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Planar Microwave and Millimeter-Wave Lumped
Elements and Coupled-Line Filters Using
Micro-Machining Techniques

Chen-Yu Chi, Student Member, IEEE, and Gabriel M. Rebeiz, Senior Member, IEEE

Abstract—Planar microwave and millimeter-wave inductors
and capacitors have been fabricated on high-resistivity silicon
substrates using micro-machining techniques. The inductors and
capacitors are suspended on a thin dielectric membrane to reduce
the parasitic capacitance to ground. The resonant frequencies of
a 1.2 nH and a 1.7-nH inductor have been increased from 22 GHz
and 17 GHz to around 70 GHz and 50 GHz, respectively. We also
report on the design and measurement of a new class of stripline
filters suspended on a thin dielectric membrane. Interdigitated
filters with 43% and 5% bandwidth have been fabricated and
exhibit a port-to-port 0.7 dB and 2.0 dB loss, respectively, at
14-15 GHz. The micro-machining fabrication technique can be
used with Silicon and GaAs substrates in microstrip or coplanar-
waveguide configurations to result in planar low-loss lumped
elements and filters suitable for monolithic integration or surface
mount devices up to 100 GHz.

I. INTRODUCTION

LANAR Iumped inductors and capacitors are used in mi-
Pcrowave active and passive integrated circuits as matching
elements, bias chokes and filter components. For frequencies
below 12 GHz, these lumped elements are smaller than their
transmission line equivalent circuits, and exhibit low-loss and
wide bandwidth [1], [2]. Recently, planar inductors have
been used at 26-40 GHz and their equivalent model has
been calculated using a full-wave electromagnetic solution
[3]. Still, the elements show a large capacitive components
due to the parasitic capacitance between the elements and the
ground plane. For planar inductors this results in a resonant
frequency between 16 and 30 GHz. The planar interdigitated
capacitors also suffer from a large parasitic capacitance to
ground which affects their performance as true lumped element
series capacitors [4].

We have solved the problem associated with the parasitic
capacitance in planar inductors and capacitors by integrating
them on a small dielectric membrane (Fig. 1). The thin
dielectric membrane is defined underneath the lumped element
and does not affect the propagation properties of the microstrip
line or coplanar waveguide. The membrane is mechanically
stable and is compatible with MMIC fabrication techniques

Manuscript received March 30, 1994; revised July 7, 1994, This work
was supported 1n part by a National Science Foundation Presidential Young
Investigator Award and in part by the NASA Center for Space Terahertz
Technology at the University of Michigan.

The authors are with the Department of Electrical Engineering and Com-
puter Science Department, University of Michigan, Ann Arbor, MI 48109-

2122 USA.
IEEE Log Number 9408555.

(see Section IT). The membrane is 1.2-1.4 um thick and
is very small compared to a wavelength at microwave and
millimeter-wave frequencies. The membrane technology has
been used before to build high performance millimeter-wave
receivers [5], power meters [6], and recently, the dispersionless
micro-shield transmission line [7], [8]. Also large suspended
inductors on Silicon were fabricated by Chang et al. [9]
in an 800 MHz RF amplifier. The planar inductors and
capacitors are suspended in free-space and the quasistatic
parasitic capacitance to ground is reduced by a factor of e,
(e, = 11.7 for high resistivity silicon). Also the quasistatic
capacitance between the lines is reduced by a factor of (1+¢,)/2
since half the electric fields are in air and half the fields
are in the dielectric [10]. This reduction in the parasitic
capacitance increases the resonant frequency of the inductor
without changing the inductance value and the associated
series resistance. This results in planar inductors that can be
used up to 60 GHz and higher and still have exactly the
same geometries as their counterparts on Silicon or GaAs
substrates.

We have also applied the micro-machining technique to
planar interdigitated filters in a stripline circuit. This topol-
ogy has been successfully used in low-loss wide-band and
narrow-band filters at low microwave frequencies [11], [12].
The advantage of interdigitated filters is that they are phys-
ically very small and exhibit low insertion loss and a very
sharp roll-off response. However, for designs at X-band
frequencies and above, the gap between the coupled lines
(fingers) and the height of the cavity become too small thus
making the filter unrealizable. We have solved this problem
by fabricating the interdigitated filter on a thin dielectric
membrane (Fig. 2). The membrane approach also eliminates
the dielectric loss which can be significant at millimeter-
wave frequencies. The interdigitated filter is placed in a
small cavity that is micro-machined in silicon to eliminate
any radiation loss. The bottom part of the micro-machined
cavity directly results from the etching of the silicon wafer.
The top part of the micro-machined cavity is fabricated indi-
vidually and placed on top of the planar filter using silver
epoxy. The height of the top and bottom cavity, which
is important to the filter design, is given by the thickness
of the silicon wafers. An interdigitated filter can be easily
fabricated at 60-90 GHz with a 100-pm-thick silicon (or
GaAs) wafer.
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II. FABRICATION

A three-layer structure of SiO9/SigN4/SiO, is deposited on
a high-resisitivity silicon substrate using thermal oxidation
and high-temperature chemical vapor deposition [6]. The layer
must be in tension resulting in flat and rigid membranes once
the silicon substrate is etched underneath the membrane. A
thermal SiO9 layer with a thickness of 5000 A is first grown
at a temperature of 1100°C. The wafer is then placed in a
LPCVD (Low Pressure Chemical Vapor Deposition) furnace.
A 3000 A SizNy layer is deposited at 820°C. The gas flow
rate are NHg: 160 sccm and DCS: 40 sccm. Next a 4000
A Si0O, layer was deposited using the LPCVD furnace at
920°C. The gas flow rate are Ny: 290 sccm, NoO: 120 scem
and DCS: 60 sccm. It is important to note that a membrane
layer can also be fabricated using GaAs or InP substrates
for active microwave circuit applications. In this case, the
membrane layer is deposited using plasma enhanced chemical
vapor deposition (PECVD). The deposition parameters of the
PECVD layer must also be adjusted so as to result in a
tensile layer (in contrast to a layer under compressive stress)
[13]. After the layer is deposited on the silicon or GaAs
substrate, the planar element is defined on the top side of
the substrate using standard lithography, gold evaporation and
electroplating. Next, an opening is defined in the membrane on
the back side of the wafer just underneath the planar lumped
element or filter, and the silicon or GaAs substrate is etched
until the transparent dielectric membrane appears (Fig. 3).
The etchant used with silicon wafers is KOH or EDP [14].
The etchant used with GaAs wafers is an HySO4/H,05/H,O
based solution or dry etching in an RIE machine [13]. In GaAs
substrates, this procedure is totally compatible with via-hole
formation which is used to contact the source-terminals in 3-
terminal devices to the RF ground-plane at the back-side of the
substrate, or to eliminate substrate modes in grounded-CPW
designs.

In the case of the suspended stripline interdigitated filters,
additional processing is needed to complete the filter. A
row of via holes is etched around the membrane cavity and
electroplated with gold to connect the RF short (ground-plane)
next to the membrane to the bottom ground plane (see Fig. 2).
The via-holes also eliminate any loss to substrate modes that
are excited in the electrically thick Silicon or GaAs substrate.
Next, a silicon wafer is etched and electroplated to form the
top cavity and placed on top of the membrane. The thickness
of the top silicon wafer and the membrane wafer are part of the
design parameters of the interdigitated filters (see Section V).

III. MICROWAVE MEASUREMENTS: INDUCTORS

Two planar microstrip inductors were fabricated on a 355-
pm-thick high-resistivity silicon substrate. Identical inductors
using the same masks were also fabricated on a 1.2-pm-thick
dielectric membrane using the micro-machining technique
outline previously. The membrane edge is aligned with the
physical edge of the inductor as shown in Fig. 1. The mi-
crostrip line is 1 ym-thick electroplated gold and the air-bridge
dimensions are 250 ym x 40 pm and is 2 pm high using
electroplated gold. Two completed inductors are shown in Fig.
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Fig. 1. Layout of the planar inductor and the membrane outline. The
membrane is defined only underneath the planar lumped elements.

Dielectric

Membrane
Plated Gold

Micro-machined
Cavity Wafer % g;

Top Shielding Wafer
e
\ w High Resistivity

— N\
Membrane Wafer

Carrier % %@
— R N

"~ Via Holes

Interdigitated Fingers

Fig. 2. Cross-sectional view of the suspended interdigitated filter.

4. The microstrip inductor dimensions are outlined in Table I
and are designed to yield an inductance value of 1.09 nH and
1.69 nH by using the following equation from [10]:

Ly (nH) =0.01AN?7{In(84/C) + (1/24)(C/A)*In(84/C
+ 3.583) — 1/2] (1)

where A = (DO + DI)/4, C = (DO — DI)/2 (see Fig. 1),
A and C are given in “mils” (I mil = 254 pm) and N is
the number of turns.

The TRL calibration routine is used to measure the loss of
the 50 Q microstrip line on a high resistivity silicon substrate
(2000 Qcm) which is attached to the lumped inductor. The
microstrip line is 1 mm long on each side of the inductor and
exhibits a loss of 0.2 dB/mm from 3-20 GHz. This implies
that the loss of the microstrip line is dominated by dielectric
loss in the substrate. The microstrip line loss is modeled as
a matched attenuator (R, Rz, R3). The reference plane for
the inductor measurements is defined at the outer limit of
the inductor geometries or simultaneously at the edge of the
membrane (Fig. 1).

The measured and modeled 3-20 GHz Reactance (X) of
the inductors on a thick silicon substrate (Lig,Lsg) and
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Fig. 3. Fabrication procedure of the micro-machined planar elements. This

is compatible with GaAs and InP via-hole process technology.
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Fig. 4. Micro-machined inductors Lqs (left) and Lojpy (right) on a small
dielectric membrane and their equivalent model. A 0.2 dB attenuator is placed
at each end to model the loss in the 50 €2 microstrip line on the high-resistivity
Silicon dielectric substrate.

TABLE 1
PHYSICAL DIMENSIONS AND THE CORRESPONDING CALCULATED INDUCTANCE
VALUES FOR THE SPIRAL INDUCTORS. ALL UNITS ARE IN um (SEE Fig. 1)
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the inductors on a thin dielectric membrane (Ljas, Lops) is
shown in Fig. 5. The equivalent model of the silicon inductors
(L1s,Lag) is used to fit the measured S-parameters (not
shown) using the EESof-Touchstone optimization routine. The
equivalent values of L,, R,, C,, C, are summarized in Table
II. It is seen that the equivalent inductance agrees quite well
with (1) and the resonant frequency is 22 GHz and 17 GHz for
a 1.2 nH and a 1.7 nH planar microstrip inductor, respectively.
The same model is used for the membrane planar inductors,
with C, reduced by a factor of ¢, (¢, = 11.7) and C,
reduced by a factor of approximately (1+ €,)/2 (Table II). The
inductance L, and the resistance R, are not changed since
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Fig. 5. Measured and modeled reactance (X') of Ly and Lo (M stands for
membrane supported and S for substrate supported).

the membrane and silicon inductors have identical geometries.
It is seen that the measured Reactance (X) of the membrane
inductors (L1, Lonr) agree well with the simple equivalent
model (3-20 GHz). The resonant frequency of the membrane
inductors is pushed to around 70 and 50 GHz for a 1.2 and
1.7 nH inductor, respectively. The parasitic capacitances are
very low for the micro-machined inductors (C,, C; =24 {F)
and the membrane inductors can be used as “true” inductors
up to 40-60 GHz. The model takes into account only the
quasistatic capacitance of the lumped inductor and neglects the
transmission- line effects of the pyramidal cavity underneath
the lumped inductor. At mm-wave frequencies, the membrane
inductors may result in lower resonant frequencies as predicted
above due to non quasistatic (high-order modes) effects.

The micro-machined inductors behave exactly the same
way as the standard planar microstrip inductors at microwave
frequencies. Therefore, it is expected that the micro-machined
inductor will exhibit a similar () at microwave frequencies. A
small LC series filter composed of a membrane inductor of
value 0.9 nH (with a series resistance, R, ~ 1.2-1.3 §2) and
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TABLE II .
MODELED VALUES OF R, Ls, Cs, Cp FOR SPIRAL INDUCTORS
ON SILICON AND MEMBRANE SUBSTRATE (SEE Fic. 4)

Components | Ry(Q}) | Ly(nH) | C,(fF) | C,(fF)
Lis 3 1.2 10 33
Lim 3 1.2 2 2.5
Los 5 1.7 6 45
Lom 5 1.7 1.2 4

a chip capacitor of value 1.2 pF was fabricated. The chip
capacitor is a surface mount MIS type capacitor (Metelics
MBIC-1002) and has a very high @ up to 12 GHz, and
its effect on the measured @) is neglected at 4.3 GHz. The
measured S1; of the series LC combination demonstrates a
quality factor of @ = 20 at 4.3 GHz for the membrane
inductor and is closed to the expected value from the equation
Q = wol/R; (Fig. 6). The measurements include the effect
of the bond wires used .to connect the silicon substrate to
the coaxial connectors (Lpy, ~ 0.1 nH). The associated Q)
of membrane inductors is expected to increase as +/f with
frequency (because the series resistance increases as /f [10])
to yield a @ of 50-60 at 30-40 GHz.

IV. MICROWAVE MEASUREMENTS: CAPACITORS

A similar fabrication technique was applied to planar in-
terdigitated capacitors. In this case, the planar capacitors do
not suffer from a low resonant frequency but from a relatively
large shunt parasitic capacitance to ground (C,). During mod-
eling the parasitic capacitance to ground is generally included
with the interdigitated series capacitance (C;). However, it is
advantageous to eliminate this parasitic capacitance to result
in better millimeter-wave filters, phase shifters and matching
networks. The micro-machined membrane approach reduces
the parasitic capacitance by a factor of ¢.. However, in this
case, it also reduces the interdigitated series capacitance by a
factor of (1+¢,)/2.

An eight finger and a four finger interdigitated capacitors
were fabricated on a high resistivity silicon substrate and on
a membrane. The capacitor finger is 355 pm long and is 25
pm wide. The gap between the fingers is also 25 um wide.
The measured S1; from 7 to 20 GHz for the capacitors are
shown in Fig. 7. It is seen that the membrane interdigitated
capacitor (of value around 110 fF for the eight finger capacitor
and 55 fF for the four finger capacitor) follows the 1-jx
line on the Smith chart as expected from a capacitor in
series with a 50 2 load. The interdigitated capacitor on the
silicon dielectric shows a large shunt capacitance effect due
to the parasitic capacitance to ground. The measured S1; of
the capacitors on the silicon substrate agree very well with
published results of similar capacitors on GaAs substrates
[4]. Compared with dielectric supported capacitors, it is seen
that the micro-machined membrane capacitors demonstrates
a much better performance at microwave frequencies. The
quality factor of the membrane capacitors was not measured
at microwave frequencies but is expected to be larger than the
corresponding capacitors on the silicon substrate due to the
absence of the dielectric losses.
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Fig. 6. Measured and modeled Si; of a series LC filter with a mi-
cro-machined membrane inductor. The measured quality factor (@) is equal
to 20 at 4.3 GHz. .

Fig. 7. Micro-machined capacitor Cap4M (top left) and Cap8M (top right)
on a small dielectric membrane and the measured 7-20 GHz S11 of the two
interdigitated capacitors.

V. INTERDIGITATED SUSPENDED-FILTER DESIGN

The interdigitated suspended filter design follows the band-
pass filter design which is elegantly presented by Matthaei in
[11], [12], [15], [16]. Briefly, a low-pass filter prototype is
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Fig. 8. (a) A wide-band 6-section interdigitated filter. Notice. it is open-circuited design at the input and output fingers. (b) Cross-sectional view of this
filter. (c) Tabulation of quantities for a 40% 6-section 0.05-dB equal ripple filter design.

used to determine the band-pass filter characteristics and the
low-pass filter is modified with appropriate inverters to result
in a totally capacitive filter. Each section of the capacitive
filter is then modeled by an equivalent interdigitated coupled
line and the values are matched at the design frequency fo.
This results in the total self capacitance (C}) and the mutual
capacitance (Cy r+1) of the equivalent interdigitated coupled
line stage [16]. The even (Cy, ) and odd-mode (Cy,, )
fringing capacitances of suspended coupled lines are given by
Cohn [17]:

be written as:

Ck,k+1 — Cfok,k+1 _ Cfek,k+1 (4)

€ € €

The spacing s x+1 between two fingers can then be solved
by substituting (2) and (3) into (4) and is given by

2b —7C
Skk+1 = ?tanh_l [exp(—w—;’k—tl—)]. &)

After the spacing sy ;1 has been calculated, the even-mode
fringing capacitance (Cy, oot } between the two adjacent
fingers can be obtained from (2) (or the odd mode fringing

Sh,k+1
o (=5 _ Skl Eh (cosh—ﬂ) (2) capacitance (Cy,, ) from (3)). The line width of cach finger
€ S b . 2b (wz) can be calculated knowing Cj, (the self capacitance of
Cfok,k+1( b _ Skl gln (SthSk,k+1) 3) finger k) and using the equation given by Getsinger [18].
€ b ™ 2b C C
wi, _é lgi _ Fer_1.n _ f%.k+1 . (6)
where b is the distance between the two parallel ground planes 212 ¢ € €

and sy x4 is the distance between two interdigitated finger
k,k + 1 (see Fig. 8b).

The mutual capacitance (Cy, y+1) is the difference between
Fhe odd (Cy,, , ) and even-mode (C_Yfek,k+1) fringing capac-
itances. Therefore, the mutual capacitance, Cy x41, can also

If the wy /b ratio in (6) is less than 0.33, the width of the
stripline should be corrected using the approximate formula:
, 0.07b 4+ wy

Yk T T 120 ™



CHI AND REBEIZ: FILTERS USING MICRO-MACHINING TECHNIQUES

735

Finger Number 0 1 2 3 4 5 Terminating
Line
>
= - W = J } Admittance
T mEEE M T[] YB=YA
g :
g i
3 |
§n F
=]
[
T - - =
Terminating { ) o Sk )
Line
Admittance
YA=0.02
@
K | Critr/e€ | supr1(pm) | Creppyi /€ | Croppsife || K | Crfe | wp(pm)
0,4] 1376 52 0.069 1445 ] 0,516.159| 923
1,3 0.205 416 0.347 0.552 1,4 | 3.689 508
2 0.154 479 0.369 0.523 2,31 4.664 575
w = 0.05 b = 710pm
e = 1.0 finger length = 4.32 mm

®)

Fig. 9.
a 5% four-section 0.025-dB equal ripple filter design.

where wy, is the uncorrected stripline width and wj, is the
corrected width [18].

The calculated coupling capacitances and dimensions for
a wide-band (40%) 6-stage 0.05 dB equal ripple filter and
a narrow-band (5%) 4-stage 0.025 dB equal ripple filter are
shown in Figs. 8 and 9. The filters are designed for a center
frequency of 15 GHz. The cavity height is chosen to be 710 ym
and is constructed using two 355 um standard silicon wafers.
The metal thickness is 3 um electroplated gold for the wide-
band design and 5 pm for the narrow-band design. The top
cavity is electroplated gold to about 3 pm thick in both filter
designs. The fabricated filters are shown in Fig. 10. A row of
via holes with a spacing of 2 mm (~);/3) is etched around
the membrane cavity to connect the RF short (ground-plane)
next to the membrane to the bottom ground plane (see Fig. 2).
The via holes are filled with silver epoxy but can be directly
electroplated with gold in monolithic fabrication techniques.

VI. INTERDIGITATED SUSPENDED-FILTER MEASUREMENTS

A. Wide-Band Interdigitated Filter (40%)
The wide-band planar interdigitated filter is fed by a 50

@ grounded-CPW transmission line and is compatible with
a 150 pm-pitch CPW-based Cascade probe. The filter can
also be designed to have a microstrip input feed line. The
measurement system is calibrated using a SOLT (Short-Open-
Load-Thru) routine which sets the reference plane at the probe
tips. Two wide-band planar filters were measured yielding

() A narrow-band 4-section interdigitated filter. Notice that it is short-circuited at the input and output fingers. (b) Tabulation of quantities for

nearly identical results (£0.05 dB in insertion loss). Each
feed line is 2.6 mm long and has a measured insertion loss
of around 0.2 dB at Ku band. Each finger is 4.75 mm long
and the membrane dimensions are 5 mm long and 4.2 mm
wide. The fingers are not 5 mm long (Ao/4) since they do take
into account the extra fringing capacitance at their tip [10].
The measured port-to-port filter response is shown in Fig.
11. It is seen that the filter has a 10.3-16.8 GHz 3-dB pass-
band with a port-to-port insertion loss of 0.7 dB at the center
frequency (including the loss of the two feed lines). The
performance of this filter is competitive with the best stripline
designs available in the literature [19], [20]. Since this filter
was designed to have an equal ripple response, the definition of
pass-band is smaller than the usual 3-dB bandwidth definition.
The equal ripple bandwidth of this filter is 43% which is very
closed to the designed 40% bandwidth. The center frequency
shifted to 13.7 GHz. We feel that this is due to several factors
such as the exact placement of the via holes surrounding the
membrane (5.4 mm) and the dimensions of the top cavity (5.4
mm-square). This was done to aid in the alignment process and
in hindsight was larger than necessary. The center frequency
shifted by 10% down due to these processes. In the future,
tighter control on the dimensions should be maintained in the
micro-machining techniques, or an FDTD analysis should be
done to predict the exact center frequency. The low-frequency
roll-off response is very sharp with a 60 dB rejection at 5.8
GHz. The high frequency roll-off is also sharp with a 55
dB rejection at 2 fo. The shape of the measured pass-band
response is slightly unsymmetric. This is due to the nature of
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The same filter was measured without the top shielding Fig. 11. Measured response of the wide-band 40% interdigitated filter (a)
wafer. The filter preserves the band-pass characteristics but 11 and Szy from 6-20 GHz and (b) 521 from 2-40 GHz.
the bandwidth increases from 6.5 GHz (43%) to 9.1 GHz
(66%). The filter operates in stripline mode with the top- 600 T T T T T T T T
shielding wafer, or microstrip mode without it. As a result, the L
coupling capacitance between a pair of coupled lines becomes 400 L
stronger, and this causes the increase in bandwidth. For both i
filters, with and without a top shielding wafer, the propagation
media is air only, and there is no other dielectric material
involved. Therefore, the filters propagate a dispersionless TEM
mode. This can be seen from the measurements of group delay
(Fig. 12) which show a constant group delay over the entire
operating bandwidth of both filters.
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0.1 dB in insertion loss). In this case, the finger length is 4.3
mm and the membrane dimensions are about 4.5 x 7 mm. Frequency (GHz)

The top cavity dimensions and the exact placement of the Fig. 12. Measured group delay for the wide-band 40% interdigitated filter.
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via-holes around the membrane are again about 10% larger
than the membrane dimensions. However, the finger length
and the membrane length (in the resonant dimension) have
been reduced by 10% to counteract this effect.

The measured port-to-port filter response is shown in Fig.
13. It is seen that the filter has a 14.8-15.6 GHz equal-ripple
pass-band with a port-to-port insertion loss of 2.0 dB at the
center frequency of 15.2 GHz (including the loss of the two
feed lines, 0.4 dB, and the 0.5 dB return loss from Sy; data).
The 1.1 dB residual loss can be traced fully to the Ohmic loss
in the narrow-band interdigitated design [21]. The measured
equal-ripple bandwidth is 5.5%. The filter shows a very sharp
skirt with a 40 dB rejection at 12 and 17 GHz. It is interesting
to note that this filter shows a near-repetitive performance
at 2 fp due to parasitic coupling capacitance between the
tip of the fingers and the surrounding ground plane. This
capacitance dominates over the weak coupling capacitance

between the interdigitated fingers at 2 f; and renders the.

737

filter a capacitively loaded comb-line filter [16]. This can be
minimized by placing the tip of the fingers far away from the
membrane edge.

VII. CONCLUSION

We have introduced a new micro-machining technique that
allows us to build high quality lumped elements and in-
terdigitated filters for the microwave and millimeter-wave
band. The membrane inductors and capacitors built using this
technique have shown a much better performance than their
Silicon/GaAs counterparts. The interdigitated filters have also
shown excellent performance at 13—15 GHz and the designs
can be extended to millimeter-wave frequencies. The micro-
machining technique is compatible with all types of trans-
mission lines, such as the microstrip, the coplanar-waveguide
and the stripline guide media. Furthermore, it can be used
with standard MMIC fabrication or for high-quality surface-
mount elements and sub-systems. The micro-machining tech-
nique will benefit greatly from the upcoming FDTD analysis
methods to predict the effect of nonvertical cavity walls,
nonvertical via-holes and the transition between the high
dielectric constant substrate and the membrane supported
element.
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