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Design and Measurement of a 600 GHz
Micromachined Horn Antenna Manufactured by
Combined DRIE and KOH-Etching of Silicon

Stephan Bibér, Axel Murk?, Lorenz-Peter Schmitit Niklaus Kampfe?

Abstract—We present a detailed discussion of a manufacturing well as hexagonal horn antennas are widely used because
process used for S|I|con-_m|c_romach|n|ng of horn antennas for of their simple geometry and comparatively large coupling
submillimeter wave applications. The developed process was efficiencies of up to 88. Another approach to integrate both

applied to the machining of an octagonal horn antenna for . .
600 GHz and can be scaled for frequencies up to 3 THz. The rectangular structures for waveguides and antennas in the

antenna geometry was optimized for maximum coupling to a Same micro'maChinling process is the application of different
Gaussian beam using the commercial simulation tool "Microwave etching techniques in silicon. Hesler et al. have demonstrated

Studio”. It was found that maximum Gaussian coupling can be an octagonal horn antenna based on SU-8 for the waveguide
up to 86%. Measurement results for an E-plane and an H-plane | 5var and wet etching of 100-oriented silicon [5] for widening

scan of the antenna pattern show good agreement with simulation h ¢ t Wi th hini f ¢
results. The process involves a deep reactive ion etching proces§ € antenna aperture. Ve propose the machining or an antenna,

(DRIE) creating rectangular trenches which form the waveguide Purely based on silicon machining techniques, replacing the
(overall size of 420x21Qum) and open the antenna in the E-plane. SU-8 process with a dry-etching technique. The antenna can

A KOH-etching process is applied on the bottom of the trenches pe assembled from two symmetrical split-block halves, cutting
formed in the preceding DRIE process. This wet etching process the waveguide in theéZ-plane.

with a depth of 320 um allowed to open the antenna aperture . - . .
in the H_p?ane. K P P One major advantage of silicon micromaching technology

compared to conventional techniques is its capability to man-

ufacture many components in one production process. With
the antenna design described below, more than 40 antennas

can be machined on one single silicon wafer (with 100 mm

. INTRODUCTION diameter). The silicon micromachining technology allows not

Antennas are an integral part of quasi-optical systems @ily the production of many isolated components. Various

THz-frequencies. Many applications require antennas witfifferent components can be machined quasi-monolithically

high coupling efficiency to a Gaussian beam. Horn-antennasf@s an advanced production of THz-circuits and systems such
well as lens antennas are mostly used for this purpose. As Hereceiver arrays for imaging applications.

dimensions of the antennas become very small at Smei”ime-This paper will discuss the Specia| issues related to the

ter wave frequencies, conventional manufacturing processganufacturing process and the combination of DRIE and

such as milling and drilling etc. hardly enable to manufactuteoH-etching. We will present a detailed examination of the

the complex structures with the desired tolerances. coupling efficiency and its dependence on the geometry of the
The application of micromachining techniques for the marRmtenna. A comparison between simulation and measurement

ufacturing of antennas is a new challenge for the availabigsults for the antenna pattern at 600 GHz will conclude the
micromachining technologies, because antennas usually hg¥ger.

complex geometries. It is difficult to achieve an antenna
aperture similar to a pyramidal or conical horn using a
micromaching process because this requires a rectangular
waveguide to be opened in three directions. Antennas for THz-The manufacturing process described in Fig. 1 shows the
mixers are usually optimized for maximum coupling betweenmajor steps for the production of the antenna and the nec-
fundamental mode Gaussian beam and the antenna. Thereggigary masking of the silicon structures. In step 1, a DRIE-
the geometry of the antenna has to be adapted to the circiegcess ("Bosch-process” [6]) is used to form one half of the
pattern of the Gaussian beam. waveguide and to form the antenna by opening the waveguide

Best coupling coefficients can be obtained by circular coih the E-plane. The waveguides used for 600 GHz have
rugated feed horns with an integrated circular to rectangul@mensions ofa =420 ym andb =210 um. Therefore an
waveguide transition [1], [2], but these structures requikgching depth oftpr;r = a/2 =210 um is required. As
high geometrical flexibility during the manufacturing processuch an antenna would be @hsectoral horn antenna with a
Rectangular horn antennas [3], diagonal horn antennas [4]ragher poor Gaussian coupling efficiency, an enhanced opening
of the antenna aperture in th€-plane is required. This is

Index Terms— antenna-design, THz-technology, micromachin-
ing, silicon-technology, quasi-optics

Il. THE MICROMACHINING PROCESS

nstitute for Microwave Technology, University of Erlangen-Nurember . . . .
Germany v Y g gaccompllshed in step 2 by using a KOH-etching process. The
2University of Bern, Institute of Applied Physics, Switzerland KOH-etching process is a wet etching process which allows
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Fig. 1. Overview on the process. Left: top-view on the structures, right: respective cut-views (C1-C3, C5-C7, C9-C10) and (C4, C8).

H-plane cut

strongly anisotropic etching of silicon crystals [7], [8]. WithFirst the complex topology generated by the DRIE process
the 100-wafers used for this process, it is possible to use tes to be completely masked to ensure that the KOH-etching
111-planes of the silicon crystal as etch-stop layers, becaysecess can only etch the silicon in the desired, triangular
the etching rate in 111-direction is 400 times slower than it iegion shown in Fig. la. Second, photolithographic mask
in the 100 -direction. transfer with a large distance,z;g between the mask and

Several difficulties have to be overcome in order to suI:be substrate has to be accomplished successfully.

cessfully complete the micromachining process: The necessary he wafers used for the process have a thickness of 4825

dry etching depth has to be achieved in one etching stemd a diameter of 100 mm. Comparatively thick wafers are
which requires the deposition and structuring of a thickiecessary to ensure mechanical stability of the device even
chemically robust masking layer. In order to combine thafter the completion of the etching process, which is generat-
structures generated by the DRIE process with the KOlig deep trenches in the silicon. Before starting the "Bosch-
etching process, two technological problems have to be solvedocess” for the etching of the waveguide and the opening of
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Fig. 3. Coupling efficiencyKoo of the antenna with a fundamental mode
LKOH Gaussian beam as a function of the antenna geonisy; ; i is the aperture
width in the E-plane, H, the width in theH-plane.

(b)

Fig. 2. Dimensions: (a) one split-block half of the antenna, front-view on .
the aperture, (b) cut through the side-view of the antenna with the angley ) between the 100- and the 111-plane of

the silicon crystal:

the antenna in thé’-plane, the mask for this process has to Xg = 54.74° 3)

be deposited and structured on the wafer. As this mask ha
to be very thick in order to withstand an etching depth %
210 um it was deposited in three steps. The first Si@yer

was grown thermally, the second Si®ayer was deposited " gmaz Bron ¢ 100 4
using a chemical vapour deposition process and finally the KOH < UKon 2 an(xsi) - “)

third layer consisting of photoresist was spun on top. Thisthe etching process is stopped before reaching the maximum

She depth of the KOH-etching procesgoy is limited by
e width Bxop,1 of the structures on the wafer surface:

gives an overall thickness of the mask of:8. deptht2%:,, the width Bxom 2 is given by:

After the completion of step 1 (Fig. 1b), the whole structure
was coated with an SiQlayer using a thermal oxidation Brows = Brom1 — %Ki?o{() (5)
process and then coated with photoresist. In order to have ’ © tan(xg))

a complete coating of the topology - also on the vertic@quations 1 - 5 define the mutual dependencies of the geome-
sidewalls generated by the DRIE process - the photoresist of the antenna after the completion of the etching process.
was not spun but sprayed on the wafer. The difficulty to |n order to maximize the Gaussian coupling to this antenna,
illuminate the photoresist on the bottom of the 2 deep a model of the antenna was implemented in "Microwave Stu-
trenches could be overcome by using a projection aligner. Th® (MWS). The electric fields calculated by MWS were ex-
projection aligner allows a mask transfer with a large distanggrted to MATLAB where the maximum coupling coefficient
between the mask and the wafer. Koo between the antenna and a fundamental mode Gaussian
After the completion of the etching processes, the antenn@sam was calculated for each antenna design. The major
are diced using a wafer-saw (Fig. 1c) and then coated witthatenna parameters examined in a comprehensive parameter
2 pum thick gold layer providing high electrical conductivity.study are the diameter of the aperture in fieand in theH-
In the final step 3 (Fig. 1d), the two split-block halves arglane. The diameter of the aperture in theplane is defined

assembled in a conventionally machined brass mount. by Bprre While it is defined in theH -plane by:
I1l. DESIGN AND OPTIMIZATION OF THE ANTENNA Hy = 2-(lprie +tkon) , (6)
The available etching technologies and the limitations given tprrip = 210 um . @

by the principal planes of the silicon crystal limit the possible . . . .
y P pa’ b y P The results of this parameter study, including an analysis

geometries available for this antenna design. Figure 2 shows ) . . .
the most important dimensions of the antenna. of over 60 different antenna designs, are summarized in

The opening angle of the antenra is given by the Fig. 3._This Figur_e shows that 'Fhe maximum coupling to a
parameterBxoy and Loy due to: Gau35|_an beam with a beam radluguaf: Ao =500 um can
be achieved for a horn aperture wiByp gy = 1200 um and
€ = arctan( Bron ) (1) Hy =1600 um. The simulated coupling efficiency for this
2Lkon antenna yieldsK(}** =86%. As the length of the antenna
Together with the geometry of the silicon crystal, this yields. x5 does not have a significant influence on the coupling
& 100 efficiency for Lxor= 8000-14000um, the simulations pre-
§o = arctan(tan(g) “tan(xg; ) (2)  sented here are based @z = 10000um.
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Fig. 4. Antenna assembled in brass-mount; (a) front-view on antenna aperture (b) waveguide input with flange and dowel pins

As the optimum antenna geometry with &hplane dia- prevent the destruction of the structure. This led to an overall
meter of H; = 1600 um requires a rather large KOH-etchingkOH-etching depth oftxon =330 pm. Although this is
depth oftxomg =590 um, we decided to produce a slightlysignificantly less than the desired etching depth of 4&0it
smaller aperture witlt/, = 1300pum andBprrgr = 1100pm. has only minor impact on the coupling efficienégy,. From
This design only requires an etching depth gz = 450um  Fig. 3 it can be seen that the machined antenna still provides
and still provides a coupling efficiency dfy, = 85% which a coupling efficiency ofKy, = 81%. The readily assembled
is just 1% less than the maximum achievable efficiency.  antenna has an octagonal aperture with 1080width in the

E-plane and 1074m in the H-plane and is shown in Fig. 4.

IV. RESULTS OF THEMICROMACHING PROCESS

The desired etching depth for the DRIE-process of V. MEASUREMENTRESULTS

tprre = 210 um could be achieved with negligible variations For the characterization of the antenna, the far-field antenna
of less than 4um. Larger variations from the original goalpatternC, was measured in thé&- and in the H-plane at
had to be accepted for the KOH-etching depthon. A a frequency of 600 GHz. For the two different orientations,
critical parameter in the described process is the underetchthg antenna under test was mounted on a rotation stage with
of the edgesExon (see Fig. 1a) which are not parallel toits aperture close to the rotational axis. The antenna was
the principal planes of the silicon crystal. If the underetchingpnnected to a harmonic Schottky diode mixer which was
proceeds beyond the point, where the eddesoy and pumped at 100 GHz by a Gunn diode local oscillator. A
Eprre coincide, the structure would be destroyed becausenilar Gunn oscillator followed by a<6 multiplier and a
the new crystal planes which would be opened are etched580 GHz high-pass filter was used as signal source mounted
a very high rate by the KOH-solution. in a distance of about 300 mm from the rotation stage. Both
Although the underetching rate can be calculated from tlescillators were phase-locked to the same reference signal.
etching rate along the principal planes [9], in the actual proceBsBe down-converted signal at an intermediate frequency of
it can only be controlled by measuring the distance betweB@ MHz was analyzed in amplitude and phase with an ABmm
the edge¥' ko andEp iy e USing a microscope. The etchingvector network analyzer. The available dynamic range in this
process was stopped, as soon as both edges could notdmfiguration is more than 50 dB. In order to reduce the
distinguished anymore. As both edges are separated verticalffiect of standing waves between the two horn antennas the
by tprre =210 um it is very difficult to precisely determine measurements in each plane were repeated four times after an
the moment when both edges coincide. Therefore the etchiengal A/4 shift of the signal source. The surrounding areas in
process was stopped slightly earlier than desired in orderthe field of view of the antenna were covered with microwave
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H-plane shows that the measured beamwidth is larger than
the beamwidth given by the simulation. As the difference
between the measured 3-dB-beamwidth of 33d&hd the
simulated beamwidth of 31°@s only 2°, this effect is only of
minor importance for the overall performance of the antenna.
The sidelobe level in thef-plane is -34 dB. This is still
significantly above the noise floor of the measurement system.
A precise calculation of the coupling efficiendy,, from

measurement data requires a complete hemispherical scan
of the antenna, which would be very time-consuming. As a

\ , good agreement between simulation and measurement could
“. : be observed in the principal planes of the antenna, a complete
V hemispherical scan would not significantly add new informa-

J

-35r, — measurement 600 GHz
- - - simulation

1 1 1 1

80 60 -40 20 0 ir?deg 20 40 60 80 tion. The good agreement allows to conclude that the coupling
a efficiency Koy ~ 80% calculated for the antenna model in

Fig. 5. Antenna pattern in th&-plane: Comparison of measurement resulté\/lvvS also holds for the real antenna.

at 600 GHz with simulation results based on "Microwave Studio”.

VI. DIScUSSION ANDOUTLOOK

A micromachining technology for the manufacturing of an
octagonal horn antenna with high coupling to a Gaussian beam
has been presented. Coupling coefficients for more than 60 an-

-10 tenna geometries have been calculated using the field simulator
_15 MicrowaveStudio. The maximum coupling coefficient found
o was Kjp** = 86%. Special questions concerning the combi-
Q _

nation of the DRIE- and the KOH-etching process such as
underetching effects and masking of complex topologies have
been addressed. With the measurement results at 600 GHz
O being in good agreement with the simulation, a coupling
! efficiency of Koy ~ 80% could be verified. The antenna

— measurement 600 GH
- - - simulation

-40 has been successfully used as an input of a conventionally
-485 5 m > s 55 yn & o machined GaAs Schottky-diode mixer with a conversion loss
9 in deg as low as 9.5 dB [10].
e
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