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New CMOS-Compatible Micromachined
Embedded Coplanar Waveguide

Chih-Peng Lin and Christina F. Jou

Abstract—This paper proposes a new robust micromachined em-
bedded coplanar waveguide (CPW). The central and ground plates
are partially bent and overlapped within the trench, and due to
tight coupling of the E-field between the overlapped plates, the
micromachined embedded CPW line is capable of a wide range
characteristic impedance (17.9-92.3 ), in a compact size. Fur-
thermore, the area in which the E-field radiates into the substrate
of the micromachined embedded CPW is quite narrow compared
to conventional CPWs, and therefore, the dielectric loss of the mi-
cromachined embedded CPW can be effectively suppressed. Com-
pared with conventional CPW lines, the embedded CPW lines have
shown a marked reduction in loss, especially in the low-impedance
range. The micromachined embedded CPW lines on the high-re-
sistivity silicon substrate (p, = 15000 €2 - cm) achieve a mea-
sured loss as low as 0.81 dB/cm at 50 GHz. Moreover, the fabrica-
tion process of the micromachined embedded CPW line is compat-
ible with the CMOS process. These features make micromachined
embedded CPW a promising transmission line for RF integrated
circuit application.

Index Terms—Coplanar waveguide (CPW), micromachining
technology, transmission line.

I. INTRODUCTION

OPLANAR waveguides (CPWs) are often preferred by

circuit designers and used extensively in high-density RF
and monolithic microwave integrated circuits because their var-
ious advantages such as uniplanar configuration and ease of
fabrication. However, CPW-based transmission lines generally
suffer from a limited usable impedance ranges, especially at
high and low characteristic impedance (7j), and the loss of
CPW lines tend to increase rapidly at higher frequencies [1],
[2]. In order to solve these issues, a variety of modified CPW
transmission lines with a number promising features have been
proposed during the last decade. The main functions of the mod-
ified CPW lines are to reduce loss and increase the usable range
of Zo.

Silicon as a microwave substrate, has many advantages in-
cluding its low cost and the fact that it is a mature technology.
However, transmission lines and integrated passive devices gen-
erally suffer significant losses due to high dielectric loss of low-
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resistivity silicon substrate at RF frequency. The dielectric loss
is the obstacle to the design of distributed passive components in
integrated circuits of silicon. To solve this problem, a high-resis-
tivity silicon substrate is widely used for microwave application
because of its low dielectric loss. The performance comparison
of various RF passive components on different substrates is pre-
sented in [3], and high-resistivity silicon has proven an excellent
candidate for a substrate in RF integrated circuit (RFIC) design
[31-[5].

Another approach to loss reduction and increased Z range
is to modify the geometry of the transmission lines. For in-
stance, by using membrane technology, the inner conductor can
be suspended in the air, thus eliminating the dielectric loss at
millimeter-wave frequencies for high-Z lines. This design is
classified as microshield lines [6]. The micromachining tech-
nique is considered the most practical method in this regard
[7]-[12]. One micromachined CPW is called channelized CPW
lines [7], the material underneath the coupled aperture is par-
tially removed to form the free-space V-shaped grooves. The
total propagation loss is minimized because most of the electro-
magnetic (EM) fields are distributed in the free-space V-shaped
region and current density flow on the conductor is reduced. An-
other micromachined CPW, called an overlay CPW, has been
proposed [8], wherein the edges of the central conductor are par-
tially elevated and overlaid with the two outer ground plates. It
achieves low-loss characteristics (< 0.95 dB/cm at 50 GHz)
through the redistribution of the current over a broad area, and
at the same time as the Z range widens (25-80 €2). However, as
is commonly known, no present studies have yet achieved a ro-
bust structure and wide range Z, with a corresponding low loss
by means of a simple fabrication process, which is also compat-
ible with CMOS technology.

This paper demonstrates a robust new micromachined CPW
structure called the embedded CPW. A schematic of the micro-
machined embedded CPW line is shown in Fig. 1(a): the cen-
tral and ground plates are partially bent and overlapped within
the substrate. The loss of the embedded CPW line can be kept
to a fairly low degree even on a lossy silicon substrate. There-
fore, high-resistivity silicon was selected to be the substrate in
the following design, purely to show a comparable contrast of
losses between the conventional CPW and the embedded CPW
lines. The loss characteristics of the embedded CPW lines were
studied in detail for various trench widths and overlapped metal
lengths. Field simulations and comparative experiments have
demonstrated the characteristics of the embedded CPW lines.
The embedded CPW lines were fabricated on a high-resistivity
silicon substrate showing a capacity of wide range characteristic
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Fig. 1. Schematic diagrams of: (a) micromachined embedded CPW and
(b) conventional CPW with associated parameters.

impedance from 17.9 to 92.3 ) with low measured loss (min-
imum 0.89 dB/cm at 50 GHz). The low loss was due to tight
coupling of the E-field between the overlapped plates, effec-
tively suppressing the dielectric loss.

II. DESIGN AND SIMULATION

Fig. 1(a) and (b) shows the schematic structures of the em-
bedded CPW and the conventional CPW, respectively. In the
embedded CPW design, the signal linewidth is defined as “S +
2D1”, and “W” is the trench width. The total trench depth is
D = Di + D,, which D1 is the length of overlapped metal
plates within the trench and D represents the remainder of the
trench depth. Dy /W is defined as aspect ratio (D /W). In this
design, the total trench depth D was selected as 250 pm in order
to reach a compromise between minimum loss and robustness.

The simulation was carried out at 50 GHz using a full-wave
finite-element method, implemented through Ansoft Technolo-
gies’ High Frequency Structure Simulator (HFSS). The simu-
lation results of the loss in decibels/centimeters are shown in
Fig. 2 in which both of the CPW and embedded CPW lines are
designed to be 50 Q2 and fabricated on both the lossy silicon
(low-resistivity silicon, ps = 50 - cm) and the high-resis-
tivity silicon (ps = 15000 §2 - cm substrates. In Fig. 2, the em-
bedded CPW lines showed low-loss performance on both lossy
silicon and high-resistivity silicon substrate (below 1.7 dB/cm at
50 GHz). In contrast to the embedded CPW line, the loss of the
conventional CPW line increased dramatically while it was on
the lossy standard CMOS silicon substrate (more than 8 dB/cm
at 50 GHz). A 1-cm-long conventional CPW fabricated on the
lossy silicon substrate is impractical that the loss of the conven-
tional CPW is significant higher than the embedded CPW, es-
pecially at a low-impedance range. Therefore, a high-resistivity
silicon substrate was chosen in the following design to show
a comparable contrast of losses between the conventional CPW
and the embedded CPW lines. All transmission lines were fabri-
cated by using a 525-pm-thick high-resistivity silicon substrate
(e, = 11.9 and p; = 15000 €2 - cm).

In Fig. 3, when W was fixed at 10, 20, 30, and 40 um, Z; of
the embedded CPW line could be designed by varying the aspect
ratio. Low-impedance lines could be implanted by increasing

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 9, SEPTEMBER 2010

9
CPWonLRS ______—----T77T
E 6}/
2] /
~ !
=] I
i !
s |
g I
= 3
e mbedded CPW on LRS CPW on HRS
o z=m embedded CPW on HRS
0 10 20 30 40 50
Frequency (GHz)

Fig. 2. Comparison of simulated losses for the conventional CPW and the mi-
cromachined embedded CPW lines fabricated on both the low-resistivity silicon
(LRS, ps = 50 © - cm) and high-resistivity silicon (HRS, p; = 15000 £2- cm)
substrates.
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Fig. 3. Simulation results of aspect ratio (D1/W) as function of characteris-
tics impedance of the micromachined embedded CPW lines. Curve 1-4 is rep-
resented as W = 10, 20, 30, and 40 pm, respectively.

the aspect ratio. On the other hand, high —Zj lines could also
be implanted by reducing the aspect ratio without additional
process difficulty. As shown in Fig. 3, the embedded CPW line
is capable of a wide impedance range from 17.9 to 92.3 Q. As
W is fixed at 10 pm with aspect ratio = 6, Z can reach as low
as 17.9 Q. As W is fixed at 40 pm with aspect ratio = 0.5, Z
can reach up to 92.3 Q.

III. PARAMETER STUDY

The simulated losses as a function of Z, were shown in Fig. 4.
The associated dimension of both the conventional CPW lines
and embedded CPW lines is as follows.
1) Conventional CPW: § = 20 um for each W;W =
3,5,10,20, 30,40, 60, 80, and 100 pum

2) Embedded CPW: S = 20 pym for each W; W = 10 um,
D, = 5,10, 20, 30,40, 50, and 60 pm, W = 20 ym, D; =
10 ~ 120 ym, W = 30 um, D; = 15 ~ 180 um,
W =40 pm, D; = 20 ~ 240 pm.

As shown in Fig. 4, the characteristic impedance of the con-
ventional CPW line could not be reduced below 26 €2 due to the
limitations of photolithography. Moreover, the loss of the con-
ventional CPW line increased rapidly when Z, was below 37 €2,
which showed that the conventional CPW line was impractical
in low Zj application. In contrast with the conventional CPW
line, the embedded CPW line has no difficulty to reach low Z
and maintain low loss at the same time. For the embedded CPW
line, as W = 40 pm, the loss can be maintained below 1 dB/cm
for the entire range of Zy from 19.3 to 92.3 pm.
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Fig. 4. Comparison of simulated losses as a function of Z, for different di-
mensions of the conventional CPW and the micromachined embedded CPW
(as W = 10, 20, 30, and 40 pm that the aspect ratio (D /W) is varied from
0.5 to 6 for each W) on the 525-pm-thick high-resistivity silicon substrate.
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Fig. 5. Cross-sectional schematic of electric field distribution for: (a) conven-
tional CPW and (b) micromachined embedded CPW.

In Fig. 5, the electric field distribution in the embedded CPW
lines are simulated and shown in the cross-sectional view.
Fig. 5(a) shows the conventional CPW line with S = 20 ym
and W = 30 pum, and Fig. 5(b) shows the embedded CPW
line with S = 20 ym, W = 30 ym, D; = 180 pm, and
Dy = 70 pm. As shown in Fig. 5(a), the F-field radiates
into the substrate directly causing considerable dielectric loss.
In contrast with the conventional CPW, the embedded CPW
shows that the reduction of dielectric loss can be accomplished
by confining most of the electric field to the air between the
overlapped plates (D7) within the trench (Fig. 5(b) shows
the cross-sectional schematic of E-field distribution for the
embedded CPW). The rest of the E-field will radiate into the
bottom of the trench (D). Since the area in which the E-field
radiates into the substrate of the embedded CPW is quite
narrow compared to the conventional CPW, the dielectric loss
of the embedded CPW can be suppressed efficiently. It is worth
noticing in Fig. 5(b) that the E-fields radiating into the center
of the substrate underneath the signal plate (S + 2D;) are the
major causes of the loss in the embedded CPW. Therefore, by
reducing the size of S, we cannot only reduce the dielectric loss,
but also shrink the size. As we can see in Fig. 6, the simulation
indicates that smaller S led to lower loss. In this paper, due to
fabrication concerns, the length of S was selected to be 20 pm
in order to reach a compromise between loss performance and
fabrication difficulties.
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Fig. 6. Attenuation of the micromachined embedded CPW lines with variation
on parameter S as .S = 10 pm, S = 20 pm, and S = 30, respectively (W =
30 pgm, D; = 120 gm, and D> = 130 pm for each line).
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Fig. 7. Attenuation of the micromachined embedded CPW lines with variation
on parameter: (a) D, curve 1-3 is represented as Do = 0 gm, 10 pm, and
20 pm, respectively (S = 20 pm, W = 30 pm, and D; = 120 pm for each
line). (b) D1, curve 1-3 is represented as Dy = 80 pm, 90 pm, and 100 pgm,
respectively (S = 20 gm, W = 30 pom, and D = 250 pm for each line).

Fig. 7(a) shows that as W = 40 um and D; is fixed at
160 pm, the loss decreases as D, increases (total trench depth
D increases) due to a reduction in the dielectric loss. Fig. 7(b)
shows thatas W = 40 pym and D = 250 pm, the loss decreased
as D1 increased (ohmic loss decreases). Comparing Fig. 7(a)
with Fig. 7(b), it can also be observed that the loss varied dra-
matically with D, while the loss reduction contributed by in-
creasing D, was relatively small. Consequently, the loss mech-
anisms of the embedded CPW lines was dominated by the di-
electric loss.

Miniaturization in RFIC design is considered a significant
issue. For the embedded CPW lines, as W is fixed, Z can be ad-
justed simply by varying the aspect ratio without increasing the
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Fig. 8. Fabrication process flows for the micromachined embedded CPW line.
(a) Photoresist coating. (b) Lithography (mask-1) then inductively coupled
plasma deep etching of high-resistivity silicon substrate and photoresist
removal. (c) Sputtering of Ti and Cu. (d) Lithography (mask-2) then elec-
troplating of Cu. (e) Remove photoresist then stripping of Cu in unwanted
position.

surface area (2W + ). Unlike the embedded CPW lines, Z
of the conventional CPW was mainly affected by the geomet-
rical parameters of W and S. As a result, to reach the same Z,
the conventional CPW consumed a larger surface area than the
embedded CPW did, especially at high Z: for instance, when
Zy = 70 pm, the totally surface area of the conventional CPW
was 2 x 80 + 20 pum, while the embedded CPW could achieve
the same Z using only 2 x 10 + 20 um surface area. These re-
sults demonstrated that the embedded CPW lines could be very
compact.

IV. FABRICATION

The embedded CPW lines were fabricated on 525-pm-thick
high-resistivity silicon substrates (ps = 15000 €2 - cm with the
length of 1 cm. Fig. 8 illustrates the entire fabrication process
flow of the embedded CPW line. The fabrication of the em-
bedded CPW is as follows.

1) Photoresist AZ4620 was spin-coated on the substrate [see

Fig. 8(a)].

2) The desired trench position was defined by photolithog-
raphy in which the hard-bake step was skipped for better
trench formation. The trench was formed through induc-
tively coupled plasma etching [see Fig. 8(b)]. For induc-
tively coupled plasma etching, the etching selectivity be-
tween photoresist and silicon was 1:50. Therefore, the de-
sired trench depth of 250-pm trench depth with very sharp
sidewalls was easily achieved.

3) Metallization was performed through sputtering and elec-
troplating technology.

a) A 15-nm titanium-adhesion-layer and a 40-nm
copper-seed-layer were sputtered [see Fig. 8(c)].
b) The desired position to deposit was patterned with
photoresit AZ 4620.
c) Electroplating of copper to a thickness of about 6 um
[see Fig. 8(d)].
It is worth mentioning that while sputtering metal into the
trench, if the aspect ratio of the trench were greater than the
metal step coverage, the metal would only deposit on the
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Fig. 9. Scanning electron microscope (SEM) photograph of different aspect
ratio in the micromachined embedded CPW lines with corresponding process
parameters. (a) Aspectratio = 1.8; Ti: 5 mtorr, 5 min and Cu: 10 mtorr,
5 min. (b) Aspect ratio = 3.3; Ti: 5 mtorr, 10 min and Cu: 10 mtorr, 20 min.
(c) Aspectratio = 4.6; Ti: 10 mtorr, 10 min and Cu: 20 mtorr, 10 min.
(d) Aspect ratio = 5.4; Ti: 10 mtorr, 10 min and Cu: 20 mtorr, 20 min.

sidewalls of the trench instead of covering the entire trench.
This phenomenon was used to form the overlapping plate
structure within the trench. Moreover, the desired depth of the
sputtered metal on the sidewalls within the trench could be well
controlled by adjusting chamber pressure and sputtering time,
as shown in Fig. 9, with associated process parameters in the
figure caption. In the final step, after the photoresist had been
removed, a Cu stripper was used to remove the Cu from the
unwanted areas [see Fig. 8(e)].

The fabrication process of the embedded CPW line was fairly
simple; only two masks were required. Additionally, the fabri-
cation process followed the CMOS process, showing the capa-
bility of integration with RFICs.

V. MEASUREMENT

A microphotograph of the fabricated embedded CPW line
on the high-resistivity silicon substrate is shown in Fig. 10(a)
and a cross-sectional view of the embedded CPW is shown in
Fig. 10(c). The S-parameters of all the 1-cm-long lines were
measured up to 60 GHz using an Agilent E8361A network an-
alyzer and cascade wafer probe station. The system was cali-
brated by a short-open-load-thru (SOLT) to remove systematic
errors in the test system and to define measurement reference.
A set of open coplanar pads was also designed and fabricated
adjacent to the lines, in order to de-embed the parasitic effects
of the transmission line pads.

Thirteen sets of lines fabricated on high-resistivity silicon
substrate have been measured to obtain S-parameters, including
the embedded CPW lines (S = 20 ym, W = 30 um, D, =
10, 30,100, and 150 pgm, S = 20 yum, W = 40 pym, D1 =
40,120, and 200 pm) and the conventional CPW lines (S =
20 pm, W = 5,10,20, 30,80, and 100 pm). The measured



LIN AND JOU: NEW CMOS-COMPATIBLE MICROMACHINED EMBEDDED CPW

®

(NN
100um

15.0kV 10.0mm x300 SE(V)

Fig. 10. SEM photograph of the micromachined embedded CPW line.
(a) Probing pad from the top view. (b) Enlargement in the circled region in (a).
(c) Cross-sectional view.

S-parameters are converted to ABC D-parameters, and using
the following formula [14]:

B
Zo = rel (1a)
A B cpsh(’yl) Zorsinh (1)
[C D] - l—smh('yl) cosh (1) (1b)

(1a) to obtain Zy;, and then extract propagation constant y from
(1b). Where Zy;, and [ are the characteristic impedance, the
propagation constant and length of the transmission line, respec-
tively. Therefore, the propagation constant could be determined
as

v = %cosh_l(A) = %ln(Ai Az —1).
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Fig. 11. Measured and simulated losses for the CPW (S = 20 ym, W =
5,10,20,30,80, and 100 pzm) and the micromachined embedded CPW (S =
20 pm, W = 30 gm, D; = 10,30,100, and 150 gm; W = 40 ym, Dy =
40,120, and 200 pem).

The real part of + is the attenuation constant that represents
conductor and dielectric loss of the measured transmission lines.

The measured loss as a function of Zj is shown in Fig. 11. The
measured results of the embedded CPW lines showed strong
correlation with the simulated results. The discrepancy between
simulation and measured losses should be caused by variations
in the fabrication process. The measured loss of the embedded
CPW lines was below 1.67 dB/cm of impedance range from 24.9
to 76.2 €. The minimum loss is 0.81 dB/cm was Zy = 24.9 Q
(S = 20 pm, W = 40 um, D; = 200 pm). Compared
with the conventional CPW lines, the embedded CPW lines
showed a substantial improvement on loss, especially in the
low-impedance range. Fig. 11 clearly shows the advantage of the
embedded CPW lines for low — 7 applications. As Zy ~ 30 €2,
there is a noticeable reduction in loss of 1.2 dB/cm in the em-
bedded CPW versus 7 dB/cm of loss in the conventional CPW
line.

Due to the minimal dielectric loss of the embedded CPW
lines, the gradual loss reduction from high —Z to low —Z%
in this study may be attributed to an enhanced spreading of the
current across a wider area as the aspect ratio increased.

VI. CONCLUSION

In this paper, a new CPW structure called the micromachined
embedded CPW was demonstrated. The embedded structure
was proposed to provide such promising features, such as a
wide characteristic impedance range with low loss, while at the
same time ensuring compact size and strong mechanical sup-
port. EM simulation and comparative experiments were utilized
to fully characterize the embedded CPW lines. The embedded
CPW lines on both a lossy silicon and high-resistivity silicon
substrate showed fairly low losses. With the implementation of
the high-resistivity silicon substrate, the embedded CPW lines
showed relatively low measured loss below 1.67 dB/cm from
249 to 76.2 2 at 50 GHz (minimum loss of 0.81 dB/cm as
Zp = 24.9 Q). Compared with conventional CPW lines, the em-
bedded CPW lines showed a marked improvement on loss, es-
pecially in the low-impedance range. Moreover, the fabrication
process of the embedded CPW lines was fairly simple and com-
patible with the CMOS fabrication process. These promising
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features confirm the embedded CPW as a promising uniplanar
transmission line base for RFIC applications.
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