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ABSTRACT

This work presents the procedures used by Argonne National Laboratory to fabricate large arrays
of multichroic transition-edge sensor (TES) bolometers for cosmic microwave background
(CMB) measurements. These detectors will be assembled into the focal plane for the SPT-3G
camera, the third generation CMB camera to be installed in the South Pole Telescope. The
complete SPT-3G camera will have approximately 2690 pixels, for a total of 16,140 TES
bolometric detectors. Each pixel is comprised of a broad-band sinuous antenna coupled to a Nb
microstrip line. In-line filters are used to define the different band-passes before the millimeter-
wavelength signal is fed to the respective Ti/Au TES bolometers. There are six TES bolometer
detectors per pixel, which allow for measurements of three band-passes (95 GHz, 150 GHz and
220 GHz) and two polarizations. The steps involved in the monolithic fabrication of these
detector arrays are presented here in detail. Patterns are defined using a combination of stepper
and contact lithography. The misalignment between layers is kept below 200 nm. The overall
fabrication involves a total of 16 processes, including reactive and magnetron sputtering, reactive
ion etching, inductively coupled plasma etching and chemical etching.

INTRODUCTION

The cosmic microwave background (CMB) is remnant radiation from the early universe that
provides a unique window for exploring fundamental physics. The discovery of the CMB in
1965 [1, 2] validated the Hot Big Bang model of cosmology [3], its homogeneity led to the
theory of inflation, and its anisotropy [4] showed the geometry of the universe is flat and gave a
complete census of the matter-energy content of the universe [5-8]. Studies of the CMB continue
to be a cornerstone of modern cosmology. Current and upcoming CMB experiments are focused
on characterizing the extremely faint CMB polarization, particularly the tensor induced “B-
mode” component. These measurements have the potential to detect primordial gravitational
waves generated during an epoch of inflation. The CMB polarization also contains the imprint of
large-scale structure in the universe due to the gravitational lensing of the CMB photons as they
travel through space. The growth of large-scale structure is influenced by neutrino mass,
therefore CMB polarization measurements can constrain neutrino physics.

CMB detectors have evolved to the point where their sensitivity is limited by photon noise,
which refers to the intrinsic variation of an incident photon flux. Increasing the sensitivity of
CMB experiments to a level required for characterizing the CMB B-mode polarization requires
fabricating focal planes with orders of magnitude more detectors than current instruments.
Multichroic pixels constitute an economic approach to increasing the number of detectors within
a given focal plane area. This work presents the fabrication of a large multichroic arrays of
superconducting transition-edge sensor (TES) bolometers [9,10,11], which will be deployed in
the next generation experiment on the South Pole Telescope, SPT-3G [12].

This paper is structured as follows, we begin with a general description of the SPT-3G focal
plane and the multichroic pixel architecture; we then present an overview of the fabrication
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process before providing a detailed description of the fabrication of the individual components of
a detector.

SPT-3G FOCAL PLANE AND WAFER ARRAY

The SPT-3G camera will consists of ten individual hexagonal arrays, which will fill the SPT-
3G focal plane as shown in Figure 1-(a). Figure 1-(b) shows one of the detector array wafers
after fabrication is completed. Each hexagonal detector array consists of 271 pixels fabricated
from a single 150 mm silicon wafer. In each wafer, two pixels are used to pattern the alignment
marks required during fabrication.

(b)

) : S ”" & 'E

‘_’ .__g Y
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.

Each pixel in the hexagonal array has six detectors, allowing for individual measurement
of three spectral bands (centered at 95 GHz, 150 GHz and 220 GHz), each in two orthogonal
polarizations. In total, the SPT-3G focal plane will be composed of 16140 detectors. 5 um wide
Nb traces with a 5 pm 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 um 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 system is presented
elsewhere [12].
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Figure 2. SEM micogra of a fabricated SPT-3G multichroic pixel array, including the wiring
layout. Sum Nb traces with a 5 um pitch are routed between pixels to bond-pads located at the
edges of the array.

PIXEL DESIGN

The pixel design builds upon prior development of multichroic 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 polarizations [18, 19].
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Figure 3. SPT-3G multichroic pixel components.
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The signal detected 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 respective detectors. The signal is dissipated as heat by a Ti/Au load
resistor and the respective change in temperature is detected by a Ti/Au TES. For each detector,
the load resistor and TES thermistor are placed on a thermally-isolated low-stress silicon nitride
(LSN) membrane suspended via four narrow legs. A thick Pd layer is deposited on the bolometer
island to slow down the thermal response time of the detectors [20,21]. Multiple test structures
are placed around the pixel to monitor the different stages of the fabrication process. These test
structures include patterns to check for end-points during etching steps, step coverage, alignment
test structures, patterns to check for the exposure and development during the lithography steps,
and small devices to probe bolometer films. Sonnet and HFSS simulations were used to evaluate
the expected behavior of the multichroic pixels and to optimize their polarization sensitivity in
the 95 GHz, 150 GHz and 220 GHz spectral ranges. A summary of the dimensions and design
specifications of the SPT-3G detector elements is presented in Table 1.

Table 1. Design parameters of the detector components.

Bolometer element Geometry Design specifications
TES 30um x 80um, t* Ti (200nm)/Au(20nm)  Tc® = 510mK, Rn° = 1.2 Q
Load Resistor 4 squares, t:Ti (40nm)/Au(5nm) 5.5 Q/Sq.
Extra Heat Capacity 13548 pm?, t: Ti (5nm)/Pd(700nm)
95 GHz bolometer length 1957 ym P =12.5 pW (2.5xP¢\.0)
150 GHz bolometer length 1597 um Py = 15.0 pW (2.5%P,09)
220 GHz bolometer length 1517 um Pi= 16.8 pW (2.5xP,.q)

*Film thickness, "superconducting transition temperature, “TES normal resistance, “expected saturation powers for
the detectors, “expected optical loading power for the detectors.

FABRICATION PROCESS

Fabrication overview

Each of the ten detector arrays that will populate the SPT-3G focal plane is fabricated using
150 mm silicon (100) wafers, 675 um thick, coated with a 1 um layer of LSN deposited by low-
pressure chemical vapor deposition (LPCVD). Except for the exposure of the array-level wiring
layout, all layers are patterned using stepper-based lithography. An ASML PAS 5000 stepper is
used in every case, delivering an overlay tolerance between layers better than 200 nm. A SUSS
MAG6/BAG6 contact aligner is used to pattern the array-level wiring layout. Mask designs and
process conditions are selected such that they are compatible with the two i-Line positive
photoresists used throughout the process: SPR-955 (Megaposit) and Ultra-i 123 (Electronic
Materials). The fabrication work is carried out in the class-100 clean room of the Center for
Nanoscale Materials at Argonne National Laboratory. The step-by-step fabrication process flow
of the detectors is presented in Figure 4.

5
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Figure 4: Fabrication process flow showing the thin film layer that make up the multichroic
SPT-3G detectors. The numbers accompanying the frames in this figure are associated to the
detailed description presented for each step in Table 2.

A total of 12 lithography steps are employed for the fabrication of the SPT-3G detectors.
Detector arrays are processed in batches of five wafers. Metallic layers are deposited by DC
magnetron sputtering. Dielectric layers are deposited using RF magnetron sputtering and RF
reactive sputtering. For better film quality, all depositions are carried out with a base pressure of
5x10° Torr or lower. To minimize the number of pinholes in the dielectric layers, it was found
that the deposition vacuum chamber should be opened and cleaned between each batch of five
detector arrays. Prior to every deposition in which a metallic layer has been exposed to air, the
oxide on the metal surface is removed by argon back-sputtering using a RF bias of 25 W at 3
mTorr. Scanning electron microscopy (SEM) is used during the process to evaluate the step
coverage of the deposited films as well as to visually inspect the different components of the
detectors. Energy-dispersive X-ray spectroscopy (EDS) is used to evaluate the elemental
composition of the components in the wafer, allowing us to check for possible film
contamination or incomplete etching processes. Atomic force microscopy (AFM) is employed to
precisely determine the thicknesses of deposited films as well as to image the profile of the
detector components after etching or lift-off. Using these techniques allows us to control the
quality of the deposited films and to monitor the fabrication process. Details on the process

6
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parameters used for fabrication are summarized in Table 2. The step number in Table 2
corresponds to the number of each frame shown in Figure 4.

Table 2. Detailed description of the processes used in detector fabrication. The step number in
this table identifies the respective frame in the fabrication process flow shown in Figure 4.

Step Description

Lithography

Fabrication Process Thickness

1

13
14
15

16

Define aligment marks on Si;N, Etch

Deposition of Nb ground plane

Pattern antenna, filters, ground layer and
bolometers slots. Etch

Deposition of SiO, dielectric

Deposit Nb for microstrip and leads

Pattern microstrip, leads, filter's top layer
and cross-overs bottom layer

Pattern Ti/Au TES. Lift-off

Pattern Ti/Au Resistor. Lift-off

Remove SiO, from bolometers legs and
open Nb ground plane. Etch

Remove LSN from bolometers legs. Etch

Pattern SiO, dielectric spacer for cross-
overs. Lift-off

Complete cross-overs with Nb top layer
(bridges). Lift-off

Deposit Pd layer for extra-heat capacity.
Lift-off

Dice wafer

Remove Si to define the detectors weak
link. Bolometers relase. Etch

Remove photoresist SPR 955. Etch

Stepper, PR: SPR 955

Stepper, PR: SPR 955

Stepper + Optical, PR:
SPR 955

Stepper, PR: LOR-3A /
Ultra-i 123

Stepper, PR: LOR-3A /
Ultra-i 123

Stepper, PR: SPR 955

Stepper, PR: SPR 955

Stepper, PR: LOR-3A /
Ultra-i 123
Stepper, PR: LOR-3A/
Ultra-i 123
Stepper, PR: LOR-3A /
Ultra-i 123

Stepper, PR: SPR 955

Oxford ICP/RIE Etch, RF: 200W, ICP: 1200W, CHF; (30sccm) Ar

-140nm
(30 sccm), 30mTorr
AJA Inc, DC magnetron sputtering, 250W, 1.3mTorr. Target: Nb 300nm
(0.9995%)
Oxford, ICP/RIE Etch, RF: 100W, ICP: 600W, CHF; (20sccm), SF 300nm
(25scem), 12mTorr
AJA Inc, RF magnetron reactive sputtering, 250W, 1.3mTorr, 250°C,
37W REF bias, Ar (27.6sccm), O, (2.4sccm). Target: Si (0.9995%) 500nm
AJA Inc, DC magnetron sputtering, 250W, 1.3mTorr. Target: Nb 300nm
(0.9995%)
Oxford, ICP/RIE Etch, RF: 100W, ICP: 600W, CHF; (20sccm), SF¢ 300nm
(25scem), 12 mTorr
AJA Inc, DC magnetron sputtering, Target: Ti (0.9995), 260W, 200nm (Ti) /
1.6mTorr / Target: Au (0.9999%), 75W, 3.2mTorr 20nm (Au)
AJA Inc, DC magnetron sputtering, Target: Ti (0.9995%), 260W, 40nm (Ti) / Snm
1.6mTorr / Target: Au (0.9999%), 75W, 3.2mTorr (Au)
Oxford, ICP/RIE Etch, RF: 200W, ICP: 1200W, CHF3 (30sccm), Ar

-500nm
(30sccm), 30mTorr
Oxford, ICP/RIE Etch, RF: 200W, ICP: 1200W, CHF3 (30sccm), Ar

-1000nm
(30sccm), 30mTorr
AJA Inc, RF magnetron sputtering, 100W, 3.0mTorr. 25W RF bias.
Target: SO, (0.9995%) 350nm
AJA Inc, DC magnetron sputtering, 250W, 1.3mTorr. Target: Nb 400nm
(0.9995%)
AJA Inc, DC magnetron sputtering, Target: Ti (0.9995%), 260W, Snm (Ti) /
1.6mTorr / Target: Pd (0.9995%), 75W, 3.0mTorr 700nm (Pd)
XeF, Sietch. 3Torr, Cycle duration: 30sec, 165 cycles
Oxford, ICP/RIE Etch, RF: 80W, ICP: 800W, O, (50sccm), 20mTorr -2000nm

Sinuous antenna and microstrip transmission line
The SPT-3G sinuous antenna is a log-periodic antenna with four arms, in which two opposite

arms couple to a single linear polarization [18]. Due to the self-complementary architecture of
the antenna, it has nearly frequency-independent input impedance [19,21-23]. However, for this
type of antenna, the plane of polarization changes periodically as a function of frequency, with
an approximate amplitude of 5 degrees [19]. Therefore, to remove the bias from this systematic
behavior, the array is made up of pairs of left-handed (A) and right-handed (B) pixels, in which
the antennas are mirror images of each other, as shown in Figure 5. In order to fully sample the
polarization signal on the sky, the array consists of pairs of pixels rotated by 45 degrees, which
measure Stokes Q and U parameters of incoming sky radiation [23].
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Flgure 5. SEM mlcrograph showmg the dlsposmon of pairs of Q and 3] plxelsw1th1n the array.
Antennas in pixels A and B are mirrored with respect to each other.

In the initial fabrication stages, the antenna is etched away from the 300 nm of Nb ground
plane. The end-point detector of the inductively coupled plasma reactive ion etching (ICP-RIE)
system used in this step allows us to accurately stop the etching process and avoid substantial
over-etch of the ground plane. The Nb etching process (see Table 2) was adjusted to obtain
straight walls, as well as a uniform etching rate across the 135 mm in diameter circular area
occupied on the wafer by the detectors. The continuous metallic arms of the antenna are used as
the ground plane for the microstrip transmission line, bringing the signal from the antenna to the
bolometers. This microstrip line consists of 300 nm Nb superconducting ground plane, 500 nm
Si0Oy (deposited by RF magnetron reactive sputtering), and a 300 nm Nb microstrip layer. To
achieve a more conformal dielectric film, the wafer is heated to 250° C and 37 W RF bias is
applied during deposition of the dielectric layer [24]. Images of the microstrip and the center of
the antenna are shown in Figure 6.

nm SiO,/Nb

£ P ground

400 } _anii
; Nb —stri/Siox

400 -

SI10,/SisN,

200

0 0 5 10 1
i 5 20 25

Figure 6. (a) AFM image of the center of the antenna. The narrow lines correspond to the Nb
microstrip line that is deposited on the metallic arms of the sinuous antenna. (b) SEM image
showing the microstrip dimensions in the center of the antenna. Target width: 1.2um.
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At the center of the antenna, a 1.2 pm wide microstrip is required to match the impedance of
the antenna. As shown in Figure 6 (b), variations in the microstrip width below 100 nm were
observed during fabrication, for which reflection is expected to be small [23]. As the microstrip
moves away from the center of the antenna, its width gradually increases to 10 um. A gradual
taper from a width of 1.2 pum to a width of 10 pm transforms the microstrip impedance from
50 Qto 10 Q.

To minimize changes in the transmission line phase velocity, the thickness of the microstrip
was chosen to be at least five times larger than the typical London penetration depth of Nb [23,
25]. To estimate the dielectric loss tangent (tan 6) for the microstrip and to optimize the dielectric
deposition parameters, Nb microstrip line resonators were fabricated and tested at frequencies
between 5 GHz and 10 GHz [24]. From these resonators, a dielectric loss tangent of 1.7x10~ was
measured [24]. Considering the microstrip length (~16 mm), the estimated attenuation of the
input signal power due to loss in the dielectric is on the order of 7%, 10% and 13% for the 95
GHz, 150 GHz and 220 GHz detectors, respectively. Additional input signal power attenuation
on the order of 10% is expected for each frequency due to losses in the filters.

Lumped triplexer

Three-pole quasi-lumped element triplexer filters split the broadband signal and define the
center frequency and bandwidth of our detectors. A demonstration of the working characteristics
of these triplexer filters [15], as well as details on the design and optimization of these filters can
be found elsewhere [22,23,26,27]. In general, these filters are made up of short high impedance
sections acting as inductors and parallel plate capacitors and are fabricated using the same layers
as the microstrip transmission line [14,15,27]. The expected detector band-passes are plotted in
Figure 7 together with atmospheric transmission expected for the typical values of precipitable
water vapor (PWV) found at the South Pole. The bands are selected such that atmospheric
absorption in the millimeter range is avoided.

1.0[

Atmospheric Transmission

ool
0 50 100 150 200 250 300
Frequency (GHz)
Figure 7. Expected filter band-passes in comparison with atmospheric transmission (grey area)

for the typical values of PWV=0.25 mm found at the South Pole.
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A 2.5 dimension electro-magnetic simulator (Sonnet) was used to evaluate the robustness of
the triplexer design. Results indicated that variations on the order of +/- 200 nm in the size of the
filter features will have negligible effect on the resulting band-passes. Variations on the dielectric
thickness will affect the filter’s performce as it will modify the capacitance of their parallel plate
capacitor sections. Sonnet simulation results indicate that changes of up to 8% in the dielectric
thickness will shift the band-passes by less than 5 GHz. A reduction in thickness will result in a
shift to lower frequencies, while a thicker dielectric will lead to a shift to higher frequencies (see
Figure 8). To minimize the effect of the dielectric thickness, the microstrip line resonators
fabricated to estimate the losses in the microstrip transmission line [24] are also used as test
devices to monitor Nb and SiOy thickness variations between batches of detector arrays.
Consequently, the variation on the thickness of the deposited SiOy is kept below +/- 40 nm.

Vary diglectric thickness
10 green = 400 nm_cyan = 460 nm_ biue = 500 nm
TR AT AP
{1 A LA
I | I| ,I I \ |
Li¥:] | | | | | |
R
0.6 | | I| | II
g | | (| [ | |
= | | | | |
-] I L] -,
04 | 1}
| | |
| ]
(i [ \
0.2 | | VY (] 111
| Wy \
L |/ I\ \
| i/ W\ h
A4 hTal % ey
0.0 - . - -
o 50 100 150 200 250 300 350
Frequency (GHz)

Figure 8. Effect of reducing the dielectric thickness on the filter band-passes.

Transition edge sensor

A Ti (200 nm) /Au (20 nm) bilayer is used as the TES material. The TES layer is patterned
by the stepper using a 300 nm lift-off resist (LOR-3A) in combination with the positive
photoresist Ultra-i 123. The use of LOR-3A yields smoother edges of the thin film and simplifies
the lift-off process over the 150 mm substrate. The Ti and Au targets are located in the same
deposition chamber. This allows us to perform the deposition of the bilayer without breaking
vacuum, thus minimizing the formation of oxide at the metal interface. The thin gold layer is
deposited to prevent the oxidation of the Ti surface overtime. The measured transition
temperature of one equivalent square sample of a Ti/Au TES is found to be around 515 mK to
540 mK, and has an approximate normal resistance of 0.55 €2/Sq., as shown in Figure 9. A
similar transition temperature has been reported for high purity samples of Ti [28].

The transition temperature of the deposited Ti/Au films has been found to be affected by the
deposition base pressure and the processing conditions after patterning. In particular, it has been
observed that heating the wafers at temperatures higher than 150° C can lead to a decrease in the
TES transition temperature (7;) in the order of 10 to 20%. Consequently, the TES films are
deposited at a base pressure below 2 x 10™ Torr, and temperatures above 110° C are avoided in
the fabrication after the TES film is deposited.

10
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Figure 9. Superconducting-to-normal resistive transition profile of 1 square Ti (200nm)/Au
(20nm) bilayer TES.

Recent work has shown that the superconducting proximity in the lateral dimension can
produce modifications of the resistive transition profile due to the denominated lateral proximity
effect [29, 30, 31]. This effect modifies the resistive transition profile, helping to simultaneously
tailor the superconducting, electrical, and thermal properties of the bolometer. Effects of the
lateral proximity effect include changing R(T) at temperatures above the superconducting
transition temperature (7,) allowing for operation under high loading conditions, a non-zero
resistance below 7, preventing the detector from latching, and a soft transition that keeps the
loop gain low providing for more stable TES operation [17, 21, 29-31]. This effect has been
shown previously in bolometer designs implemented in the 95 GHz SPTpol detectors [16]. In
addition to the Ti/Au bilayer, our TES may be taking advantage of this lateral proximity effect
by placing a normal metal such as Pd in series with the TES material. As a result, this effect may
be broadening our film transitions, helping to prevent thermal instability deep in the transition
[17]. Additional test devices are being fabricated to investigate in detail the influence of this
lateral proximity effect on the resistive transition profile of our films.

Ti/Au load resistor

A Ti (40 nm)/Au (5 nm) bilayer termination resistor equivalent to 4 squares is deposited
using a similar procedure to the one employed for the TES. Because the critical temperature for
this Ti/Au resistor is ~0.5 K or lower, photons with frequencies larger than 36 GHz will break
Cooper pairs. As a consequence, the load resistor operates in its normal state at the target
frequencies of our detectors. The resistors have a square resistance of 5.5 €2/Sq. at room
temperature and the 4 squares geometry minimizes reflection from the incoming 10 Q microstrip
lines.

Extra heat capacity
To add heat capacity to the TES island and obtain a time constant suitable for stable readout,
a 700 nm layer of Pd is deposited on the bolometer island using lift-off. To ensure good thermal
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coupling between this Pd layer and the TES, the detectors are designed with a 5 um TiAu-Pd
overlap, and additional 5 um TiAu-Nb-Pd overlap on each side of the TES (Figure 10).

Ti/Au Load Resistor

Nb microstrip Line

—— Nbleads

Wl_ld

Figure 10. SEM micrograph of the released bolometer island.

Cross-over structures

To read out the signal coming from the four sides of the dual-polarization antenna, cross-over
structures were developed. These cross-over structures are composed of a 350 nm layer of SiO,
separating the 300 nm Nb microstrip layer and the 400 nm Nb cross-over layer, as shown in
Figure 11. In total, each pixel has 21 cross-over structures. The cross-over of the microstrip and
top Nb layers is limited to 4 pm x 4 um to reduce the capacitive coupling between the two
orthogonal polarizations.

pum
e

Nb/SI0,/Nb
Cross-over

0.75.

Si0,/Nbyqtip
050, ¢

0.25

0

Figure 11. AFM image of Nb/Si0,/Nb cross-over structure.
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To simplify the fabrication process and to avoid contamination of the other elements in the
pixels, both the SiO, and top Nb layer are patterned by lift-off. In both cases, a bilayer resist
composed of LOR-3A and Ultra i-123 is used. To pattern the SiO, by lift-off, this film is
deposited at room temperature from a SiO, target, using a magnetron sputtering system. The
11 chamber pressure is kept at 3 mTorr, and a 25 W RF bias is applied to improve the step coverage
12 of the resulting dielectric film. SEM micrographs showing a cross-sectional view of the dielectric
13 obtained by lift-off with and without RF bias are shown in Figure 12.

O©oOoO~NOOOTPRWN -

Mag = 6531 KX WD = 8.9 mm

30 ndilil — InLens EHT = 10.00 kV

% - ®)

45 D aatl Mag = 30.00 K X WD = 8.0mm
InLens EHT = 10.00 kV
46 ——

47 Figure 12. SEM micrographs of the room temperature SiO, dielectric deposited for the cross-
48 over structures. (a) No DC bias applied during deposition. (b) 25W RF Bias applied during

49 deposition. Smoother step coverage for the SiO, layer over the Nb is obtained when RF bias is
50 applied.

54 Thermal link

55 To define the thermal link of the detectors, the bolometers are released by etching the Si
56 substrate under the island and the legs supporting it. Initially, slots are defined by etching
trenches in the Nb ground plane. HFSS simulations showed that the legs in the bolometers can
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act as slotted antennas, leading to unintended signal pick up. To mitigate this effect, the detectors
are fabricated with 100 um wide outer slots and the ground plane between legs is also removed.
According to simulation results, a reduction on the order of 80% in the unintended signal pick up
is expected for this geometry when compared to bolometers with 20 pm wide outer slots and
ground plane between the legs.

Patterning and etching of the slots in the Nb ground plane for the bolometers is carried out in
the same fabrication step as the antenna, corresponding to step 3 in Table 2. The next processes
in defining the bolometers weak link include etching 500 nm SiOx and 1 pm LSN to make
narrow trenches around the legs and in the center of the island. Since the etching recipe used to
remove SiO; and LSN also strips the photoresist, these two films are etched using two different
lithography steps.

After completing the deposition of Pd for extra heat capacity, and before releasing the LSN
membranes, the 150 mm substrates are cut into their final hexagonal shape using a
Thermocarbon dicing saw. The photoresist used to pattern the trenches where the Si substrate
will be removed protects the wafer from dust particles generated during dicing. Isotropic XeF,
chemical dry etching is used to remove the Si beneath the released thermistor island. Si dicing
debris on the surface of the resist is also removed in this step. The geometry of the LSN legs
determines the strength of the thermal link (G) for the bolometer in each band. Table 1 shows
target saturation powers and corresponding lengths extrapolated from dark tests of prototype
bolometers.

To complete the fabrication process, O, plasma is used to remove the resist protecting the
elements in the array during XeF, etching. Figures 13 (a) and (b) show optical micrographs of
two of our bolometers after XeF, etching. Figure 13 (c) shows an SEM image of the SPT-3G
multichroic pixels after fabrication is completed.

Figure 13. (a) and (b) SEM micrographs of two released bolometers. (¢) SEM micrograph of a
SPT-3G multichroic pixel after fabrication is completed.
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PRELIMINARY RESULTS

Optical characterization

Full characterization of the fabricated array of detectors is still ongoing. Once completed, a
manuscript presenting the results obtained from this characterization will be submitted for
publication. Nonetheless, preliminary results obtained from prototype detector samples are
11 presented in this section. Figure 14 shows the band-pass and beam map obtained for a 95 GHz
12 detector of a small array of 2 by 3 pixels fabricated according to the procedure described in this
13 paper. The measured band-pass is compared to Sonnet simulation results obtained for the three-
14 pole quasi-lumped element triplexer filters. A good match is observed for Sonnet simulations run
15 for a 460 nm thick dielectric film, which corresponds to the measured dielectric thickness in the
measured sample. This dielectric thickness is monitored regularly to meet the target of 500 nm
18 during the fabrication of the full array detector wafers.
19 The beam map shown in Figure 14 (b) was taken with 2.5 seconds integration time per step for a
20 detector in the x-polarization. As seen, this beam map is slightly elongated in the x-direction.
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55 Figure 14. (a) Measured band-pass for a 95 GHz detector compared to Sonnet simulations
56 results a 95 GHz filter fabricated with a 460 nm thick dielectric film. (b) Beam map obtained for
57 a 95 GHz detector.
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Transition edge sensors characterization

Figures 15 (a) shows a typical R(T) curve obtained from our films after fabrication is
completed. These curves were taken from small arrays of detectors fabricated using the
procedure presented in this paper. The transition temperature of the Ti/Au TES film is generally
found to be around 515 — 540 mK. The shape of the transition is affected by the presence of Pd
and Nb at the edges of the TES film, as shown in Figure 10 [21]. Typical values of a for these
films are between 200 and 250, as shown in Figure 15 (b). Where a is defined as: a =
(0In(R_TES))/(0In(T)).

T— Cooling
— Warming ||
0855 525 530 535 540 545 550 555 560
300 .
250l (b)
200
& 150
[=5
Z 100
50
ol
-50 i i i i i i i
20 525 530 535 540 545 550 555 560
Temperature (mK)
60 ! ! ‘ T ! !
© : : :
O] T O Ot FO PO PR OTS PRSP
40t
E) . . . .
o
w
'— N N
5 P=k(T," -Tp")
g 200 : S
2 k=322+12 " | | . .
* Tc = 0.539K + 0.001K 5 :
0 G(Tc) =303

_ i i i i i i i
18.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
Bath Temperature [K]

Figure 15. (a) R(T) curve for the Ti(200nm)/Au(20nm) TES films after fabrication of the
detectors is completed, (b) calculation of the logarithmic derivative of resistance with
temperature for the TES shown in Figure 15 (a). (c) Calculation of the thermal conductance of
one of the fabricated detectors.
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The evaluation of the conductance G(7) is shown in Figure 15 (c). Typical values of 300 +/- 20
pW were obtained for the detectors tested. The exponent n in Figure 15 (c) indicates the thermal
carrier in the weak link; n=1 indicates that electrons are the main thermal carriers and n=3
corresponds to phonons. In general, the fabricated detectors have n~ 2.7 to 3.0, indicating that
phonons are the main thermal carriers. Results shown in Figure 15 (c) are from detectors with
legs 20 - 30% shorter than the current full array design. Consequently, results obtained from the
full detector arrays will be used for an additional iteration in the detector’s design. This is
expected to result in a fine tune-up of G(7,), P, loop-gain, time-constant and other detector
characteristics before arrays are deployed for sky observation.

SUMMARY

We discussed the design and microfabrication of large arrays of dual-polarization antenna-
coupled multichroic TES bolometer detectors for cosmic microwave background measurements.
These detectors will be used for the third generation camera of the South Pole Telescope, SPT-
3G. A detailed description of the process involved in the fabrication of the detectors’ elements
was provided. This includes the development of low-loss Nb microstrip transmission line to
bring the millimeter-wave signal from the antenna to the bolometers. Cross-over structures were
also developed, allowing us to route the microstrip and the read out wiring to and from the
bolometers. Deployment of the SPT-3G receiver to the South Pole is planned for the end of
2015, with first light expected by the beginning of 2016. Cryogenic optical and noise
characterization of the fabricated detectors is still ongoing.
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