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ABSTRACT - A oew resonator eonce~t based on three di- 
mensional (3D) high wistivity silicon substrate filed cavity 
res~nabxs is investigated. Fabrication is done using micrc- 
machining technologies. Two types of rewnators are invesli- 
g&d, an “open-end” patch resonator and a “shorl circuit 
via” resonator. Both types show good agreement in simulated 
and measured res~nanee frequencies (within 2%). However, 
measured quality factors (W-70) are still lower than the 
simulated vslue and theoretIes expectations. 

1. INTRODUCTION 

With the increasing demand of broadband and mobile 
wireless comnwnication systems, the need for high- 
perfomumce, low-cost, low-power and small-size micro- 
wave circuits becomes m”re pronounced. One of the most 
important components in such a wireless system is the 
bandpass filter that is used both in the receiver and the 
transmitter for keeping unwanted signals away from other 
parts of the system. These bandpass filters are also key 
elements for future direct digital RF receivers. In order to 
achieve the superior performance required by these appli- 
cations, the filters need to be designed with high-quality 
factor resanaton. 

Such resonators are typically built “sing waveguide 
components. I” the lower “licrowave frequency range, 
however, waveguides are large, very diffxxlt to integrate 
with other planar circuits and costly to manufacture. Dur- 
ing the last years, therefore, several groups have developed 
silicon micromachined cavity and membrane resonators 
that can provide superior quality factors at microwave fre- 
quencies [l-5]. These resonators are planar, monolithic 
and have a low production cost potential. 

In this paper a new res”nat”r concept is investigated, 
which uses the semiconductor substrate as a cavity. It is 
based on a three dimensional (3D) dielectric tilled MO- 
“ator and employs micromachining technologies for fabri- 
cation. Electromagnetic simulations and experimental re- 
alizations are given. 

II. RESONATOR CONCEPT 

The basic idea of the resonator concept is the well- 
known three-dimensional (3D) cavity resonator. The pro- 
posed 3D resO”ators are fabricated directly in the substrate 

wafer: backside metallization forms the bottom of the 
resonator. Its sidewalls are realized by via-hole fences. 
The top cwer is famed by the metallized and patterned 
tiont side of the substrate (see Figs. I and 2). With fhis 
concept, fabrication is possible on a single wafer. Since 
only via holes have to be micromachined, all metallization 
lines and coupling stmctwes can be fabricated on planar, 
solid surfaces as in wnmm” microelectronic processing. 
Due to the high dielectric constant E, of the silicon sub- 
strate, a size reduction is achieved in comparison to air- 
filled cavity resonators. 

Fig. I. The patch rcscmat~r (substrate in the lower half 
blanked to show the vias, not drawn: a denotes 
cavity dimension in vertical direction). 

For the well-known 3-dimensional cavity resonator the 
lowest rewnance frequency is determined by the two larg- 
est dimensions ~1 (7ength)and b(width) of the cavity as 

Proceeding from this ideally closed 3-dimensional cavity 
resonator several resonators with via cages were devel- 
oped, varying the coupling stmctllres for exciting and 
probing the inner rewnant fields. In this paper, we present 



hvo types of the various MEMS-technology based strut- 
tures. 

Basically, these two shuctlves differ with regard to ex- 
citation. One is an “open-end” patch resonator (Fig. I), the 
other a “short-circuited” via res.matm (Fig. 2). Both are 
fed by CPWs. In the patch resonator, the electric field 
from the patch to the ground planes and vias couples into 
the resonator, in the short-via resonator, the magnetic field 
of the current through the via excites the field in the TCSO; 
nator. The vias used have a diameter of 250 pm and are 
spaced in a distance of about 100..150 pm. To first order, 
this dense chain of metallized vias acts like an entirely 
closed sidewall. 

Fig. 2. The short-via resonator (substrate in the Iowa half 
blanked to show the vias) 

III. FAFJRICAT~ON PROCESS 

The fabrication process of the 3D rexmatms (Fig 3) is 
performed on 4 inch high-resistivity silicon 
(p > 5000 nun) wafers. Before processing, the wafers arc 
polished on both sides to a thickness of 250 pm. This 
thickness is chosen to achieve a proper via-hole fabric.;- 
tion. ARer a cleaning process, the wafers are thermally 
oxidized to an oxide thickness of 50 nm. Next the oxide 
was removed on the places where the via holes have to 
contact the resonator metallization top layer (using mask 
level 1). 

Then the metallization layers (20 nm Ti, 2200 nm Au) 
are defined using a lit&off process and mask level 2. This 
process yields very smooth surfaces of the gold metalliza- 
tion and very steep edges of the metallization layer. With a 
back side to hnt side alignment process the via hole are 
defined in thick photoresist (using mask level 3). The via 
holes are etched with an anisotropic deep silicon etch pro- 
cess as described in [6]. Vertical sidewalls are achieved 
with this dry etch process (see Fig. 4). AAer removal of the 
residual photoresist in an oxygen plasma the via holes and 
the backside of the wafer is metallized by sputtering 

IOOnm TiW as adhesion and interdiffision layer and 
2OOOnm Au as metallization layer. This completes the 
fabrication process of the 3D micromachined resonators. 

Fig 3.: Layout of the patch and via coupled rewnata 

Fig 4.: Photo and SEM of metallized via hole chain, which 
forms the sidewall of the 3D resaxxtor 

IV. ELECTROMAGNE~C SlhluunoN AND MEASUREMENT 
RESULTS 

The calculations, were carried out using the tinite- 
difference method in frequency domain, taking into ac- 
count both the CPW- and the parasitic parallel-plate- 
(PPL)-mode, which can propagate also due to the backside 
metallization. 

The characteristic dimensions of the patch resonator pre- 
sented are a = 2300 pm, b = 1100 em, the thickness of the 
silicon wafer is 250 pm and the dielectric constant of the 
high-resistivity Si is .e, = 11.7 assuming a rr=O.OlS/m 
(corresponding to a substrate resistivity of 10 kQcm). 

The short-via resonator is of size a= 2300 pm, 
b = 1500 pm. The other dimensions and properties are the 
same as for the patch resonator. 

Tab. 1 provides the theoretical resonance frequencies as- 
suming half-wavelength resonances with regard to a and b 
as well as the first cavity resonance according to eqn. 1. 
They can serve as a first-order approximation for the reso- 
natcrs under consideration. 
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Table I : Theoretical values of resonance tiequencies. 

dimension -patch resonator short via resonator 
i 39.9 19.1 29.2 19.1 

aandb 44.2 34.9 

For the patch and the short-via resonator the simulated 
and measured S-parameters are shown in Fig. 5 and 6. One 
finds good agreement with a frequency shift less than 0.5 
GHZ. 
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Fig. 5. S, , paremeter of tbe patch resonator for 
-tkite difference (FD) simulation 
- equivalent circuit extracted from FD data 

In both cases, the shit? in resonance frequency between 
simulation and measurement is attributed to small geomet- 
rical deviations between simulated and processed stmc- 
hues and to fabrication tolerances. 

Due to the fact, that in S-parameters the ports arc 
matched by 50 R lines, the resonance in the S parameters 
is different from that of the unloaded system. Therefore, 
the S parameter are converted into Z parameters. For the 
unloaded resonator, the behavior of abs(Z,J of the 
equivalent Z matrix is of interest, which is plotted in 
Fig. 7. From this curve, we find resonant frequencies of 

h= 22.27 GHz (simulation) and &= 22.00 GHz (meas- 
urements) for the patch resonator. For the short-via type, 
one has &.,= 32.0 (32.5) GHz. 
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Fig. 6. S-parameters of the short via resonator fol 
em simulation (finite-differences) and 
nteasluement. 

Comparing the results to the simple approximations in 
Tab. 1, one observes that the patch resonance is related to 
the lateral dimension a, whereas for the short via type 
treated here the longitudinal dimension b is important. 
Obviously, the nonideal sidewalls (with a gap below the 
CPWs) as well as the signal short vias and the surface 
metallization shapes are the reason for the frequency shift 
compared to the values in Tab. 1. 

The quality factor is determined from the well-known 
bandwidth/center frequency definition as 

fres 
Q=f+-f, (2) 

-77 
achieving a value of about 70 (simulated value is 120 in- 
cluding losses) for the patch resonator and about 50 for the 
short-via resonator. One should note that the measured 
values include the effect of a 5 mm long CPW on either 
side of the resonators. Both designs form a first step to 
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determine the performance of these resonators and to de- 
velop optimized geometries. 

Fig. 7. 2,X parameter of the patch resonator (comparison 
between simulation and measurements). 

L ms Cm R, 

Fig. 8. Equivalent circuit describing the patch resonator 

As can be seen from Fig. 5, the equivalent circuit in 
Fig. 8 describes the resonator over a wide frequency range 
around the center frequency. From this circuit, we can 
draw some important conclusions. E.g., elements which 
disturb the pure resonator can be identified, such as the 
capacitance C,, which short-circuits a part of the cow 
pling energy, or the C,p-L,p-C2p-combinatiions at the ports 
of the stmcture, which describe the properties of the cur- 
rent and voltage path on the patch. More detailed calcula- 
tions reveal that the capacitance C,, increases with de- 
creasing distance behveen the patches or between the sig- 
nal short-vias. Further investigations are in progress in 
order to reduce such effects by avoiding parasitic COU- 
pling. 

V. CONCLUSIONS 

Silicon micromachined 3D MEMS resonators for mi- 
cmwave frequencies have been realized with a relatively 
simple fabrication process in K-band. Two types of reso- 
nators are investigated, an “open-end” patch resonator and 
a “short circuit via” resonator. Both types show good 
agreement in simulated and measured resonance frequen- 
cies (within 2%). 

However, the measured quality factor (50-70) differs 
from the simulated value (120) and from the theoretically 
expected values (up to 450). It is expected that this gap 
can be closed by using optimized resonator geometries. 
Insulating substrates and higher conductive metallization 
layers (Cu, Ag) are iiuther options to achieve higher Q 
values. 

Further theoretical investigations with air-tilled patch- 
type resonators show far better quality factors of more than 
360 due to larger volume and lower dielectric losses. 
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