicate
boundary constraints in the
parameter space that are set by
various physical processes. The
white star labeled “target” is the
optimal combination of Tc and
RN given existing constraints
and fabrication tolerances (Color
figure online)

The TES stability requirements are calculated from [4, Sec. 2.4] and are constrained
by our choice of readout electronics. We frequency-multiplex our detectors by wiring
each TES in series with an inductor-capacitor resonator. The width of each resonance
is primarily set by the TES RN; higher resistances equate to broader resonance peaks.
Although a higher resistance can be good for detector stability, it increases noise,
and too large of a resistance results in an overly broad peak that can leak into the
neighboring readout channels. For more information, see [5, Eq. (8)]. The crosstalk
and stability constraints depicted in Fig. 1 reflect specific choices made regarding
readout electronics that are unique to our focal plane.

The 275 mK base temperature of the SPT-3G cryostat sets a hard lower limit on the
allowed Tc. The TES saturation power (the maximum incident photon power before
the detector is driven normal), which should be ≈2 times the optical loading from the
telescope, adjusts this limit upwards to about 425 mK. The saturation power limit was
calculated assuming a fixed thermal conductivity between the TES and the bath.

3 Methods

3.1 Measurement and Fabrication of Test Structures

We fabricated many isolated four-layer Ti/Au/Ti/Au film test structures with various
combinations of each layer’s thickness (except the bottom Ti glue layer, which was
always 5 nm). The test structure geometry was designed to be the same length as a
SPT-3G TES, but with several different widths. Each four-layer sample was fabricated
in the same sputtering chamber used for production SPT-3G wafers, and all four film
layers were deposited without breaking vacuum. The design of the test structures
included pads for wire bonding directly to the sample to avoid the need for depositing
leads for readout. Unlike the TESs on production SPT-3G wafers, these test films
were not suspended on a SiN membrane, but deposited directly on a SiN-coated Si
substrate.

123

F.W. Carter, et. al. in J. Low Temp. Phys. 1 (2018).



FABRICATION OF SPT-3G DETECTOR ARRAYS

• 6 TES per pixel
• Dual polarization
• Tri-chroic (95, 150, and 220 

GHz)

• Key components
• Broadband sinuous antenna
• In pixel channelizing
• Microwave crossovers

• 271 pixels on a 6” wafer (1626 
TES per wafer) 

• 17 Step Fabrication process
• Batch of 5 wafers takes ~ 1 

month to produce

Pixel Layout

(centered at 95, 150 and 220 GHz), each in two orthogonal
polarizations. In total, the SPT-3G focal plane will have
16 140 detectors. The detectors are read out via 5 μm wide Nb
traces, with a 5 μm pitch, are routed from each pixel to bond-
pads at the edges of the hexagonal array, as shown in figure 2.
Deep access automatic aluminum wire-bonding is used to
electrically connect the detectors to the external readout
system [13]. The bond-pads are fabricated with a 100 μm
pitch and are arranged in a staggered T design to allow for
manual wire bonding if necessary. A description of the SPT-
3G instrument and components, including a description of its
optical design, receiver design, cryogenics and readout sys-
tem is presented elsewhere [12].

Pixel design

The pixel design builds upon prior development of multi-
chroic dual-polarization bolometric detectors performed at
UC Berkeley [10, 11, 14, 15] and TES detector technology at
Argonne National Laboratory [16, 17]. As shown in figure 3,
each pixel contains a self-complementary, log-periodic,
broadband sinuous antenna, sensitive to linear polariza-
tions [18, 19].

The signal received by the antenna couples to a Nb
microstrip transmission line. In-line three-pole filters are used
to define the spectral response before reaching the bolometers.
To read out the signal coming from the dual-polarization
antenna, cross-over structures separating two different Nb
microstrip transmission lines are fabricated. This allows
routing the signals coming from the antenna to their

Figure 1. (a) CAD drawing of the SPT-3G focal plane and support structure. (b) Photograph of a single detector array of 271 pixels after
fabrication at Argonne National Laboratory is completed.

Figure 2. SEM micrograph of a fabricated SPT-3G multichroic pixel
array, including the wiring layout. 5 μm Nb traces with a 5 μm pitch
are routed between pixels to bond-pads located at the edges of the
array.

Figure 3. SPT-3G multichroic pixel components.

3

Supercond. Sci. Technol. 28 (2015) 094002 C M Posada et al

C.M. Posada, et.al. in Supercond. Sci. Technol. 28, 1 (2015).
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FABRICATION OF SPT-3G DETECTOR ARRAYS

• Ti/Au/Ti/Au Quadlayer
• Base Ti helps adhesion
• Both Au layers help to 

suppress TC
• Top Au layer limits oxidation 

of the Ti

• Control TC using layer 
thickness

• Control Rn using TES width
• Material properties can very 

with each new sputtering 
target

TC Engineering

J Low Temp Phys

Fig. 2 Matrix of results of Tc measurements of samples grouped by common dimensions of top-/base-
layer Au thickness. Base Au thickness increases from left to right, and top Au thickness increases from
top to bottom. Circular data points represent samples measured in a four-wire test setup and are colored by
which Ti target was used to make them. Red triangles are Dfmux measurements of dark 220 GHz detectors
on SPT-3G candidate wafers. Inverted pink triangles are four-wire measurements of TESs from SPT-3G
candidate wafers that were broken into individual pixels for four-wire testing. Yellow stars are Dfmux
measurements of dark 220 GHz detectors on wafers installed in the SPT-3G focal plane during the austral
summer of 2016/2017. Solid lines are model fits to the circular data points; all data were fit simultaneously.
TES samples with different widths are all plotted together as the effects of width on Tc are minimal (see
Fig. 3) (Color figure online)

are depicted as colored circles where the color denotes the year the Ti sputter target
was purchased. (The volume of fabrication over the course of 3years was sufficient
to require multiple target replacements—all three targets were nominally identical.)
Red triangles, pink inverted triangles, and yellow stars denote measurements of TESs
on SPT-3G candidate wafers (see caption for details). There is a systematic offset
in Tc of actual measured wafers as compared to test samples for nearly all of the
wafer measurements except for those from broken wafers measured using the four-
wire technique (pink inverted triangles). This suggests some combination of excess
loading and/or unidentified systematics in our Dfmux readout system.

The solid lines are least-squares fits of a proximity effect model to the test sample
data (circles) where we weighted the residual of each sample by that sample’s tran-
sition width (2–37 mK for dbaseAu = 0 nm and 0.5–5 mK for dbaseAu > 0 nm). A full

123
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Fig. 3 The effects of sample width on Tc and RN. Each color denotes one of 18 unique sets of four-layer
film dimensions (see legend for details), each containing samples of several different widths. The left panel
shows the percent deviation of sample Tc from the Tc of the 20-µm-wide sample in each set (dashed lines
are a guide to the eye). The right panel shows the RN of each sample at several different widths, normalized
by the resistance of the 20-µm-wide sample in each set. The solid line shows a 1/width dependence (not a
fit), which describes the data very well. Twenty microns was chosen as the comparison width as it was the
only width that all 18 sets of films shared. Each plot shows 49 data points (Color figure online)

model requires solving the Usadel equations for a tri-layer. However, we can develop
a preliminary quantitative description of our results by using the model from [7, Eqs.
(25) and (30)] that calculates the Tc of a superconducting/normal bilayer and adapt-
ing it to our four-layer geometry as follows: we neglected the effects of the Ti glue
layer and reasoned that two layers of Au should perform analogously to a single,
thicker layer. Because the base Au layer seems to depress Tc much more strongly than
the top layer does, we used an effective single layer thickness deffAu = wdbaseAu + d topAu
where the weighting factor (w) applied to the thickness of the base layer is a free
parameter to allow the two thicknesses to independently suppress Tc. This param-
eterization allows us to quantify our results directly using the bilayer calculations
in [7]. The only other free parameter in the model was a unitless interface trans-
parency describing the quality of the boundaries between films in the bilayer, which
are assumed to be identical. We neglected the effects of the Ti glue layer in this
model.

This model reproduces the behavior of our tests modulo some systematic offset
between target years. The best-fit value for the weight factor (when fitting all test
sample data simultaneously) is w = 1.4. An equivalent statement is: “a given base
layer thickness seems to depress Tc the same as a top layer that is 1.4 times thicker.”

In Fig. 3, we plot both the Tc and the RN of many test samples as functions of
sample width. In each plot, we group samples of different widths that share identical
film thicknesses by color, and then normalize by the value of the 20 µm sample. In
the left panel, we show the percent deviation of Tc, and in the right panel, we show
the normalized RN. In both cases, Tc decreases only slightly as sample width narrows,
and RN varies inversely with sample width.

123

F.W. Carter, et. al. in J. Low Temp. Phys. 1 (2018).



FABRICATION OF SPT-3G DETECTOR ARRAYS

• G is a function of leg 

geometry and material 

parameters

• G is determined from 

measurements of detector 

saturation power vs 

temperature

• Psat = G*(Tn-Tn
bath) / nTn-1

• Measurements confirm that:

• Conductance scales as leg 

width / length for constant 

thickness

• Microstrip dielectric has 

major impact on G

‘G’ Engineering
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blue/purple/grey

=SiN/Nb/SiO2

J. Ding, et.al. in IEEE Trans. Appl. Supercond. 27, 1 (2017).



FABRICATION OF SPT-3G DETECTOR ARRAYS
SPT-3G Array Performance

13

Detectors are as good as one can get!
§ Detector noise dominated by fluctuations of 

absorbed photons

– measured on sky

– NO GAIN from lower noise detectors

§ Array mapping speed 

• 9 / 7.5 / 30 μK √s in 90 / 150 / 220 GHz



MOVING TOWARDS CMB-S4
Fabrication Facilities

1417,500 sq. ft. - Class 100-1000 - Bay-and-chase design
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AlMn TES: Doping with magnetic materials
MOVING TOWARDS CMB-S4

§ Control Tc by doping Al with Mn.
§ Fine tune Tc with post deposition

bake

§ Demonstrated control of TES Tc
in range 130-450mK

§ AlMn TES deployed on SPT-3G in 2018
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Distribution of normal resistance (left) and Tc (right) measured in the field

Resistance as a function of temperature for AlMn(200 nm, 
2000ppm)\Ti(15nm)\Au(15nm) films with TC of ~ 140 mK. The TES are 

10 um long by 80 um (140 um) wide for the red (black) data.D. Li et al., J. Low Temp. Phys., vol. 184, no. 1–2, pp. 
66–73, Jul. 2016.
A. J. Anderson et al., J. Low Temp. Phys., Nov. 2019.



MOVING TOWARDS CMB-S4

§ OMT likely to be used on several bands for CMB-S4
§ OMT fabrication requires silicon deep reactive ion etcher (DRIE)

– PlasmaTherm DRIE installed at CNM in July 2019

OMT Fabrication

16

90 GHz OMT probes in 
SPT3G layout

SiN membranes 
created by DRIE



MOVING TOWARDS CMB-S4
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§ Could significantly reduce number of optics 
tubes needed for higher frequency bands

§ Fabrication of first released devices (220/270 
GHz) now completed 

MKIDS



FINAL THOUGHTS

• Advances in detector arrays have enabled new 
CMB Science

• Making/using large detector arrays is hard
• Argonne successfully fabrication and deployed 

the SPT-3G focal plane
• We are developing the necessary processes for 

CMB-S4 compliant detectors
• Effort from the entire community will be required 

to deploy CMB-S4
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