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Abstract

A powerful reducing substrate loss method, trenched oxide-nitride islands, was
demonstrated using CMOS-compatible fabrication process. The CPW on
trenched oxide-nitride islahds can < achieve insertion loss as low as
0.045dB/150um at 40 GHz-on low resistivity-silicon substrate if we can solve
the roughness problem. The simulated result*of inductor comparison between on
our design structure and conventional Si predict the improvement of inductor
performance. Another advantage of trenched oxide-nitride islands is that can
possess strong mechanical support and better reliability than the suspended
structure

Index terms —RF MEMS, eddy current, coplanar waveguides, Bosch process,

trenched dielectric islands
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Chapter 1 Introduction

Inevitable substrate loss mechanism is one of major factors hinder silicon
based RFIC technology for high frequency wireless communication applications.
Poor passive components on Si-RFIC due to the substrate loss like low Q
inductor, filter, and high loss TML (Transmission Line) could result in a circuit
performance with smaller dynamic range, higher noise figure, and larger power
consumption which would make the circuit hard to be applied for high speed
data communication. Besides, the loss phenomenon will become more severe
with the increase of operational frequency of the circuit. ~ Therefore, a lot of
research efforts have been put for eliminating the substrate loss mechanism.
For examples, proton implanted silicon substrate can have higher resistivity than
conventional Si substrate which - makes'the on-chip passives perform well and
consistently up to 40 GHz [1], The silicon substrate with patterned ground
shields can effectively enhance the Q performance of on-chip spiral inductor up
to 10 GHz [2], and the others like silicon trenched islands, nitride blocks [4], pn
junctions isolation [5], and suspended membrane support... etc., can all provide
nice approaches for high performance passive fabrication. Nevertheless, while
the frequency rises up to 40 GHz or even higher, only the membrane support
with substrate removal and proton implanting methods are effective to eliminate
the loss issue.

Among the above approaches, removing the substrate under the microwave



device directly is the most popular and well-developed technology using
contemporary micromaching process. Since the substrate under the device is
removed, as suspended structure or membrane structure, the resistivity of
“substrate” (air) raises so high that it is very difficult to generate the eddy
current due to the variation of magnetic flux. The less the eddy current, the less
energy dissipated from substrate. On the other hand, the parasitic capacitor
between the upper transmission line and substrate also decreases a lot. J. Y.-C.
Chang etc. published the high Q large suspended inductor encased in oxide on a
membrane over the substrate with the removal of underlying silicon in 1993[7],
although it is for 2um CMOS_ RF amplifier. It has been proved that the quality
factor and self-resonace can be improved-when substrate removed. In 1998,
Pieere Blondy published the high'performance filter with removing the dielectric
material up to a thin membrane that suspends the planar filters. [6]. he used the
membrane made of ONO (oxide-nitride-oxide) structure, etching underlying
silicon substrate, and two metalized cavities as upper and lower shielding. The
combination of bulk micromaching by removal of the substrate and self
packaging reduces the radiation loss both into air and substrate and also greatly
reduces ohmic loss by allowing for very wide microstrip lines. The filters he
designed consist of a 3.5%bandwidth two-pole Chebyshev filter with
transmission zeros at 37 GHz, 2.7% and 4.3% bandwidth four- and five-pole

Chebyshev filters at 60 GHz, and an 8% bandwidth elliptic filter at 60 GHz.



To date, many applications of suspended structure are post, tabled in table 1,
for example, Hongrui Jiang etc. published the inductor suspended over the deep
copper-lined cavities over 30-um deep.[8] They built a suspended inductor over
a cavity whose bottom plane and sidewalls are metallized with copper. The deep
cavity reduces the electromagnetic coupling and parasitic capacitance between
the inductor and substrate that can increase quality factor and self-resonace. And
the Cu-lined provide electromagnetic shielding. The quality factor of the
inductor is over 30 and self-resonace frequency is 10 GHz. Moreover Jun-Bo
Yoon etc. published a highly suspended spiral inductor in 2002[9]. The inductor
was lifted 50um in height without any membrane and only suspended by two
signal posts of 20 um in \diameter~without any additional mechanically
supporting posts in order to.minimize the substrate coupling. And the quality
factor of the highly lift inductor 'is up to 70 at 6 GHz and it’s self-resonace
frequency is over 20 GHz.

Although the above suspended structures are so sensitive to the vibration of
environment, it is not suitable for the portable communication technology due to
lack of electrical and mechanical reliabilities. So, in 2005, Mina Raieszadeh
published the trenched silicon island structure [3], which the inductor is
supported by trenched silicon islands and the Q of the inductor is about 51 at 1
GHz It solved the vibration issue of suspended device. But the microwave

device on this structure will suffer from the increasing substrate loss when the
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frequency 1s higher frequency. It is because there is still silicon substrate
contacted the device, that parasitic capacitor makes the operation frequency
down.

In this paper, we will use the oxide-nitride islands patterned substrate and
electroplate the Cu CPW on the patterned substrate. With oxide-nitride islands
patterned substrate, we not only reduce the substrate loss due to it’s isolation
property but also electroplate the Cu CPW on the islands directly due to the
small space of the gaps between neighbor islands. Better transmission line
performance (I GHz to 50 GHz) on oxide-nitride islands patterned substrate

than those on silicon substrate atre evidenced.
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Design Author Advantage Weak-point
High Weak to
@Z . %?gnbrane Pierre performance | vibration
7" | metallized  |Blondy | upto60GHz | and process
shielding complicated
High cost
E Photon performance
: Albert
implanted -
o |implanted AT up t0 40 GHz
High Q Operation
Patten&ed C. Patrick inductor at frequency
roun : ~
ghiel ding Yue 1~10 GHz lower
Very thick Operation
. : M dielectric layer | frequency
SiRN/SiRN
_Sli bloclk Ellwensp-o lower
Improve Qs of | Operation
: . inductor 19% | frequency
P t -
isr(;latlj(l)lrrl1 “HOM | Min Hao lower
High Q Operation
Trenched Farrokh inductor at frequency
silicon island | Ayazi 1~10 GHz lower
High Complicated
Edge- - :
Lydia L. |performane applied for
suspended
CP “}, Leung | cpw at 1~ passive
40G component

Tablel- comparison of several methods for reducing substrate loss
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Chapter 2 Concept Design

At microwave frequency, the variation speed of magnetic flux is so fast that
induced eddy current in the silicon substrate with opposite direction to signal
flow will convert magnetic energy into heat, so called substrate loss. Equation 1
and 2 show the element of induced current in substrate at the presence of

electromagnetic fields [10]

VxH:ja)g’E+a)5"Etan5+oE [1]

VxE=-jouH,J = ok [2]
Where ¢ and tand represent the substrate conductivity and loss
tangent,e’andeare the real anddimaginary part of the substrate permittivity, o is
the angular frequency, and is;the permeability. For CMOS-grade silicon, the
oE term which represent the electrically-induced current dominates over the
terms we’Etand which represent the dipole loss.

Thus, we will effective reduce the substrate effective permittivity and
conductivity by oxide-nitride island. Because slicing the substrate with deep
high-aspect-ratio trenches, the path of induced current is disrupted that reduces
the substrate effective permittivity and conductive which in turn reduces the
electrically and magnetically-induced current as well as the dipoles. For higher
frequency application, we further make the dielectric island to reduce the
substrate loss.

At DC and low frequency, the current is uniformly distributed. When
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frequency raises higher and higher, skin effect becomes significant, so that AC
current is pushed towards the edges of signal line. Figure 1. shows the current
distribution simulation of conventional CPW at 10 GHz with HFSS. Most of
current is concentrated along the two edge of signal line. But if for other
microwave device, for example inductor or filter, we could not replace dielectric
material only for the substrate under the edge of signal line. Figure 2 shows the
layout of trenched oxide-nitride islands design .With this structure, we can

exactly reduce the substrate loss for any microwave device on the silicon.
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Figurel.simulated current distribution
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15.0kW 132.7mm x400 SE(M)

Figure 2 - (a) layout of trenched oxide-nitride islands (b) the

SEM picture
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Chapter 3 Fabrication

Figure3 shows the fabrication process flow for the CPW on the trenched
oxide-nitride islands. First, deep high-aspect-ratio (10:1) trenches are etched by
ICP DRIE,so called Bosch process. Then 1.3um thick thermal oxide is grown at
1100°C and using RIE to etch the upper horizontal oxide layer. At present, we
can get the trenched silicon-oxide islands. After patterned the etching hole, we
use ICP-DRIE to etch the resident silicon of silicon-oxide islands. Then deposit
the silicon nitride by using LPCVD (Low pressure chemical vapor deposition).
Because of the high covering property of LPCVD, we can get the oxide coated
with nitride, oxide-nitride islands shown as figure 4. After using e-gun to deposit
seed layer, we can electroplate CPW .directly because nitride is hydrophobic

shown as figure 5.
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(a)

(c)

©

Figure 3. (a)Deep trench etching by Bosch process. (b)thermal
oxide grown. (¢)ICP etching resident silicon. (d) LPCVD deposit
nitride. (e)electroplate CPW
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15.0kV 13.8mm x7.00k SE(M) £.00um

Figure.4 The SEM picﬁ(if&i: Qf._é):xjdg’-nitride islands

15.0kV 13.7mm x6.00k SE(M)

Figure.5 copper electroplated on islands directly
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Chapter 4 Discussions

1. Electroplate copper without membrane

Because of the hydrophobic property of silicon nitride, we consider that by
this property with designation we will make the electroplating solution separated
from the trench due to the surface tension force.

In order to confirm that the tension force of water on nitride is enough to
make water not flowing into trench, we measure the contact angles of DI water

on the patterned silicon-nitride islands as shown table-2

Contact-angle Height (mm) Sessile volume (uL)
Siliconisland  5-5| 84.9 11899 4.9927
5-4 1 84.5 1.2045 5.3562
5-3 | 88.07 1.219 4.432
5-2 | 91.65 1.277 5.014
4-3191.04 1.3205 5.2238
Nitride island 5-5 | 79.97 1.1319 5.1368
5-4 | 81.49 1.1899 5.5119
5-3 | 80.80 1.1319 4.947
5-2 | 81.10 1.1754 5.1165
4-3 1 80.13 1.2045 5.6933

Table-2 the contact angle of DI water on islands
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2. rooting phenomenon

Although nitride is hydrophobic, the seed layer e-gun deposited before
electroplating is hydrophilic. Thus, there is some copper electroplated on the
sidewall of the trenched oxide-nitride islands. On the other hand, the copper is
electroplated into the trenches, that makes the CPW like rooting. Figure 6.shows
this rooting phenomenon clearly. Undoubtedly, this rooting part will influence
the performance of main upon CPW. There are some un-anticipated parasitic
effects between the rooting copper areas, and the uncontrolled characteristic
impedance will make microwave devices designation difficult. Thus, we will
solve this problem by controlling the lithégraphy time. As figure 7 shows, the
top of islands deposited seedslayer does reflecting more UV, that makes the
photoresist(AZ 4620) upon - the islands ‘effectively exposed twice as the
photoresist upon the tenches only exposed once. So, we can control the exposed
time to make the photoresist upon the islands hyper-exposed and that upon the
trenches hypo-exposed, and can prevent the sidewall electroplated with copper.
Figure 8 shows the improvement of rooting phenomenon. Obviously the rooting
areas decrease, and the surface of CPW upon the structure is more smooth that

make the performance of CPW better.
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Figure.6 SEM picture of rooting phenomenon without controlling
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Figure 7. The lithography diagram of trenched island deposited seed




15.0kV 15.7mm x3.00k SE(M)

Figure 8. the SEM picture of rooting phenomenon with controlling exposed time
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Chapter 5 Measurement and Simulation

Simulated and measurement results of 150um CPW are shown as figure9.
As we predicted previously, at 40 GHz the insertion loss of CPW is so small
(S21~0dB) and the return loss is also very tiny from 1 GHz to 40 GHz. Noted
that, the measurement result differs from simulation result, S11 is higher and
S21 is lower slightly. It’s because the degree of roughness of CPW is not
uniform and there are some inversion rooting areas under the CPW. The
comparison of the loss of CPW on oxide-nitride islands and that on conventional
Si substrate is shown as figure 10. We can see the huge improvement of S21,

that is due to the substrate loss rfeduced efféctively.
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Figure 9 the measurement and simulationsresult of 150um CPW on the trenched oxide=nitride

1slands
0.00E+00
-5.00E-02
-1.00E-01 f S, of CPW on
dB -1.50E-01 oxide-nitride islands

-2.00E-01 | S,; of CPW on
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0.00E+00 1.00E+10 2.00E+10 3.00E+10 4.00E+10 5.00E+10

Freauency (Hz)

Figure 10 The S;;comparison between the CPWs on different substrates

24



In additional, we simulate a microwave device, inductor, on the trenched
oxide- nitride islands to predict the effect of the inductor on trenched
oxide-nitride islands. As figurell shows, when the substrate replaced by
trenched oxide-nitride islands the quality factor and self-resonance frequency of
the inductor are improved. This is obviously because the parasitic conductance

between the copper and substrate reduces with the reducing contact areas.

4.00E+01 8.00E-08
3.00E+01 | | 6.00E-08
2.00E+01 | | 4.00E-08
1.00E+01 | | 2.00E-08

Q 0.00E+00 | | 0.00E+00 (H)
-1.00E+01 } | -2.00E-08
-2.00E+01 } | -4.00E-08
-3.00E+01 } | -6.00E-08
-4.00E+01 ‘ ‘ ‘ ‘ -8.00E-08

0.00E+00 5.00E+09 1.00E+10 1.50E+10 2.00E+10 2.50E+10

Frequency(Hz)

Figurell. the simulated comparison of the inductors between that on

conventional Si substrate and on trenched oxide nitride islands
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Chapter 6 Conclusion and Future Work
6.1 Conclusion

A powerful reducing substrate loss method, trenched oxide-nitride islands,
was demonstrated using CMOS-compatible fabrication process. The CPW on
trenched oxide-nitride islands can achieve insertion loss as low as
0.045dB/150um at 40 GHz on low resistivity silicon substrate if we can solve
the roughness problem. With PECVD, we can deposit an oxide layer to solve the
non-smooth problem. Thus the trenched oxide-nitride islands can provide even
smaller insertion loss,0.045dB/150um.Another advantage of trenched
oxide-nitride islands is that cah possess strong mechanical support and better

reliability than the suspended structure.

6.2 Future Work

Because the substrate under CPW is not simple as silicon , the filter design
will be improve to make the performance of filter better and better as shown in
figure 12.

We can utilize the design of trench pattern to make the Z0 of upper CPW
designed , so that can use stepped-impedance method to design filter.

We can utilize this process to improve the Q of spiral inductor on Si .
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15.0kV 15.5mm x 70 SE(M) 500um

Figure 12. the filter on the oxide-nitride islands
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