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Facile design and rapid fabrication of a nearly-square ridge filter

NAN Xue-Li*, ZHANG Bin-Zhen®, CUI Jian-Li, YANG Xin, GE Shao-Lei

(Science and Technology on Electronic Test & Measurement Laboratory,
North University of China, Taiyuan 030051, China)

Abstract . Filters are essential components of communication systems. A rapid and accurate fabrication method is
presented in this paper for the design and fabrication of a waveguide filter. The filter was fabricated by using a
multi-layer coating and one-time ultraviolet exposure lithography ( SU-8 resist on a silicon wafer) to have dimen-
sional fabrication errors of less than 3 wm in height and 1. 1° in vertical angle deviation. We demonstrated the fea-
sibility of the proposed class of filters and the fabrication method used and achieved a superior performance (with
regard to; insertion loss, return loss, and bandwidth). Consequently the minimum passband insertion loss, which
is practically negligible, was measured as being less than 0.5 dB while the return loss is greater than 10 dB during
the passband, demonstrating that the chosen rapid fabrication technology is an effective method of terahertz device

fabrication. The new technology should become a major driving force forging the future development of terahertz

RF devices.

Key words: SU-8 micro-machining, microwave filter, RF MEMS, rectangular waveguide, W band

PACS: 07.10. Cm, 07.57. Kp.

_%[Pi)ij??é:' :L.\IEZ%%E,J
ERA, #

HEAT, ®RYT,

& it 5 s i
7, 50%

(bR P A EOR R S50, 1Y K 030051)

BMERUBECTEARRTNER AN RYE —MhE GREER T L%, 8 TRt A# % WR-10 %
BAEMHFRBEE XA L EARERENERTZ (R L4 SU8 &), Hl & B K ESLREDT

0.03% (3 pm) , EHEEZ/NTF1.1°. L%
B aE (X T . mABE, BEFEE T
JLFF DL AR it 7

EREAW, A Z T EHEAEKBREBRATAT, HBAGET W
). R AR A
FAE A N B BFE KT 10 dB.

M, B ANFENRENFERNT 0.5 dB,

FERF Y, 3 A B2 ] 1 R ] A A AT A

0y — M AR X AR R AR FEHABERRR RN EES A

x #

FE 42K S TN629. 1 X HERARIAAD . A

Introduction

Terahertz ( THz) domain naturally involves a mar-
riage of microwave and optical techniques and thus corre-
sponds to a 3 mm to 30 wm wavelength range''’. Filters
attract much attention due to their efficacy and popularity
in communication systems these days, but undoubtedly
they are also much more difficult to design and develop
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in practical applications'>’. Achieving a filter with high
frequency, high-Q, and compact size, as well as having
low fabrication costs, remains a key challenge*’

Filters prepared by traditional processing technology
cannot be used in aircraft because of their bulk volume
and high cost'*'. Traditional metal-milling methods are
becoming increasingly difficult, time-consuming, and ex-

pensive for filter manufacture®’. UV photolithographic-
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based micro-machining technology has therefore attracted
growing attention due to its high-dimensional accuracy,
high achievable structural aspect ratio, and its ability to
facilitate large-scale, inexpensive production'® such as
is seen in micro-fluidics on a silicon substrate!”’ , MEMS

inertial switches on a metal substrate'®, MEMS fil-

ters'”’ | and in many other areas'"®’. Due to its excellent
physical and chemical properties, using the UV-LIGA
process to fabricate the filter and other high-frequency
RF devices has become the norm'""'. There are reports
on filters directly prepared using SU-8 photoresist through
UV technology. Even so, in the preparation of structures
with size being larger than 500 um, multilayer spin-coat-
ing and multi-alignment exposure are needed. It is also
reported that the filter structure is divided into several
layers before fabrication, but this method needs every
layer to be aligned and exposed, to form the final micro-
structure ; this is difficult to prepare in layers and signal
transmission losses are relatively large. Therefore, it is
urgent to propose a method for rapidly preparing minia-
ture filters with excellent performance.

To obtain a more precise preparation method for the
desired micro-structure, we use multi-layer coating and a
single-step exposure method to prepare the filter. Herein
a 100 GHz central frequency of the rectangular
waveguide filter has been designed, manufactured, and
tested. The key element of the filter was designed to have
a double-resonator structure and a nearly-square ridge to
achieve a good bandwidth. The waveguide ports were de-
signed to be mutually opposite in direction to achieve a
low return loss. The use of this technology provides an
easy way for fabricating high-frequency microstructures
and ensuring good integration of coupling coefficients.
The method allows for rapid fabrication of the filter and
thus presents a simple and fast production process.

1 Filter design

The schematic diagram of the basic structure simula-
tion model is shown in Fig. 1(a) . the centre frequency
and bandwidth of the filter (5.98 x2.54 x1.27 mm)
are 100 GHz and 5 GHz. The insertion loss of 0.2 dB
and return loss of 10 dB during the whole passband were
observed, demonstrating that the out of band rejection
can meet the design requirements. The corresponding
resonance frequency of this cube metal cavity can be cal-
culated using the formula,

e JCRT) 4 (M) 4 (2T
/= , (1)
2m /e,

where a, b, ¢ are the three dimensions of the resonator,
respectively. In this paper, a =b=c=w=1=1.05 mm.

As shown in Fig. 1(b), waveguide is set for a
nearly-square waveguide. There is a pair of orthogonal
mode of electric field in the waveguide cavity. The corre-
sponding electric field polarization directions are shown
in Fig. 1(b) as E, and E,. The angle between the flat
ridge and the orthogonal electric field is 45 degrees, and
a new electric field is generated by the interference of the
orthogonal electric field.

The coupling coefficient of the two modes can be ob-

Fig.1 HFSS 3-d model of a rectangular waveguide filter using
two nearly-square ridge resonators. (a) Schematic diagram of the
basic structure of the filter. (b) Top views of the resonator and a
cross section of rectangular waveguide with flat back. (c) Side
views of the resonator. Key dimensions of the filter include:a =
1.85 mm;»=0.9 mm; w=/=1.05 mm; w, =/, =0.775 mm;
and g =0.2 mm
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tained by the follow formula .
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Where, f, and f, are the resonance frequency of the two
patterns , corresponding to the two peaks of the S,; param-

eters.

Two nearly-square ridge resonators were placed in
the main mode of rectangular waveguide transmission to
support the fundamental TE,, mode with w/l =1 (w is
ridge width and / the length). The corresponding width
and height of the waveguide were designed to be that of a
standard WR-10 (2.54 mm and 1.27 mm) waveguide,
as shown in Figs. 1(b) and 1(c¢) (top and side views of
the resonator, respectively). The parameters were such
that

a <A <2a A>2b . (3)

The central frequency f is 100 GHz, meeting the
conditions for single mode transmission. The ridge re-
sonator has a side length w =/ =1.05 mm, the corner
cutting edge length is 0. 3889 mm, the gap g is 0.2 mm,
and the input/output coupling window is 1. 85 mm wide
and 1 mm thick. The ridge resonator is the critical com-
ponent of the dual-mode waveguide structure as the EM
field is confined mainly to the ridge gap. The ridge lies
between the resonator and the waveguide width side.
When the gap g is set to a certain value, there will be a
clearance between the two orthogonal degenerate modes.

The nearly-square resonator can be excited in the
gap along the length of the resonator (vertical to the die)
and across the width ( transverse mode) giving two quasi-
TEM modes. Mode degeneracy is therefore obtained
without increasing the dimensions of the rectangular
waveguide housing. As long as the multiple ridge resona-
tors achieve appropriate connections, we can form a com-
pact dual-mode waveguide filter.

Accordingly, when the two square ridge resonator is
placed in the 90° C H-plane bend of a standard WR-10
waveguide (Fig.2a) , the latter being coupled to the oth-
er orthogonal mode through the chamfered corner, the re-
sulting coupling scheme produces dual-mode behaviour.
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The cavity mode and coupling topology are shown in Fig.
2b, where the source S and the load L represent the fun-
damental TE,, mode in the input and output sections' "’
The longitudinal resonant modes are expressed using “1”
and “4” | and the transverse resonant modes are ex-
pressed using “2” and “3”. The coupling coefficient M
within the filter is determined by the size of the cut-away
corner on the square ridge resonator and its relative loca-
tion. The individually designed ridge resonators are ex-
cited by the main TE,; mode. Subtle optimisation of the
overall structure is still necessary to compensate for any
additional spurious coupling occurring between the ridge
resonators.
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Fig.2  Schematic diagram of the coupling mode in the filter
cavity and the coupling topology. (a) Nearly-square ridge re-
sonators in the rectangular waveguide and the coupling modes.
(b) The coupling topology
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2 Fabrication details

Primary processing steps for the W band waveguide
filters are shown in Fig. 3.

Briefly, a 2-inch p-type silicon wafer, used as the
substrate, was cleaned by acetone, isopropyl, alcohol
(IPA), and DI water sequentially in an ultrasonic bath
for 5 min, respectively. After dehydration on a hotplate
at 100 °C for about 10 min, SU-8 2100 photoresist was
spin-coated on the wafer to obtain an 800 pm-thick SU-8
layer. The second layer of SU-8 was then spin-coated at
1500 rpm for 30 s to obtain a 205 pm thick layer. The
third 220-pum thick resist layer was also formed by the
same process. It was then exposed under a suitable UV
exposure dosage. Finally, the sample on the silicon wa-
fer was twice-immersed in SU-8 developer in an ultrason-
ic cleaning machine, while being stirred, to ensure suffi-
cient development.

After cleaning, the samples were then blow-dried
and loaded into a vacuum chamber for metallisation. A
308R evaporator was used for metallisation, which star-
ted with oxygen plasma cleaning for 30 s, and finally a
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Fig.3 Fabrication details of the waveguide filter. (a)
Silicon wafer cleaning and spinning of SU-8 2100 there-
on. (b) Coating the second layer of SU-8 photoresist.
(c¢) Coating third layer of SU-8 photoresist and expo-
sure. (d) Development and post-bake treatment. (e)
Sputtering silver on the surface of cured three-layer SU-8
resist
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1 wm-thick silver layer was thermally evaporated onto the
surface of the filter. The sample holder rotated continu-
ously at a tilted angle to coat all sidewalls. Since silver
has a high electrical conductivity, it was used to form the
metallic layer. Because of its high conductivity (6.3 x
107 S/m, for an electromagnetic wave of 100 GHz) , the
required skin depth of the silver film was calculated to be
about 198.23 nm. We choose the sputtering silver thick-
ness (2 wm) , which is more than five times higher than
the skin depth at its centre frequency of 100 GHz. This
thickness ensures that it does not produce significant ad-
ditional insertion loss.

The final filter structure, with its silver layer, is
shown in Fig. 4a, while the SEM image is shown in Fig.
4b where the sidewall quality of the filter is seen to be
excellent. Using a laser confocal microscope, the vertical
angle was found to be 88.9°(Fig. 4¢), which represen-
ted a deviation of 1. 1° from the ideal value of 90° with
respect to the wafer surface.

3 Measurements and results

During measurement, the fabricated filter and the
waveguide section were placed in the middle of two
standard WR-10 waveguide flanges (type UG-387). The
filter was designed to have a central frequency, band-
width, insertion loss, and return loss of 100 GHz, 5
GHz, 0 dB, and 10 dB, respectively. The simulated and
measured results of the S parameters for the W-band filter
are shown in Fig. 5. For intuitive comparison of the ex-
perimentally measured and simulated results, they are
plotted together.
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Fig.4 SEM and confocal microscope images of the proto-
type waveguide filter. (a) The fabricated filter. (b) SEM
image. (c) Confocal microscope image showing the verti-
cality of the sidewalls (d)sample drawing
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Fig. 5 Measurement and simulation results for the WR-10
band rectangular waveguide dual-mode waveguide filter with

two nearly-square ridges
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Compared with the simulated results, the insertion
loss was measured at 0.5 dB,return loss was better than
10 dB during the passband, and the out-band rejection at
high frequencies was much higher than at low frequen-
cies. This is because the sample and the test equipment
were aligned with the groove on the flange plate, which
was difficult to realize the seamless connection with the
standard waveguide. This can also lead to error on the
out-band rejection, which will effect the high frequency
segment. After removing the unavoidable effects of the
errors in the test instruments and transmission line, the
small remaining difference may be attributable to the
rough internal surface. The rough surface increases the
metal layer conduction losses.

As we all know, the measured frequency shift oc-
curs in the centre frequency compared with that simula-
ted. This difference is due to processing precision in the
square ridge and waveguide cavities. In order to better il-
lustrate the problem, we have made a comparison of the
latest filter performance in recent years. The specific

comparison results are illustrated in Table 1.

By comparing the data in Table 1, it can be found
that the fabricated filters in this paper show good con-
formity with the maximal error being 0.3% (there was a
3% difference between the fabricated dimensions and the
design dimensions ). Therefore, the production process
slightly influences the key sizes of the cavity filters, in-
cluding the size of the resonant cavities and the width of
the sidewall. The precise fabrication was realized without
influencing the electromagnetic performance of filters in-
cluding centre frequency, bandwidth, insertion loss, and
return loss. So, to obtain a better structure, the preci-
sion of the preparation process plays a crucial role and
the fabrication tolerance in the initial design of the mask
needs to be taken into consideration.

Table 1 Comparison of electromagnetic properties and fabri-
cation error of different filters

R1 TARIBKFEEERH&HENLLER

Performance parameter Xiaobang  X. H. Zhang Junping This filter
Shang!'®) Zhao®)  Chen!')  Duan['4)
Insertion loss 1dB 2dB 2dB 0.8 dB 0.5 dB
Return loss 10 dB 15 dB 20 dB 15 dB 30 dB
Central frequency 300 GHz 174 GHz 350 GHz 100 GHz 100 GHz
Bandwidth 3GHz 9.6 GHz 30 GHz 3 GHz 5 GHz
Shifted 7 GHz 4 GHz 6 GHz 3 GHz 1 GHz
Fabrication errors 6% 4% 5% 5% 3%

4 Conclusions

A compact, robust W-band waveguide filter has
been devised, manufactured, and tested. The waveguide
ports were designed to be mutually opposed in direction
to achieve a decent bandwidth and return loss. The filter
was fabricated by multi-layer coating and one-time ultra-
violet exposure lithography ( SU-8 resist on silicon wa-
fer). Implementing miniaturisation of the product short-
ened the production cycle. The measured central fre-
quency of the dual-mode filter only downshifted by a-
round 1 GHz due to the fabrication tolerances imposed. It
was found that the measured parameters of the filter a-
greed with the simulated results. This fabrication method
can further improve fabrication accuracy and improve the
electromagnetic performance of THz, and higher-frequen-

cy band RF devices.
Acknowledgment

This research was supported by the National Natural
Science Foundation of China ( Grant no. 51475438),
Research Project Supported by Shanxi Scholarship Coun-
cil of china ( Grant no. 2014-055) and Graduate student
education innovation project in Shanxi province ( Grant
no. 2016BY124). The experimental work was conducted
at State Science and Technology Electronic Test and
Measurement Laboratory of The North University of China
and The State Key Laboratory for Manufacturing System
Engineering of Xi’ an Jiao Tong University of China.

References

[1]Chen Z, Zheng Y, Kang X, et al. WR-2.8 band micromachined rec-



34 a i 5 2

PSR 36 &

tangular waveguide filter [ J]. Journal of Infrared, Millimeter, and
Terahertz Waves, 2013, 34(12) . 847 —855.

[2]Hu R, Liang Y, Qian S, et al. Dual-band bandpass filter based on
compound metallic grating waveguide structure [ J]. Optics Communi-
cations, 2015(336) ; 110 —115.

[3]cSimesek S, Topuz E, Niver E. A novel design method for electromag-
netic bandgap based waveguide filters with periodic dielectric loading
[J]. AEU-International Journal of Electronics and Communications ,
2012, 66(3) :228 —234.

[4]Bao X, Dargent T, Cattan E. Micromachining SU-8 pivot structures u-
sing AZ photoresist as direct sacrificial layers for a large wing displace-
ment [ J]. Journal of Micromechanics and Microengineering , 2010, 20
(2): 025005.

[5]Zhao X H, Bao J F, Shan G C, et al. D-band micromachined silicon
rectangular waveguide filter [ J]. Microwave and Wireless Components
Letters, IEEE, 2012, 22(5) : 230 —232.

[6]Shao G, Qiu W, Wang W. Fast replication of out-of-plane microlens
with polydimethylsiloxane and curable polymer (NOA73) [J]. Micr-
osystem Technologies, 2010, 16(8) ; 1471 —1477.

[7]Yang L, Hao X, Wang C, et al. Rapid and low cost replication of

complex microfluidic structures with PDMS double casting technology
[J]. Microsystem Technologies, 2014, 20(10) : 1933 —1940.

[8]Du L, Zhao M, Wang A, et al. Fabrication of novel MEMS inertial
switch with six layers on a metal substrate [ J]. Microsystem Technolo-
gles, 2014; 1 8.

[9]Zhang Y, Zhuang Y, Li Z, et al. A 5-bit lumped 0. 18-um CMOS
step attenuator with low insertion loss and low phase distortion in 3 -
22 GHz applications [ J]. Microelectronics Journal, 2014, 45(4) ;
468 —476.

[10]Wang L, Xiong Y-Z, Zhang B, et al. 0.7-dB Insertion-Loss D-Band
Lange Coupler Design and Characterization in 0. 13 pm SiGe BiCMOS
Technology [ J]. Journal of Infrared, Millimeter, and Terahertz
Waves, 2010, 31(10) ; 1136 —1145.

[11] Abgrall P, Conedera V, Camon H, et al. SU-8 as a structural material
for labs-on-chips and microelectromechanical systems [ J]. Electropho-
resis, 2007, 28(24) ; 4539 —4551.

[12]Kumar S, Kumari A, Pradhan B. Analysis of evanescent field of TE
and TM mode in the grounded slab metamaterial waveguide structure
[J]. Optik-International Journal for Light and Electron Optics, 2015,
126(23) . 3706 —3712.

(k39 m)
decrease the parasitical source/drain resistance, the
source-to-drain distance (L) was scaled to 600 nm u-

sing MOCVD to regrow n*-GaN Ohmic contacts. In ad-
dition, a 50 nm rectangular gate was fabricated by self-a-
ligned-gate technology in the middle of the source and
drain. Due to the scaled source-to-drain distance, the

InAIN/GaN HFET showed a high I, of 2. 11 A/mm @
V. =1V and a peak g,, of 609 mS/mm. On-wafer small-

signal RF measurements indicate that the values of ex-
trapolated f; and f, , for the device were 220 GHz and 48
GHz, respectively. To our best knowledge, the extrapo-
lated value of f; is the best domestic reported one for In-

AIN/GaN HFETs.
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