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Abstract We report on the cryogenic properties of a low-contraction silicon—
aluminum composite, namely Japan Fine Ceramics SA001, to use as a packag-
ing structure for cryogenic silicon devices. SA0O1 is a silicon—aluminum com-
posite material (75% silicon by volume) and has a low thermal expansion coef-
ficient (~1/3 that of aluminum). The superconducting transition temperature
of SA001 is measured to be 1.18 K, which is in agreement with that of pure alu-
minum, and is thus available as a superconducting magnetic shield material.
The residual resistivity of SA001 is 0.065 pf2m, which is considerably lower
than an equivalent silicon—aluminum composite material. The measured ther-
mal contraction of SAQOL immersed in liquid nitrogen is W = 0.12%,
which is consistent with the expected rate obtained from the volume-weighted
mean of the contractions of silicon and aluminum. The machinability of SA001
is also confirmed with a demonstrated fabrication of a conical feedhorn array,
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with a wall thickness of 100 pm. These properties are suitable for packaging
applications for large-format superconducting detector devices.

Keywords Cryogenics - Superconductor - Thermal contraction - Feedhorn
array - Astrophysics

1 Introduction

Large format arrays of superconducting detectors, such as microwave kinetic
inductance detectors and transition edge sensors, are being developed to en-
hance the survey speed of astrophysical telescopes. These detectors are often
built on silicon wafers, which are packaged with aluminum components like
feedhorn antenna arrays and wafer support structures [1, 2, 3, 4]. However,
the large difference in thermal contraction between silicon and these metals
can result in serious misalignment of the optical components, and thermal
stress damaging the device when cooled to cryogenic temperatures. Although
Invar is a solution for differential thermal contraction, it is not widely used
because of the performance degradation of superconducting detectors due to
ferromagnetism.

Recently, cosmological experiments at millimeter and submillimeter wave-
lengths (e.g., CLASS [5, 6, 7], AAvACT [8]) have introduced the silicon—
aluminum composite alloy material, Sandvik-Osprey CE7, produced by the
spray-forming method [6], which has a low thermal expansion coefficient (~1/3
that of aluminum). CE7 also has the advantage of being a non-magnetic and
superconducting magnetic shield material owing to its superconducting tran-
sition temperature of 1.2 K, which is above the operation temperature of the
detector stages (< 0.3 K).

Herein, we report the measurement results for an alternative silicon—aluminum
composite material, Japan Fine Ceramics SA001, in terms of thermal contrac-
tion, superconducting transition temperature, and electric resistivity. We also
demonstrate the machinability of SA001 with a test cut of a conical feedhorn
array.

2 Material

SA001! is a silicon-aluminum composite material with a 75:25 volume ratio
produced by the infiltration method, which shows a structure of silicon grains
(~10-100 pm in size) filled with aluminum. SA001 is lighter, more rigid, and
has a lower thermal expansion coefficient than aluminum and its alloys, and
is thus a functional substitute for aluminum or steel alloys in industrial use.
The physical properties of SA001 at room temperature are summarized in
Table 1. The significant difference between SA001 and CE7 is in the electrical
resistivity, which of SA001 is three times smaller than that of CE7. The other
properties are almost equivalent to those of CET.

1 https://www.japan-fc.co.jp/en/products/cate01/cate0104/sisic75vol-sa001.html
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Table 1 Physical properties of CE7 and SA001.

CET7¢ SA001
Room
Composition (wt% of silicon) 70 72b
Composition (vol% of silicon) 73¢ 75
Thermal expansion coefficient at 200 °C (K1) ~9x10~6 9x10~9
Density (g cm™3) 2.43 2.4
Young’s modules (GPa) 129.2 120
Possion’s ratio 0.26 0.29
Resistivity at 300 K (p2m) 1.15 0.4
Cryogenic
Transition temperature T¢ (K) 1.19 1.184+0.01
Residual Resistivity at 1.5 K (uQ2m) 0.50 0.065£0.001
Thermal conductivity at 1.2 K (Wm~1K—1) 0.06¢ 0.45¢
Thermal contraction W 0.1% 0.120 4+ 0.013%
Thermal contraction Z203K—Lak 0.1% 0.12%¢

Lagsk

@ Reference [6].
b Calculated from the volume composition.
¢ Calculated from the weight composition.

@ Estimated using the Wiedemann-Franz law from residual resistivity at
1.5 K.

¢ Volume-weighted mean of thermal contraction at 4 K of silicon and alu-
minum.

3 Cryogenic Measurements
3.1 Superconducting transition temperature and resistivity

We measured the resistivity—temperature curve of SA001 to investigate the
superconducting transition temperature and material’s electric properties at
cryogenic temperature. Two fine (0.42 x 0.15 x 8.5 mm?®) samples of SA001
were cooled down to 220 mK on the cold stage of the He sorption refrigerator,
Simon Chase He-10 (Figure 1). Resistances of the samples were continuously
measured by the 4-terminal method using an AC resistance bridge (AVS-47B)
in the course of the cooldown. The temperature of the samples were mea-
sured by well-calibrated thermometers Cernox CX-1010 and Ruthenium oxide
RX-102A. The result is shown in Figure 2. The sharp transitions to the su-
perconducting state at the transition temperature? T, = 1.18 £ 0.01 K for
both samples assure the reproducibility of the superconducting property of
SA001. The measurement error is given by the calibration error of the ther-
mometers. The measured T, is equivalent to those of pure bulk aluminum
(T, = 1.18 K[9]) and CET7 (T, = 1.19 K [6]), Thus, we conclude that SA001
surroundings can efficiently function as a superconducting magnetic shield at
the operating temperature of detectors (< 1 K).

2 T. of SA001 is defined at the temperature of half of the normal resistivity, which is
consistent with the definition of T of CE7 [6].
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Fig. 1 Cryogenic measurement configuration to determine transition temperature and re-
sistivity.

We also obtained a residual resistivity (RR, defined at 1.5 K) of 0.065 +
0.001 pQm for SA001, which is considerably lower than that of CE7 (0.5 uQm
[6]). Using the Wiedemann-Franz law with the theoretical Lorentz number
of L = 2.44 x 107® WQK~2, we estimate the thermal conductivity at 1.2 K
to be 0.45 and 0.059 Wm~1K~! for SA001 and CE7, respectively, suggesting
that SA001 has eight times better thermal conductivity than CE7. Below the
transition temperature, thermal conductivity of CE7 at 300 mK has been
reported to be 0.005 Wm 'K~ [6]. The value is expected to be a lower limit
for SA001 below the transition temperature. Therefore, SAOO1 can be cooled
from room to the operation temperature of detectors very efficiently.

3.2 Thermal contraction

The thermal contraction of SA001 was measured with a simple apparatus
made of 6061 aluminum alloy (Figure 3) [10]. The distance of the two walls on
the aluminum alloy plate, with and without steps, was varied by increments
of 0.5 mm. This functioned as a ruler for measuring the length of the sample.
Both the apparatus and a 200 mm long SA001 sample were immersed in liquid
nitrogen. After fitting the sample to the ruler, a thickness gauge (SUS) was
used to accurately determine the sample length. The contractions of the ruler
and the thickness gauge were corrected and the length of the sample was
derived. As a result of the measurement and the contraction correction, we
obtained a thermal contraction of % = 0.120 &+ 0.013%, which is
equivalent to that of CE7 (0.1%).

The measured contraction of SA001 at 77 K is can be explained by a
volume-weighted mean of contractions (0.116% was estimated from contrac-
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Fig. 2 Measured resistivity-temperature curves of the SA001 samples (a) around the tran-
sition edge temperature and (b) in course of the cooldown from 300 K.
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Fig. 3 (a) Schematic image and (b) photograph of the apparatus and SA001 sample
(200x25 x 25 mm?) for thermal contraction measurement.

tions of silicon and pure aluminum, which are 0.023%[11] and 0.393% [9]). We
also estimated the contraction at 4 K to be 0.121% using the volume-weighted
mean of in the same method using the contractions of silicon and aluminum
(0.022%[11] and 0.415%[9], respectively). This is also consistent within the
measured contraction at 77 K.

4 Machining test

Silicon—aluminum alloys are known to be difficult-to-machine materials; there-
fore, we performed test cuts of circular waveguides and a 5-pixel conical feed-
horn on the SA001 samples. SA001 is a hard and brittle material, and therefore
we used diamond-coated tools for machining. Figure 4 (a) shows the cross-
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Fig. 4 (a) Cross section of a circular waveguide. (b) Five-pixel conical feedhorn antennas.
(¢) Zoom up of the 100 pm wall structure between the feedhorns.

section of the circular waveguides with a length of 10 mm and a diameter
of 1.5 mm. We confirmed that surface roughness inside the waveguide was
achieved to be R, ~ 1 pm.

We also fabricated a 5-pixel feedhorn antenna array with an aperture di-
ameter of 5.4 mm, a full flare angle of 15°, a waveguide diameter of 1.5 mm,
and a total length of 16 mm. The thin wall structures between the feedhorns
were robustly fabricated with a thickness of 100 pm. The machining method
is scalable for more than a 100-pixel array. Thus, we confirmed that SA001
is machinable for conical feedhorn arrays available for large-format supercon-
ducting detector instruments.

We also checked the fabrication of more precise structures. Thread holes for
M2 and M3 screws can be bored robustly. Although we tried cutting grooves
for a corrugated feedhorn inside the conical horn (groove width <0.5 mm),
it was still challenging because of the limitation of machining tools and the
brittleness of the SiAl composite material.

5 Conclusion

We investigated the cryogenic properties of SA001, which are summarized in
Table 1. The measurement results show that SA001 is suitable for detector
packaging or feed horn array material. We will use SA001 as the material for
the focal plane detector modules in a new multi-color millimeter and submil-
limeter camera planned for the Greenland telescope [12].
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