3D Printed Alumina as a Millimeter-Wave Optical Element

Rex Lam?, Scott Cray?®, Calvin Firth®, Shaul Hanany?, Jiirgen Koch?, Kuniaki Konishi®,
Tomotake MatsumuraP®, Yuki Sakurai®f, Haruyuki Sakurai®, Ryota Takaku®, and Andrew Yan®

#School of Physics and Astronomy, University of Minnesota, Twin Cities, 115 Union St. SE,
Minneapolis MN 55455, USA
PKavli Institute for the Physics and Mathematics of the Universe (IPMU), The University of
Tokyo, 5-1-5 Kashiwa-no-Ha, Kashiwa, Chiba 277-8583, Japan
“Institute for Photon Science and Technology (IPST), The University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-8654, Japan
dLaser Zentrum Hannover, Hollerithallee 8 D-30419, Hannover, Germany
“Inter-University Research Institute Cooperation High Accelerator Research Organization
(KEK) International Center for Quantum-field Measurement Systems for Studies of the
Universe and Particles (QUP), 1-1, Oho, Tsukuba, Ibaraki, 305-0801, Japan
fSuwa University of Science, 5000-1 Toyohira, Chino-shi, Nagano 391-0292, Japan

ABSTRACT

We present transmission and loss measurements of 3D printed alumina and reflectance measurement of a sample
with 3D printed sub-wavelength structures anti-reflection coatings (SWS-ARC). For a band between 160 and 700
GHz we find an index of refraction n = 3.11 4 0.01 and loss tand = 0.002 4+ 0.003. Transmission measurements
between 160 and 250 GHz of a sample with SWS-ARC 3D printed on one side give a reduction of reflectance from
a maximum of 64% to a maximum of 31% over the band, closely matching predictions. These first measurements
of the index and loss over this frequency band suggest that the material could be useful for astrophysical
applications.
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1. INTRODUCTION

Alumina is a material widely used in millimeter and sub-millimeter wave astrophysics for lenses and sub-
millimeter filters. It has among the lowest loss in the millimeter wave band, relatively high absorption in
the IR, and high thermal conductance leading to low emission when heat sunk at cryogenic temperatures.! This
makes it useful as a low-pass filter for use in telescopes.?*

Alumina’s high index of refraction n ~ 3° requires implementing an anti-reflection coating to avoid large
reflections, and several ARC techniques have been proposed.® 19 Our group has been focused on implementing
the technique of sub-wavelength structures (SWS) as an ARC.% 11716

Two methods have been proposed to fabricate SWS on alumina: dicing!” and laser ablation.? 13:16:18,19 Dye

to the hardness of alumina, dicing has been reported to require multiple replacements of blades over optical
elements that are tens of cm in diameter.!” Laser ablation is wear-free, and therefore scalable to large quantities
and diameters if ablation rates are demonstrated to be sufficiently high. To date, authors report ablation rates
on alumina between 0.5 and 34 mm?/min,'* 2% 22 spanning a variety of ablation conditions including laser type
and power, pulse duration, scan speed, etc. The largest laser-ablated alumina optical element that has been
laser ablated is 300 mm diameter and is operating with the MUSTANG?2 instrument.? It took less than 4 days
to make, and the reported ablation rate was 18 mm?/min.?

Another method to fabricate alumina is through additive manufacturing. At the millimeter-wave, the proper-
ties of 3D-printed alumina have recently been characterized at frequencies between 75 and 110 GHz.?3 Additive
manufacturing opens pathways for patterning SWS on either flat or curved alumina samples at the time of optical
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element fabrication obviating the need for subtractive manufacturing. 3D printing might also give higher aspect
ratio SWS.

In this paper we report about the properties of samples of 3D printed alumina without and with SWS-ARC.
We describe the samples in Section 2. In Section 3 we give transmission and loss measurements between 160 and
700 GHz of bare 3D-printed alumina, and transmission measurements between 160 and 250 GHz of a sample
that had SWS 3D printed on one side. We discuss the results and summarize in Section 4. To our knowledge,
these are the first measurements of 3D-printed alumina over this frequency range.

2. SAMPLES

Nishimura*, a company that specializes in sintering alumina powder, partnered with SK FINE, a company that
specializes in 3D printing, to make two alumina discs. One disc, henceforth referred to as ‘flat’, was 50 mm in
diameter, 29.4+0.005 mm thick, and was flat on both sides. A second disc, henceforth referred to as ‘patterned’,
had SWS on one side. A schematic cross section of the patterned sample is shown in Figure 1. We used a
confocal microscope to measure the SWS over more than 50 pyramids. A sample image is given Figure 2, and
averages and standard deviations of the measurements are given in Table 1.
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Figure 2. Confocal microscope images of a section of the 3D-printed patterned disc. The right image gives definitions of
the shape parameters.

*https://nishimuraac.com/
Thttps:/ /www.sk-fine.co.jp/en/
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Table 1. Parameters of 3D printed alumina with patterned SWS. The parameters are defined in Figure 1 and the right
panel of Figure 2. The data are averages over at least 50 pyramids.

Parameter Measured (mm)
Diameter (D) 40.18 £ 0.05
Total Thickness (T") 2.919 £ 0.007
Thickness of Substrate (t) 1.04 £0.01
Pitch x (Py) 0.495 & 0.004
Pitch y (P,) 0.494 4+ 0.005
Top Width x(w,) 0.165 4 0.005
Top Width y(w,) 0.155 + 0.005
Saddle depth x (d) 1.88 £0.04
Saddle depth y (d,) 1.87£0.07
Total Depth (d) 1.946 £ 0.006

3. MEASUREMENTS

We measured the transmission and reflection of both samples using a vector network analyzer (VNA) and the
experimental configurations shown in Figure 3. All measurements were repeated twice to check for reproducibility,
and the two were nearly identical. Only a single measurement was used for subsequent data analysis. The
transmission and reflection of the flat and patterned discs were conducted over 160 — 700 GHz, and 160 —
260 GHz, respectively, and the data are given in Figures 4 and 5.

The transmission measurement is normalized by a measurement without the sample and the reflection mea-
surement is normalized by comparing the measurement to a measurement with a gold mirror in place of where
the sample would be. All raw VINA data are squared to give a measure of power transmittance and reflectance.
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Figure 3. Experimental configurations for transmission (left panel) and reflection measurements (right panel). The ‘Trans-
mitter’ and ‘Receiver’ functions are provided by a vector network analyzer. The sketches are not to-scale.

4. ANALYSIS AND RESULTS
4.1 Flat Disc

We least-squares fit the transmission and reflection data of the flat sample to a theoretical model to extract a
best-fit index of refraction n and loss tangent tand. These values are given in Table 2. The residual from the
best fit is shown in Figure 4 and we use the standard deviation of this residual as a measure of noise in the data.
The overall standard deviation of the residual ¢ = 0.055 is dominated by the transmission data op = 0.071. We
use o to produce a reduced x? and to find a range of uncertainty for n and ¢ for data in each of the incident
polarization states. These uncertainties are given in Table 2

4.2 Patterned Disc

We compare the measurements to theoretical predictions using rigorous coupled-wave analysis (RCWA)?? as-
suming the measured geometry given in Table 1 and an index and loss matching the measurements reported in
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Table 2. The best-fit index of refraction and loss tangent values including 68% uncertainties for the flat disc sample for
each of the incident polarization angles.

Parameter ‘ Value
n 3.11 £0.01
) 0.002 £ 0.003

Table 2. The RCWA-calculated transmittance and reflectance are shown in Figure 5. The RCWA calculation
shows the signature of diffraction, which is calculated to set in at frequencies higher than vgig = ¢/pns = 195 GHz,
where p is the pitch and n, is the index of refraction.'®
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Figure 4. Transmission and reflection data as a function of frequency (upper panels, blue and green dots, respectively) of
the flat disc, the best fit models (solid, same colors), and the residuals from the best fits (lower panels). The expanded
view of a low frequency band (right panel) also gives the sum of the measured transmission and reflection (black).

The flat disc was measured to have a maximum reflection of 64%. This is reduced to a maximum of 31%
with SWS.

5. DISCUSSION AND SUMMARY

A single index of refraction and loss tangent fit the transmission and reflection spectrum of the flat disc over a
broad frequency range between 160 and 700 GHz. The value of the index of refraction is close to values measured
with standard sintered alumina.'?® The loss tangent is not constrained well, see Table 2, although the RCWA
fit to the transmission data shown in Figure 4, in which we used tan § = 0.002 suggests a lower value. Higher
precision measurements are required to gauge whether the sample has loss values competitive with standard
alumina. For future samples, it would also be important to receive information from vendors quantifying the
purity of the 3D-printed material, and the nature of foreign agents.

To our knowledge, these are the first measurements of the optical properties of 3D-printed alumina between
160 and 700 GHz, and the first demonstration of 3D-printed structures as SWS-ARC. The measurements indicate
that the approach is promising, and over time the technology could mature from samples that are few cm in
diameter to ones with diameters of tens of cm.
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Figure 5. Transmission (blue points) and reflection (orange points) of the patterned disc. The blue and orange lines are
the models generated by RCWA given the average geometric parameters of the patterned disc as given in Table 1.
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