Progress Toward Corrugated Feed Horn Arrays in Silicon
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Abstract. We are developing monolithic arrays of corrugated feed horns fabricated in silicon for dual-polarization single-
mode operation at 9, 145 und 220 GHz. The arrays consist of hundreds of platelet feed homs assembled from gold-coated
stacks of micro-machined silicon walers. As a [irst step, Au-coated Si waveguides with a circular, cormugaled cross section
were fabricated; their attenuation was measured to be less than 0. 15 dB/cm from &0 to 110 GHz at room temperature. To ease
the manufacture of horn arrays, electrolytic deposition of Au on degenerate S1 without a metal seed layer was demonstrated.
An apparatus [or measuring the radiation patlern, optical efficiency, and spectral band-pass of protolype horns is described.
Feed horn arrays made of silicon may find use in measurements of the polarization anisotropy of the cosmic microwave

background radiation.

Keywords: millimeter wave optics, observational cosmology, MIMs

PACS: 95.85.Bh, 98.80.Es, 07.57.Kp

Imaging detectors al millimeter wavelengths can now
be buill with hundreds of pixels [1]. However, parallel
gains in free-space coupling optics have lagged.

At NIST we are pursuing monolithic arrays of corru-
galed plalelet [eed horns made with Si. Each layer in
the stack is a Si wafer with photolithographically de-
fined apertures. Once assembled and coated with Au,
these horn arrays are expected to feature the same low
loss, wide bandwidth, minimal side lobes and low cross-
correlation as electroformed horns |2, 3]. Moreover, rel-
ative to metal corrugated arrays [4], Si horn arrays arc
expected to have the following benefits: (a) a thermal
expansion malched (0 Si detectors, {b) lower thermal
mass, and (¢) straightforward development to arrays of
thousands of horns. The foremost of these considerations
means that detector-horn alignment at room temperature
should be maintained at low temperature (Table 1). Sili-
con is also convenient due to the availability of high res-
olution wafer-scale Si etch tools.

To demonstrate the feasibility of this approach we
[abricated W-band (WRI() waveguides oul of Si and
measured their transmission characteristics from 80 (0
110 GHz. The §i platelets were machined in 76.2mm
diameter Si walers by use ol photolithography and deep
reactive ion etching (DRIE). In 230um thick Si, lor
example, features can be reproduced with ~ 5 pm lateral
resolution through the full wafer bulk {~ 50 : 1 aspect
ratio). Sidewall roughness for etched apertures is less
than 1 gm [5]. Tools for applying this process to wafers
150'mm in diameter are currently being installed at NIST.

With the aim of casing the eventual manufacture of
horn arrays, we demonstrated electrolylic deposition of
Au (ilms directly on degenerate Si. Tests of [ilm adhesion
and waveguide performance are reported.
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FIGURE 1. Photograph of an assembled circular waveguide
after electroplating with Au. Visible in the figure are features
for joining the Si waveguide with other standard metallic wave-
guide components: A) clearance holes for 4 — 40 screws and C)
four holes for stainless alignment dowels. Arrow B identifies
the waveguide channgl. The shiny surface is dricd cpoxy used
to hold the stack together, The annulus surrounding the wave-
guide (B} is an arlifact of the electroplaling process and is not
tuncticnal.

An apparatus was constructed to measure the far-field
radiation pattern and cross polarization of feed horns by
use of a vector network analyzer.
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TABLE 1. Comparison of materials for horn ar-
rays. Where. cp 1s specific heat and o is coefficient
of thermal expansion [6].

ep/(T g KD a1l 107K
at77 K at 293K
Al 0.330 23.1
Ma 0.488 8.2
Be 0.080 11.3
Cu 0.195 16.5
Si 0.18 2.6

CIRCULAR WAVEGUIDES

A pair of waveguides with circular cross section were
assembled from platelets 380pum thick. ‘The wave-
guide apertures were sized to be single mode from
80 to 110 GHz. One waveguide was smooth-walled
(221 mm diameter; 4.0 mm length) and one was
corrugaled (2.1/5.55 mm diamcter, allernaling cvery
3804m; 11.5 mm length)y. The corrugation depth was
one hall-wavelength decp. A metal sced layer (Ti:Au
100nm:500mm) was deposited on plaiclets mounted on
an orbilal platfor canted at 45°. Plalclels were stacked
on alignment ping and adhered wilh (wo-part cpoxy ap-
plicd to their ¢dges. Platelet alignment accuracy was
+10um, Subsequent electrolytic plating of the assem-
bled stack increased the Au thickness to 3 — 3 gm on flat
surfaces (less n the corrugations). Figure 1 shows a pho-
tograph of ome waveguide siructure,

Waveguide loss was measured by use of a vector net-
work analyzer (VNA), A short followed the device un-
der test so that a S11 reflection measurement gave twice
the single-pass loss. We observed less than .15 dB/em
loss in both the corrugated and not corrugated waveg-
uides (1'ig. 3). We also measured the transmission (S12)
for the waveguides and ohserved attenuation consistent
with the $11 measurements.

IL is instruclive @ compare the loss in our circular
corrugaled waveguides with the expeeted loss « [or the
[undamental (TEg) mode of a hollow rectangular wave-
guide duc o finile wall conductivily. An cxpression [or

e (3 ()

where Ay — ¢/ is the free-space wavelength, «
is the speed of light, f is the frequency, A, —
Ao/ /1 —(Ay/A? is the guided wavelength, A, — 24
is the waveguide cutoft wavelength, 11 — /o /&q is the
intringic impedance of the material (ling the waveguide
{vacuum), ¢ is the conductivity, and g and b arc he
width and hcight of the waveguide cross seclion [7].
For f — 100GHy, G4, — 2.05 x 1078 Q- (al 273 K),
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awgin = 2.54 mm and bwgin = 1.27 mm, Ay = 3mm,
Ae=37mm, 4. = 51mm (f. = 39GIIz) and n =377Q
we have ¢ = (.027 dB/ecm, Note that the surface re-
sistance of Au drops by over a factor of 10 from room
temperature to 10 K |§]. The excess conduction loss we
observe may be caused by metal surtace roughness and
scattering into non-propagating modes [9]. [n our guides
the latter is expected to dominate and therefore we do
not expect a large reduction in loss if the waveguides
were tested at 10 K.

‘Io test whether the waveguide attenuation plotted in
Fig. 3 was limited by plating thickness, an additional
layer of Cu 3 o Spm thick (ollowed by Au 1 o 2um
thick was deposiled (as measured on Mat, superficial sur-
faces; ¢.g., location B in Fig. 2). Following this trcatment
there was no change in atlenuation. This is (o be expected
bccause the skin depth of bulk Aual 100 GHz and 273K
(78K} is 90 nm (43 nm) [6, 10].

ELECTROLYTIC PLATING OF
DEGENERATE S1

Low transmission losses in our Si waveguides were
obtained by electroplating with Au, a chemistry that
requires that the target surface be initially conduct-
ing. In the devices described in the previous section,
we achieved this by e-beam evaporation of a ‘li:Au
(100nm:500nm) sced layer prior w clectroplating. This
slep could he climinated by use of degencrate Sioas a
subsirate malerial. Degencrale Si with a bulk resistivily
of Tess than 50 x 107% Q -m is available commercially.
For such a walcr with a substrawe thickness of 100 tem,
the sheel resistance is 100 x 1072 Q /0, equivalent (o
a4 200nm Auv seed layer [6]. On test chips made of S1
we successfully demonsirated Ao deposiiion based on a
recipe by Llona, et af [11].

The electrolytic deposition rate depends on geome-
try via the local electric field and depletion of the plat-
g solution. Corrugaied wavegunides have recesses that
might plate more slowly than exposed surfaces. To test
this we microfahricated, then electroplated, Si test struc-
tures (l'ig. 2) with linear trenches whose aspect ratios
(depth/width) varied from (.44 to 8.75. After snapping
a sample wafer perpendicular to a row of such trenches,
the deposition thickness was measured from SIIM micro-
graphs near the hottom of the trenches. Over this range
ol aspect ralios, the plating rale diminished from 1/2 (o
[/5¢C oD in Fig. 2y of the rale al the top surface (B in
Fig. 2).

The adhesion of Au clectrolytically deposiled on de-
generale §iowas invesligaled. Three lesls were con-
ducted: chips were (a) scralched wiih stainless forceps,
(by dipped repealedly in liquid nitrogen, and (¢) snapped
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FIGURE 2. (top) Schematic view of a test chip for clectrolytic plating of Au dircetly en degencrate Si (0.5cm?). The Si was
400 ym thick, B-doped (p-type), 6 10 107°Q - m. (bottom) Trenches were deep etched into the Si surface to mimic the aspect
ratio {depth/width) of corrugations in a waveguide. The trench depth is about 175 tm deep. From right to left, the widest trench s
400 um wide, the narrowest is 20 gm wide. (B} denotes the wop surface of the chip with zero aspect ratio, while (D} marks a trench
with an aspect ratio of 8.75. Disregard (A). A waveguide with corrugations A /4 deep repeated N times per A has an aspect ratio of
N /2. Tn our waveguides we aim for ¥ = 4.

R .
T | —  uncorrugated {mean -0.14 dB}

) corrugated tmean -0.11 dB) |
theory {mean -8.03 d8)

86 85 20 95 wo 5 110
GHz
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FIGURE 5. Schematic of feed horn test setup. It consists of
FIGURE 3. Aucouation for WE.[VCngidC-S with circular cross two horng: a fixed transmitter (Tx) and a receiver (Rx) that
section as determined by SI1 measurements on a VNA. The pivols aboul the transmitler’s phase center.
baseline (0dB) was established by measuring S11 without a
test waveguide installed. The vertical axis scaling relics on a
calibration performed by the VNA manulacturer in 2008. The
theory curve shows attenuation at room temperature due to
finitc conductivity of the waveguide walls assuming the bulk
resistivity of Au (G, =20.5 % 10 ? Q. m; see Eq. 1).

FIGURE4. Micrograph of a degencrate Si electroplated with

Au in cross section. FIGURE 6. Photograph of a corrugated Si feed horn prior to

metallization. This horn was designed [or 145 GHez. Corruga-

) _ o ‘ _ tions are visible in the central aperture as they extend down-
in half. No delamination of the Au was observed for the  ward into the stack. See Fig. 1 for an explanation of the visible

successful deposition recipe (Fig. 4). hole pattern.
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HORN TESTING APPARATUS

Desired characteristics of [eed horns include low losses,
wide handwidih, minimal side Tobes and low cross cor-
relation of orthogonal polarizations. We built an appara-
tus to measure these parameiers for horns we fabricated
{Fig. 5). It consists of two horns; a fixed transmitier (Tx)
and a receiver (Rx) that pivots about the transmitter’s
phase center. The Rx horn is a commercially manufac-
tured cormgated metal hom for G-band (WR3). Accord-
ing o simulation, its cross polarization is less than 30dB
and side lobe amplitude is less than 25 dB at 130, 180
and 220 (GHz. A vector network analyzer is used to mea-
sure S12 (amplitude and phase) as a function of angle
(¢) and frequency. We use a )" or 907 twist preceding the
‘I'x horn to measure H-plane and 1:-plane mode patterns.
Cross polarization measurements use 43° twists before
the ‘1z hom and after the Rx hom. 'l'o confirm proper
operation of the system we use a pair of identical metal
horns. Reiurn loss (inserlion loss) is mcasured with the
horn ace presscd against a microwave absorber (metal
plaic). This apparalus is assembled and testing s under-
way.

CONCLUSION

In this procceding we reported on progress (oward (ab-
rication of comugated millimeter-wave feed hom arrays
made of Si and a testing facility for evaluating the per-
formance of millimeter-wave hormns, Next steps include
testing a 145 Gllz Si feed hom (already designed and
fabricated, Fig. 0) and demonsirating plaring of a hom
fabricated from degenerate Si. In 2009 we plan (o build a
prototype 75 mm diameter feed hom array, and in 2010
we plan to build a 150 mm diameter feed hom array with
640 channels (50 to 100 corrugations). Matching detec-
tors and refractive optics will permit characterization of
the imaging characteristics of these hom arrays.
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