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Abstract

This thesis presents a novel stressed MEMS coplanar waveguide (CPW) cantilever to
solve the limitations of conventional cantilevers in EFM measurements. The CPW
structure creates a matched impedance and shields the signal conductor along the
cantilever to improve bandwidth, reduce electromagnetic interference effects, and enable
better access to IC test points. The designed CPW cantilever is mounted on a large Si
substrate which acts as a holder. A tapered CPW connects a CPW line on the Si holder to
the stressed CPW cantilever in air. This thesis focuses on selection considerations,
theoretical calculation and analysis, design, modeling, simulation, fabrication, and testing
of CPW cantilevers.

This thesis presents selection considerations of the designed CPW -cantilevers
according to electrical and mechanical requirements. It provides analytical expressions
and experimental formulas to compute the characteristic impedance, effective dielectric
constant, and attenuation of CPW lines. The theoretical calculations and analyses are
used to obtain the optimum dimensions of CPW cantilevers. HFSS electromagnetic
simulation results are used to modify and verify the performance of the designed CPW
cantilevers.

The designed CPW cantilever was fabricated at the MEMS lab at the University of
Manitoba. Materials used were conducting Al/Cu layers on a high-resistivity 1000 Q-cm,
325 pm thick Si wafer covered with a thin SiO; insulating layer. A BOE etchant was used
to remove unwanted SiO, regions and form openings. A KOH etch was used to form a
preliminary cavity and V-grooves on the Si holder backside. Al/Cu metallization was
evaporated and patterned on top of a remaining 0.36 um SiO- layer to form the CPW
lines on the frontside of the Si wafer. A XeF, etch was then used to remove a remaining
40 um of Si substrate below the cantilever and release the cantilever structure.

A simple model is developed to explain the mechanical characteristics of stressed
MEMS cantilevers. The stress, resonant frequency, spring constant, and quality factor are
calculated by using the dimensions of the stressed cantilevers. As an example, stressed
CPW cantilevers approximately 640 um long result in a bending height of approximately
130 pm.



The electrical propagation properties of stressed CPW cantilevers are measured for
the frequency range 0.04-40 GHz. Measured return loss of the CPW cantilevers was
found to be dominated by the lossy CPW-on-Si holder section of the cantilever. This was
approximately 3 dB at 20 GHz. The reflection loss of a 575 um CPW cantilever in air
was determined to be better than 0.7 dB at 20 GHz. Measured results are compared with
both calculated results using an equivalent circuit model and simulated results using
'HFSS. Both the equivalent circuit model and HFSS simulation can approximately predict

the S-parameters of the stressed CPW cantilevers.
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Chapter 1 Introduction

Chapter 1 Introduction

Integrated circuit (IC) technologies are rapidly evolving towards smaller size and higher
speed, and it is setting more difficult and the inability to measure the internal signals
without disturbing the normal operation of a working device. A micro-electromechanical
systems (MEMS) probe capable of measuring signals at the internal nodes of an IC would
be an invaluable tool for design verification and failure analysis. Electrostatic Force
Microscopy (EFM) is a technique that provides this capability. However, a conventional
EFM cantilever has problems in measuring the high frequency signals of an IC, such as
limited bandwidth. A novel CPW cantilever is proposed to overcome the limitations of a

conventional cantilever.

1.1 IC probing techniques

Due to the importance of IC internal testing and its commercial potential, many
diagnostic tools have been developed to measure the internal signals of an IC. They are
broadly divided into two categories: contact probing and non-contact probing.

Contact probing is a simple way to measure signals of an IC by establishing an
electrical contact with a small needle probe between test equipment and a test point of a
sample. This on-wafer contact probing [1][2] is often organized into the following
categories: low impedance such as matched impedance probes, medium impedance such
as resistive divider probes, and high impedance such as active probes. These direct
contact techniques face spatial resolution limitations when attempting to probe sub-
micron line width, and in order to probe an arbitrary internal point the passivation must
be removed. Contact probes are also limited due to the trade-off between bandwidth and
loading and can disturb a circuit’s normal operation due to parasitic loading at high
frequency.

Non-contact probing usually has high spatial and temporal resolution, is non-invasive
(small loading effect), has easy sample preparation, and is capability of arbitrary node

probing without the need for predefined test points. Non-contact test techniques with high
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resolution for device internal function and failure analysis include electron beam probing,

electro-optic probing, photoconductive sampling, and scanning probe microscopy (SPM)

[3]{4].

1.2 Electrostatic force microscopy

1.2.1 EFM operation principle

Electrostatic force microscopy (EFM) [4]-[7] is a member of SPM. EFM is an extension
of the non-contact atomic force microscopy (AFM). EFM uses the localized Coulomb
force interaction between a non-contacting micromachined probe and a test point of a
sample to provide internal voltage information, simultaneous topography, surface
potential or charge, and capacitance variation. In EFM measurement, all information
comes from the value of the voltage difference and the capacitance between a probe tip
and a test point of the sample surface.

A diagram of the EFM voltage measurement system and its equivalent circuit are
shown in Figure 1.1. A conducting probe tip is located above the test point of the sample

surface where the localized signal vs(x,y.) is to be measured. An adjustable voltage

v,(#) is externally applied to an EFM probe. The voltage difference V =v » — Vs between

the probe tip and the test point of the sample generates a small charge due to the
capacitance (C) and it results in an attractive force proportional to the square of the
voltage difference V. The conductive probe usually operates at 0.1-0.3 pm above the test
point surface. This introduces a capacitive loading of less than 1fF [8], which is much
lower than that of conventional contacting probes. By menitoring the deflection using a
sensitive sensor, the electrostatic force and thus the voltage difference can be extracted.

The electrical energy stored in a localized capacitor can be expressed as:

U :%CV2 a1

The electrostatic force acting on an EFM probe is:
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F=VU=%V(CV2) | 1.2

Photodetector

Cantilever

"’m / -
-

(': -~ To scope

& Conductive tip

B3

Probe sampling !
Signal v‘l (xSYlt)

Figure 1.1 Electrostatic force IC probing system and equivalent model.

V, (5,5,0) |

The main deflection of an EFM cantilever is in the z-axis and thus a deflection sensor

detects z-direction deflection. The electrostatic force [9] in z-axis is given by:

F =19 ey va(0) = v, (x, y,1)+ ADT (13)
20z

where z is the distance between the probe and test point of the circuit. The term A® has
been added to equation (1.3) to represent dc offset effects due to surface charge [10] and
material work function differences.

The equivalent time sampling {11] and heterodyne [12] techniques have been
introduced to measure high frequency voltage signals at the internal nodes of an IC. Both
techniques employ the square-law force interaction between the probe and the sample for
nonlinear mixing and sampling, where a high frequency electrical signal is converted to a
low frequency mechanical signal that can easily be sensed by the probe cantilever.

The frequency response of the cantilever motion under an electrostatic force Fy and

near a resonance is [13]

gLy

IG(| = QG w4
oG
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where k 1s the spring constant, f, is resonant frequency, and ( the quality factor of the
cantilever beam which is defined using the 3dB bandwidth from cantilever’s resonance
frequency. Then the cantilever deflection near resonance due to the electrostatic force Fz
is

E(NQIB, L) w5

o fa
1 Jr_J
‘/+Q2<f L)

M) =F;(fGU|=

When =0, Az = Fy/k.
When f = f, the deflection (1.5) becomes

o, =2

k (1.6)

Therefore, the maximum cantilever deflection occurs when the external driving
frequency equals the resonant frequency f,. Obviously, the magnitude of deflection at £,
is enhanced by a factor of Q over that of the static case where f = 0. Since the long-
range electrostatic force is much smaller than the contact atomic force, an EFM probe is
usually driven at its resonant frequency to increase the sensitivity of the deflection
detection,

For high-speed IC testing driving frequencies much greater than f; need to be used.
However, the deflection will be very small at these frequencies and the direct use of
equation (1.3) for high frequency probing is not possible. Several techniques which
employ the non-linear voltage dependence have been proposed to overcome this
limitation [4]-[6]. In all these cases an exciting force signal is produced where equation
(1.5) is valid and thus this form is used for the response of the probe for the remainder of

the thesis.

1.2.2 Conventional EFM cantilever probe

SPM techniques all depend on the use of small micromachined cantilever probes. Silicon

and silicon nitride probes are mostly used for topography measurements. Solid metal,
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metalized or highly doped probes are used for electrical measurements. These cantilevers
- are usually rectangular and tips are pyramidal or conical in shape. Current EFM
measurements use a commercial scanning probe cantilever as shown in Figure 1.2, which
consists of a long Si based beam with a sharp tip at its end mounted on a large Si block.
In this structure the beam length is approximately 300 pm with a conical tip length of 10
pum. The entire structure is metalized to conduct signals to the probe tip. It is necessary to
have a conductive probe since voltages must be applied to the probe tip, while in AFM it

is not necessary.

Figure 1.2 A cantilever with tip.

The characteristics of the probe play an important role in the resolution and
sensitivity of EFM measurement. The spring constant k& (N/m) of a rectangular cantilever
structure fixed on one end is given by [13]:

Et’w
45}

(L.7)

where £ (N/m?) is Young's modulus, , w, ¢ are the length, width, and thickness of a
cantilever, respectively. Small spring constant cantilevers are always desirable for EFM

measurement since they provide more deflection per unit force.
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The cantilever behaves very similar to that of a mass on a spring. The resonant
frequency of a cantilever with end mass m and beam mass my, on a spring is given by

f13]:

1 k

= (1.%)
27e\ m+024m,

A

For quality factor Q, @ is defined from the cantilever frequency response as the ratio
between the resonant frequency and the frequency span between the -3 dB points. A
cantilever with high O requires little energy to be excited at the resonant frequency and
the sensitivity of the cantilever is proportional to the Q. Typical values of O in a standard
ambient probing environment may vary from 10 to 30, and in a vacuum to over 10000.

Typical geometries, spring constant, and resonant frequency of a micromachined

silicon rectangular cantilever are listed below Table 1.1 [14]:

Table 1.1 Typical specifications of a contact cantilever [14]

equen

Spring constant

Rotated

30 nm thick Afuminum’

1.3 Limitations of current commercial SPM cantilever probes

Conventional EFM techniques use commercially available scanning probe cantilevers,
- However, this commercial cantilever structure imposes limitations to high frequency

probing:
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1) It can not adequately transmit the very high frequency signals to a probe tip. A
schematic of a conventional cantilever and its equivalent circuit in EFM voltage
measurement are shown in Figure 1.3.

The high frequency signals from a cable will be affected by coupling to the side
ground plane through the capacitance Cy. Since the impedance of capacitance 1/ @C, can
be small at high frequencies they cannot be adequately transmitted to the probe tip. Thus,

the conventional probe is limited in its ability to measure high frequency signals [15]

[16].

C
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Figure 1.3 A conventional cantilever and its equivalent circuit in EFM measurement.

2) Lower spatial resolution due to parasitic coupling from signals other than at the IC
test point. The localized probe tip-circuit interaction is degraded due to parasitic coupling
to the cantilever and cantilever holder. In addition, high resolution EFM is difficult
because the dithering amplitude is large (>10 nm) and the laser light may modulate the
charge distribution due to the photoionization effect [17].

3) It is difficult to access to deep packages. The low tip height of a straight cantilever
beam does not enable measurement of deep trenches, high step heights, or with local
bond wires present. It is a serious problem to nondestructively measure the deep reactive

ion etching and MEMS devices.
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1.4 CPW transmission line and advantages

Since the conventional cantilevers have limitations to the measurement of high frequency
signals, a novel stressed MEMS coplanar waveguide (CPW) structure cantilever, which
incorporates a tapered CPW transmission line mounted on a Si holder, is developed as

shown in Figure 1.4.

Figure 1.4 A stressed CPW cantilever.

A CPW fabricated on a dielectric substrate was first proposed by C.P.Wen in 1969
[18]. Now, the CPW structure is commonly used in monolithic microwave integrated
circuit (MMIC), microwave integrated circuits (MICs) as well as in MEMS. CPW is a
type of planar transmission line and can be broadly classified as follows: conventional
CPW and conductor backed CPW with many variants when employing micromachined
fabrication methods.

The basic structure, known as the conventional CPW, is shown in Figure 1.5 (a). A
conventional CPW on a dielectric substrate consists of a center strip conductor with semi-
infinite ground planes on either side. However, in a practical circuit the ground planes are
made of finite extent. This kind of CPW structure was selected and studied in this thesis
for its simplicity and easy fabrication. The conductor-backed CPW shown in Figure 1.5
(b) has an additional ground plane at the bottom surface of the substrate. The
micromachined CPWs are of two types, the microshield line [20] shown in Figure 1.5 (c)

and the CPW suspended by a silicon dioxide membrane above a micromachined groove.
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Figure 1.5 (a) Conventional CPW (top: left); (b) Conductor-backed CPW (top:right); (¢) Typical
micromachined CPW [19].

The conventional CPW structure shown in Figure 1.5 (a) offers several attributes:

1. It is uniplanar in construction, which implies that all of the conductors are on the
same side of a substrate. This attribute simplifies manufacturing and allows fast
and inexpensive measurements using non-contact or on-wafer probe techniques;

2. It can be readily accessed without drilling and plating holes in a substrate to reach
the backside ground plane since CPW ground planes lie on top of the circuit
board. Therefore, the CPW structure climinates the need for wraparound
grounding or via holes [21][22]. Tn CPW circuits, by eliminating via holes and its
associated parasitic inductance, performance can be enhanced at high frequencies
[23];

3. It facilitates easy shunt as well as series surface mounting of active and passive

devices [21][22];
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4. It reduces radiation loss [22]. It shields the signal conductor along the cantilever
and will reduce coupling to the circuit being tested except right at the probing tip;

5. It can reduce cross talk effects between spatially separated transmission lines. A
ground plane exists between any two adjacent lines and the high frequency
electric fields are shielded by surrounding ground conductors, hence cross talk
effects between adjacent lines are weak [22];

6. The characteristic impedance is determined by the ratio of a/b, so size reduction
of CPW line is possible without limitations imposed by the substrate thickness,
the only penalty being higher losses [24]. The CPW structure thus creates a
matched impedance path that will have a very large bandwidth;

7. The CPW structure supports a quasi-TEM mode of propagation. The quasi-TEM
mode of propagation on a CPW has low dispersion since a large percentage of the
fields are in air and hence offers the potential to construct wide band circuits and
components [23];

8. CPW circuits can be made denser than conventional microstrip circuits.

1.5 Motivation of the thesis

The CPW structure has many advantages over other types of transmission line especially
at high frequency. A novel stressed CPW cantilever, which incorporates a tapered CPW
transmission line to the probing tip, is proposed to overcome the limitations of
conventional cantilevers. The stressed CPW cantilever can not only transmit the high
frequency signals to the tip and get high spatial resolution in EFM measurements, but
also non-destructively measure structures in deep trenches. The motivations of the thesis
_are design, modelling, simulation, fabrication, and testing of the designed MEMS CPW
cantilevers in detail. In addition, the detailed design procedures of the MEMS CPW
cantilever also will give us valuable experience in the implementation of the CPW

structure in our in-house MEMS technology.
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1.6 Outline of the thesis

Chapter 1 gave an overview of EFM operation principles and presented limitations of the
conventional cantilever at high frequency. A stressed MEMS CPW cantilever to
overcome the limitations was proposed. This chapter also presented the types and
advantages of CPW construction and the motivations of the thesis.

Chapter 2 presents an overview of stressed cantilever design and proposes a novel
stressed MEMS CPW cantilever. This chapter mainly focuses on selection considerations
of designed MEMS CPW cantilevers according to electrical and mechanical
requirements. It also provides analytical expressions and experimental formulas to
compute the characteristic impedance, effective dielectric constant, and attenuation of
CPW lines. To minimize the losses the HFSS electromagnetic simulation program is used
to simulate, modify, and verify the designed CPW cantilevers.

After HFSS simulation, stressed MEMS CPW cantilevers are fabricated at the MEMS
lab at the University of Manitoba. Chapter 3 presents the basic fabrication principles and
the detailed fabrication procedures of MEMS CPW cantilevers on a silicon wafer.

The stress, resonant frequency, the spring constant, and quality factor are calculated
in terms of the dimensions of the stressed cantilevers in chapter 4. A simple model is set
up explaining the cases of the stressed MEMS cantilevers. The electrical propagation
properties of stressed CPW cantilevers are measured. In comparison with calculated S-
parameter using equivalent circuit model and simulated results using HFSS, the measured
S-parameters are discussed and analyzed. They are almost the same in shape and in
reasonable agreement with the measured S-parameters. The possible reasons for
deviations are discussed and analysed. The reflection loss of a CPW cantilever in air is
better than 0.7 dB at 20 GHz.

Chapter 5 gives the conclusions of this thesis and the suggestions for future related

work.
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Chapter 2 Design considerations and modeling of CPW

cantilevers

This chapter presents an overview of the CPW cantilever and stressed cantilever in SPM.
- A novel stressed MEMS CPW cantilever is proposed to combine the advantages of the
CPW cantilever and stressed cantilever in order to overcome the limitations of the
conventional cantilevers in EFM. It also focuses on design considerations of MEMS
CPW cantilevers. It then presents analytical expressions and experimental formulas for
the characteristic impedance, effective dielectric constant, and attenuation of CPW lines.
The theoretical calculations and analyses give the optimum dimensions of a CPW
cantilever to minimize the losses and satisfy the design requirements. The HFSS program

15 used to simulate, modify, and verify the designed CPW cantilevers.

2.1 Introduction

2.1.1 CPW cantilever

In EFM measurement, it is necessary to have a conductive cantilever since input signals
must be applied to a probe tip. The signals are required to travel along the conductive line
on the wafer and cantilever in order to be applied at the probe tip. However, Si substrate
is a rather lossy substrate at microwave frequencies, and due to this and mismatch effects,
- the conventional EFM cantilever cannot adequately transmit high frequency signals to the
probe tip. The signals at the tip can be drastically different from the signals at the input
cable, especially at high frequency. This makes it difficult to accurately measure the high
frequency signals at the internal nodes in an IC chip using a conventional EFM
cantilever.
A microscopic coaxial tip together with a CPW conductive line mounted by chip
body was proposed [25] to overcome these limitations and used for near-field SPM
probing as shown in Figure 2.1. A CPW cantilever consists of a center strip conductor

with ground conductor lines on either side. The tip is built at the end of the center

12
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conductive line of the CPW cantilever. The center signal line is placed between ground
lines to reduce cross talk effect and to keep a constant impedance reducing the reflection
loss. Coaxial waveguides have a twofold advantage in that there is a very high cutoff
wavelength limit [26][27] and the outer conductor shields the signal, extended as close to
the tip as possible to reduce noise levels [4]. Connections will be made between coaxial
cables from a testing instrument and the transmission lines on the silicon substrate. A
CPW cantilever used in EFM measurement, which incorporates a tapered CPW
transmission line to the probing tip, is shown in Figure 2.2.

A tapered CPW multi-layer cantilever beams was fabricated on a silicon wafer [28]. It
also summarized the mechanical and electrical characterizations of this probe card

structure, based on numerical simulations.

Prohe sampling
signaal

Vsamp(x,y,0)

Figure 2.2 A CPW cantilever in EFM measurement.
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2.1.2 Stressed cantilever

Straight cantilever beams with integrated probes are almost always employed in SPM.
They can be mass fabricated and the best tips have a sharpness of only a few nanometers.
Unfortunately, the low tip height of such probes is typically 1 to 15 um and this does not
allow for deep trenches or high step heights. This presents a problem for non-destructive
measurements in step heights more than 100 pm, such as deep reactive ion etching
(DRIE) and MEMS structures.

A technigue has been developed to make use of highly stressed cantilevers instead of
straight ones to overcome these problems [29]. A major issue in MEMS is the mechanical
stress of thin films. Residual stress can be detrimental or advantageous depending on the
applications and must be carefully considered during MEMS design process. Generally,
the goal is to keep the stress as low as possible for providing durable and reliable film
stacks. Alternatively, the stressed cantilever makes use of the residual stresses in a thin
strip. The stressed cantilever probe can access deep, narrow, and high-topography
structures for non-destructive measurements in an IC.

Figure 2.3 shows stressed MoCr cantilevers on a quartz substrate with a built-in stress
profile resulting in the bending out from the substrate surface [29][30]. Refractory alloy
MoCr has been chosen for the high stress. The films must change from compressive
stress in. their lower part, to tensile stress in the upper part in order to protrude from the
substrate surface. Mechanical modeling and experimental tests on such stressed metal
beams reveal that the force exerted by the spring tip can exceed many tens of milligrams.

The microstructure shown in Figure 2.3 curls up to relax the intrinsic stress, leaving a
cantilever bending out of the substrate surface and thereby forming the microspring. Such
springs can be made by introducing a stress gradient throughout its thickness in sputtered
metal films. The stress gradient can be adjusted by the sputter pressure to make the metal
beam bend away from the substrate surface after the release step. The release height can
be controlled precisely by the deposition parameters. Cantilever length and bending
determine the tip height which can be adjusted in a wide range from tens to hundreds of
micrometers [29]. The tip heights increase with the increase of the corresponding

cantilever lengths shown in Figure 2.3.
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Figure 2.3 Stressed MoCr cantilevers on quartz [29].

2.1.3 Stressed CPW cantilever

The CPW line has the same advantages as conventional microstrip line, and offers several
advantages over microstrip line. In EFM measurements, the additional advantage of using
a CPW structure is that the ground shield can reduce interference from radiation and
parasitic coupling to structure on the IC other than the test point while enabling a
noncutoff transverse electromagnetic mode of wave propagation up to or away from the
probe tip. Therefore, the high frequency signals from input cable can be transmitted to the
probe tip with low losses. In addition, the stressed cantilever probe can non-destructively
measure deep trenches and narrow structures. At present, however, the stressed cantilever
can not measure signals with a large spatial resolution due to the use of a fairly low
resolution lithography process used in our in-house fabrication facility.

By combining the advantages of the CPW cantilever with those of the stressed
cantilever in EFM measurements, a novel stressed MEMS CPW cantilever is proposed as
shown in Figure 2.4. The stressed CPW cantilever reduces the limitations of conventional
microstrip cantilever. It can not only non-destructively measure deep trenches, but also
measure the high frequency signals. Figure 2.5 is a simple model of a stressed CPW
cantilever and its equivalent circuit as used in EFM measurements. The high frequency
signals from a cable and along the CPW lines on the Si holder can easily be applied to the

cantilever probe tip.
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Figure 2.4 A stressed CPW cantilever.

In terms of spatial resolution, the stressed CPW cantilever should perform better than
the conventional ones. The increased height of the stressed CPW cantilever and support
block reduces interference from coupling through C; and C; in Figure 2.5 and increases
spatial resolution. At present our probe tip is fairly large due to the lithography process
used in our lab. However, the resolution of the probe could be improved by tapering the
waveguide to reduce the probe tip size by sharpening the end of the inner conductor. This
helps concentrate the fringing fields emanating from the probe apex and confine the
interaction area between the probe and sample. Experiments with a sample between two
sharpened coaxial transmission line tips resulted in A/10° wavelength-relative resolution

[31], where A is the wavelength of the signal being measured.

Cable Ground plane

+ o o—” © +
C

Signal plane  Ground plane l N Vp(t) Cable —_— V, (y,0
L Cy+
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Stressed CPW cantilever | | - - -
| V, (3,) |

Figure 2.5 A stressed CPW cantilever and equivalent circuit in EFM measurement.
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2.2 Electrical and mechanical design considerations

This section focuses on understanding the basis for selection considerations of CPW
conductors and substrate materials in MEMS fabrication. Material selection has to be
done according to the electrical and mechanical requirements which lead to tradeoffs

between performance, cost, ease of manufacture, and lifetime.

2.2.1 Electrical design considerations

2.2.1.1 Impedance matched design

At RF frequencies, regular wires cannot be used to carry electrical signals. Transmission
lines, such as a coaxial cable, are used instead to carry the energy from one end to
another. To reduce unwanted reflections in high frequency circuits, the transmission lines
have to be impedance matched. The transmission lines in almost all microwave
components and test equipment are designed for 50 Q characteristic impedance.

MEMS CPW transmission lines are widely used in microwave circuits. The important
feature of the CPW line is that we can vary the width of center strip and slot to match
components in outside circuits, while keeping the characteristic impedance (Zg) constant.
The characteristic impedance of a CPW line depends on its dimensions. The research
shows that minimum attenuation occurs for CPW characteristic impedance close to 50 Q
[32] and in some cases, CPW has lesser losses and dispersion than microstrip for
impedances near 50 Q [33]. For maximum power transfer between circuits dictates that
the CPW’s impedance is set to 50 Q. The dimensions of the CPW transmission line must
be chosen so as to produce the lowest possible insertion loss and return loss. The
insertion loss will be affected by mismatched loss, which comes from the characteristic
impedance of CPW line on Si holder being different from 50 Q as well as losses in the

cantilever metallization and contact resistance loss.
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2.2.1.2 Dielectric substrate selection

Dielectric materials, which have non-zero electrical conductivity, are used for the MEMS
substrate. Electromagnetic waves experience larger losses when they propagate through a
dielectric substrate with a larger conductivity. The loss tangent (tand) specifies the lossy

nature of the dielectric. It is highly dependent on the purity of the material and defined as

tand =

@2.1)
WEE,

where © is the electric conducitivity (S/m) and &, is permittivity of vacuum and €, is

relative dielectric constant of substrate.
The lower the conductivity, the lower the loss tangent. Hence the choice of a substrate
 with the appropriate conductivity becomes an important consideration in MEMS design.

Table 2.1 lists the important properties of some common dielectric materials [34].

Table 2.1 Dielectric substrates [34]

Electrical Dielectric tand x10° Thermal
Material Conductivity | sonstant £ (at 10 conductivity Cost | Fracture
(Sm™) i GHz) (W/em °C)
Alumina 107 9.7 2 0.276 Low | Brittle,
strong
Sapphire - 5.4 1 0.32 High Brittle,
(crystal) strong
Quartz 107" 3.8 1 0.059 | Middle | Brittle,
(fused) fragile
Glass 107 5 20 0.008 Low | Brittle,
: fragile
GaAs 1X107 12.3 16 0.591 High | Brittle,
(high resistivity) fragile
Si 4ax10™ 11.9 50 0.9 High Brittle,
(high resistivity) strong
Alr - 1 0 0.0003 Low

(The data in the table can vary by different sources)

Silicon wafer is the most common material used as a substrate in MEMS and ICs

because it has good electronic and mechanical properties. It is sensitive to stress,
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temperature, magnetic fields, and radiation. It can also form a high quality insulating
oxide, and it can be anisotropically etched with high selectivity by several etchants.

Galhum Arsenide (GaAs) is also used as a substrate in MEMS. Even though it is
more expensive and difficult to process compared to Si, GaAs is still used since very high
speeds in MEMS devices are possible.

Crystalline quartz is also used in some MEMS applications, particularly ones that
utilize the piezoelectric effect of quartz. Quartz is more difficult to etch than silicon due
to its high anisotropy. In addition, fused (amorphous) quartz is an excellent mechanical
material and used as electrical isolation and thermal insulation.

MEMS cantilevers in EFM measurement will be fabricated on high resistivity Si
substrate owing to its reduction losses and compatibility with MMICs. High resistivity Si
with a resistivity of 1000 Q-cm is used for fabrication CPW cantilevers in this thesis. Air
is the best dielectric, having lowest loss, and lowest dispersion owing to low variation of

dielectric constant with frequency.
2.2.1.3 Conductor selection

A conductive CPW cantilever provides an electrical path to the probe tip for the
electrostatic accumulation of charge. Such charge can produce the electrostatic force
between the cantilever probe and sample. EFM uses the localized electrostatic force to
deduce the internal high frequency signals of an IC.

At higher frequency, the conductor currents are forced to crowd towards the outer
.surface of the conductor. This 'skin effect' reduces the effective cross-sectional area
available for conduction of current resulting in the increase of conductor resistance. The
skin depth is the depth from the outer surface of the conductor at which the current falls
to '1/¢' of its value. It can also be thought as the equivalent thickness of a conductor at dc

current having the same resistance. The skin depth is defined as

o= 1 2.2

o

where f is permeability, ¢ the conducitivity of the metal.
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The attenuation increases very rapidly once the conductor thickness ¢ of CPW line
becomes less than two to three times the skin depth & Thus, the conductor thickness
should be designed to at least 3 times more than skin depth & so as to minimize losses.
The conductivity values and skin depth at 10 GHz for selected bulk conductor materials

are given in Table 2.2 [35].

Table 2.2 Conductivity for selected bulk conductor materiais [35]

Material Conductivity Relative Skin depth at 10
S/m Permeability (& ) | GHz (x107m)

Poly-Si 1.3x10° 1 1395.9

Au 4.1x10’ 1 7.86

Al 3.81x 107 1 8.14

Cu 5.81x 107 1 6.6

Ag 6.17x10 1 6.4

Ni 1.45%10° 600 0.5

2.2.14 Insulator selection

The study in [36] indicates that there is no significant improvement in the attenuation
constant beyond 2500 Q-cm wafer resistivity. A Si wafer with a resistivity greater than
2500 Q-cm is a viable substrate for MMIC applications because the measured attenuation
constant of a CPW on Si wafer of resistivity 2500 Q-cm is about the same as that of a
CPW on a semi-insulating GaAs wafer, In order to get low attenuation, the resistivity of
the Si wafer should be greater than 2500 Q-cm.

When the CPW conductors are in direct contact with the high resistivity Si wafer, the
signal suffers the least attenuation. However, a dc leakage current can flow between the
CPW center strip conductor and the ground strip conductor, since the Si wafer is not a
perfect insulator [37]. The leakage current is not a concern in the case of passive devices
such as couplers and filters, but it can be a serious problem when active devices are
integrated. A simple solution to block the leakage current is to deposit a thin insulator
[19], such as SiO, or SizNy layer, between the silicon wafer and the metal conductors as
shown in Figure 2.6. The thickness # of the SiO; insulating layer is etched away in the
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slot regions. The CPW attenuation is almost independent of the dc bias currents on the
conductors and is about the same as when the metal is in direct contact with the high-

resistivity silicon.
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Figure 2.6 CP'W on a silicon wafer with a thin SiQ; interfacial layer.
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However, the high-resistivity Si wafers are more expensive than the standard CMOS
grade Si wafers. The standard CMOS process uses CMOS grade wafers with resistivity
typically on the order of 0.5 to 20 Q-cm. A simple solution is to use a thick insulating

layer of SiO; or polyimide on low resistivity wafer [38][39].

.2.2.1.5 Thin film selection

MEMS structures are made by depositing and patterning thin films on a substrate and by
etching the unwanted films and substrate. Table 2.3 and Table 2.4 give the electrical
properties [40]{41] and the deposition methods and typical applications of some films in
MEMS fabrication [42], respectively.

Although film selection for a stressed MEMS CPW cantilever is in accordance with
the requirements discussed in the above section, there are still other issues we should
consider, such as conductor film adhesion with substrate. Many metals adhere well to Si,
but not to oxide. Highly oxidizable metals (Al, Ti, Cr) adhere well to oxide. It is
necessary to deposit a thin adhesion layer of a reactive metal beneath a relatively non-
reactive metal. This is absolutely necessary for Au, Pt, and other low-reactivity metals.

Cu is an excellent thermal conductor and is commonly used in MEMS. It is a slightly

21




Chapter 2

Design considerations and modeling of CPW cantilevers

stronger material than pure Al. Al is always used because it is easy to etch, adheres to Si,

and is chemically stable. In my research, CPW lines are fabricated using thermal

evaporation to deposit a thin Al layer first and then a Cu layer on a thin Si0; insulating

layer above the Si wafer. The Al layer promotes adhesion of the next Cu layer deposited

above it.
Table 2.3 Electrical properties of some thin films {40]{41]
Dielectric Resistivity Relative
Material constant &, (Q-cm) | Permeability (4, )
Si0; 3.9 10" 1
Si3Ng 7.5 10 1
Poly-Si 11.9 7.5%10™ 1
Polyimide 3.9 2.3%x10'° 1
Au 1 2.44x10° 1
Al 1 2.82x10° 1
Cu 1 1.72x10° 1
Cr 1 12.9x10°
Ag 1 1.63%10° 1
Ni 1 6.84x10° 500
(The data in the table can vary in different sources)
Table 2.4 Deposition methods and typical applications of some thin films [42]
Material Deposition methods Function
Photoresist Spin coating Etch mask, planarization
Polyimide Spin coating Electrical isolation, planarization, microstructure
Si0, Thermal oxidation, sputtering, CVD Electrical and thermal isolation,
etch mask, sacrificial layer, encapsulation
Si3Ny4 Sputtering, plasma CVD Electrical and thermal isolation,
etch mask, passivation layer, encapsulation
Polysilicon CVD, sputtering, plasma CVD Conductor, piezoresistor, microstructures
Au Evaporation, sputtering, electroplating Electrical conduction
Al Evaporation, sputtering, plasma CVD Electrical conduction
Cu Evaporation, sputiering Electrical conduction
Cr Evaporation, sputtering, electroplating Electrical conduction, adhesion layer
Pt Sputtering Electrical conduction
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2.2.2 Mechanical considerations

2.2.2.1 Residual stress and fatigue

Films, such as metal materials, and SiO; or Si3Ny layers, are either grown or deposited at
high temperatures. The residual stresses at room temperature are caused by the difference
between the thermal expansion coefficients of the deposited film and substrate or other
films shown in Table 2.5. Thermal mismatch is not the only source of the film stress.
Intrinsic stresses usually result from the nonequilibrium nature of thin film deposition
process. Chemical reaction, doping, lattice mismatch, rapid deposition (evaporation or
sputtering), and film thickness can all lead to very highly stressed films. '

Tensile forces pull on a surface and compressive stresses push on a surface. SiO; film
is naturally compressively strained on silicon, while Si;Ny film is often highly tensile
stressed on silicon. Refractory metals and their compounds generally have high stress, Cr
and NiV in the tensile region, while TiW or TaN exhibit large compressive stress. Low
melting point materials (Al, Au) tend to have lower stress and high melting point
materials (Ti, W, TiN) tend to have high stress.

Residual stress can be detrimental or advantageous depending on the applications.
Extreme stress levels can result in localized fracture of the film, and separation from the
wafer. An additional anneal reduces the intrinsic stresses. In addition, usually coating the
cantilever uniformly with the same amount of material, on the frontside and backside of a
substrate, can compensate for this stress. In this thesis, choosing the conductor film
makes use of the high stresses to fabricate the stressed CPW cantilevers. The residual
stress must be carefully considered during the MEMS design process. The theoretical
discussion will be given latter in section 4.1. Thus, the design of a stressed CPW
cantilever is a compromise between stress and fatigue.

Fatigue reliability poses limitations on the lifetime of a MEMS CPW cantilever. For
long life fatigue design, the structure must operate at a stress level that is considerably
lower than the yield strength. When a material fatigues, tiny cracks appear as a result of

local stress concentration and grow with etch cycle until the material breaks.
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The fatigue life of the material for a cantilever can be improved by reducing defects
such as cracks, number of grain boundaries, inclusions, and pores. In addition, the
amorphous microstructures are better compared to polycrystalline microstructures for
long life fatigue cycling, since grain boundaries create stress concentrations for crack
initiated fatigue failures [43][44]. Silicon wafer with high purity crystalline structure has
the desirable quality, defect free and is often used for high-quality microstructures.

Table 2.5 lists the mechanical parameters for some important materials [40]{41]{43].

Table 2.5 Mechanical properties of some materials

Yield Young’s | Density Thermal Thermal expansion
Material Strength Modulus | (g/cm’) Conductivity Coeiﬁdeﬂt
10°N/m®) | (GPa) (Wiem °C) (107 /°C)
Si0, 8.4 73 2.2 0.014 0.5
Si13N4 14.0 385 3.1 0.2 0.8
AlO; 154 530 4 0.5 5.4
SiC 21 700 3.2 3.5 3.3
Poly-Si 7 150 2.33 20-30 2,33
GaAs 2 85.9 5.32 0.46 6.86
Si 7 190 2.3 3.5 3.3
Au 0.32 80.0 19.4 3.2 14.3
Al 0.2 70.0 2.7 2.4 25.0
Cu 0.26 130 8.89 3.98 16.6
Ag 76 10.5 4.17 19.2
Ni 0.59 210.0 9.0 0.9 12.8
W 4 410 19.3 1.78 4.5
Pt 147 21.4 0.73 8.9
Steel 4.2 210.0 7.9 1.0 12.0
Diamond 53 1035 3.5 20) 1

(The data in the table may vary in different sources)

2.2.2.2 Laser beam deflection detection system in EFM

Figure 2.7 shows a stressed CPW cantilever in EFM voltage measurement. In comparison
 with a straight conventional cantilever, it can measure deep trenches and reduce
interference with structure such as bond wires. Figure 2.8 shows a stressed CPW

cantilever mounted in a laser beam deflection system for EFM measurement. A laser
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beam is focused and reflected off the end of the center cantilever beam. A photodetector
can detect the deflection of the stressed cantilever resulting from an electrostatic force.
The deflection is measured by the shift in the reflected spot at the detector caused by the

change in the angle of reflection of the laser beam.

Laser hotodetector

~— To Scope

Stressed CPW cantilever . Conventional cantilever

Figure 2.7 A stressed CPW cantilever in EFM voltage measurement.

Laser Detector \ As

\

Stressed cantilever

Figure 2.8 Equivalent model of a stressed CPW cantilever in laser beam deflection system.

The bending height of a stressed cantilever when it is a freestanding beam is 5. The

length of the cantilever is L and the lever-detector spacing is M. The lengths of straight
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line between point A and point B and between point A and point C are assumed to be
equal to the length L of the stressed cantilever when circular arc of the stressed cantilever
is small. That is, circular arcs of AB and AC are equal to the length L of the straight line
AB and AC, respectively. This assumption is not valid for large bending heights. Using

_ the unbent beam formulation, the deflection due to a force F applied perpendicularly at

the end of the stressed cantilever is given by [40]:

Fz 2 3
=—2 (3Ly%— 13
z(y) 6EI( yo—y") (2.3)

F.
Az +b=—2(3Ly* ~-y*
G YY)
where £ is the Young's modulus, and 7 is the moment of inertia of the cantilever

(f= nylz for a rectangular beam).

F
d(Az) = -2 (6Ly—3v2)d
(Az) 6El,( y—3y“)dy
y= LZ__bZ

dAz = %(61,«/122 —b% =312 - b))y

The signal difference from the deflection detector measures the deviation angle from
the initially stressed cantilever beam. For small deflection the angle at the end of the

stressed cantilever is given by
Az = LAG

2 4
_dhe BRI b

A8 -
dv  2EI " 41

) (2.4)

Since the spring constant of a stressed cantilever is approximately equal to that of an
unbent rectangular cantilever k& =3E7 /I’ and F: »=kAz, above equation becomes:

34z B
Ad zE(I—E (2'5)
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Let As be the laser spot displacement when the end of the cantilever is deflected from

0 to Az. Therefore, using small angle approximation (As<<M), As can be given:

3MAz b
Ag = — (] ——omee (2.6)
7 4L*
A factor of 2 is introduced since the angular deflection of the reflected beam is twice
the angular deflection of the cantilever. If & = 0, the above equation becomes the
deflection of the conventional straight cantilever due to an electrostatic force and gives as

[13]
As = 22Z pr @

In order to find the relationship between the cantilever deflection Az and the resulting
difference signal iy detected at the split photodetector, we model the laser as a Gaussian
beam and estimate the difference photocurrent between two photo-cells when the
reflected beam moves As. The iy is given as [45]

2N 2As5
;o= ‘/__} (2.8)

i

Iz ( W
where N is the total number of photons in the incident beam on the detectors per unit time
and ¢ is the charge of an electron. The parameter w is a radius of beam power distribution
and we assume the separation of the two photo diode cells is small compared to w.

Substituting equation (2.6) into equation (2.8) gives

. H_&ENqMAz(]_l(bTJ

I _~ee— —
a JrLw 4

2.9
I3 2.9)

Since the magnitude of deflection Az at resonant frequency £, is enhanced by a factor

of O over that at other frequencies, the iy at resonant frequency can be rewritten as

_ 6VINgMOA: (I"l(bn

{2.10)

i = -
o N Lw a\ L
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A minimum detected displacement of a typical straight beam deflection technique

was reported as 7.9x10°° nm / «/E [46].

This formula suggests that the output signal iy from the laser deflection detection
. system is linearly proportional to the cantilever deflection Az. The sensitivity of a
cantilever is proportional to the Q and by increasing the lever-detector length M, the
sensitivity can also be enhanced. It also suggests that if the bending height b is much less
than cantilever length L, it can vary in a large scale and does not affect the sensitivity of
the cantilever. This fact has produced the idea of using the stressed MEMS CPW

cantilever to measure the deep trenches and narrow structures.

2.2,2.3 Important mechanical parameters in EFM

- The important mechanical parameters in a cantilever system used in EFM are spring
constant (k), resonant frequency (f;), and quality factor (Q). The material parameters that
determine the spring constant and resonant frequency are mainly the Young’s modulus
and cantilever dimensions.

In EFM measurement, the tip hovers a short distance from a sample. An ideal
cantilever should have a low spring constant because the low spring constant makes the
tip sensitive to force, while a high spring constant is preferable to avoid unwanted contact
with the sample. For the rectangular beam, ¥ =3EI/L' as determined by cantilever’s
dimensions and Young's modulus.

The resonant frequency f, a very important parameter, is dependent on varying the
- cantilever dimensions. It must be high enough so that the cantilever can suppress noise

efficiently. Cantilevers to be used in noncontact measurement have a resonant frequency

of a few tens kHz. The formula of resonant frequency is f. Lk as

Toor m~+0.24m;

previously stated in section 1.2.2.
The quality factor @ should be as high as possible for non-contact mode of operation
because the sensitivity of EFM is proportional to the Q [47]. A cantilever with a low Q

oscillates with lower amplitude for a given excitation energy. The lower the © of the

28



Chapter 2 Design considerations and modeling of CPW cantilevers

cantilever, the lower the signal-to-noise ratio. Typical values of Q in a standard probing
environment are 10-30. The Q for silicon cantilever can increase to over 20000 in a
vacuum [47].

For the requirements of MEMS fabrication and EFM measurements, we hope to
fabricate the properties of the stressed MEMS CPW cantilever as follows:
Geometry: L=600=+100 ym, w=40=5pm, r=1+0.1 pm
Spring constant: k= 0.005- 0.01 N/m
Resonant frequency: fiy =2 kHz
O factor: Q=10

2.2.3 Electrical and mechanical considerations

- The CPW cantilever is designed to meet the electrical and mechanical requirements as
described above. The values of the mechanical and electrical properties of materials
depend strongly on microstructure, such as whether the material is single crystal,
polycrystal, or amorphous [43]. These process-sensitive material properties depend on the
technology and process parameters used in the MEMS fabrication of CPW cantilever.

The cantilever tip hovers a short distance from a sample. If the coaxial open-ended
waveguide is tapered to a tip, it can behave as a non-uniform, mismatched transmission
line and may even exhibit antenna effects, which collects far-field radiation from
interfering source. The input signals to the probe should be propagated undisturbed to the
tip for EFM. Thus, the electrical properties require the lowest insert loss and lowest
return loss along the transmission line path and must be considered in the CPW cantilever
design. The insertion loss will be affected by losses in the beam metallization. At low
frequencies the ohmic loss is dominant in the CPW cantilever, while at higher
frequencies the skin losses are significant as discussed in section 2.2.1.3.

A trade-off exists between spring constant and resonant frequency. The mechanical
properties require low spring constant which can be achieved using long cantilever beam.
- Both spring constant and resonant frequency vary inversely with cantilever length. A long

cantilever, however, leads to lower resonant frequency. To increase resonance frequency
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without increasing cantilever stiffness requires a reduction in mass, hence there is a trend

towards less massive beams.

2.3 CPW dimension design considerations and simulation results

This section presents the CPW transmission line design. It focuses on selection
considerations of CPW conductor and substrate dimensions and simulation of the

designed CPW cantilever.

2.3.1 Basic theory of CPW transmission line

2.3.1.1 Characteristic impedance and effective dielectric constant

The cross-sectional view of a CPW ungrounded structure on a dielectric substrate is
shown in Figure 2.9. The CPW center strip conductor width S is equal to 2 and the
distance of separation between the two semi-infinite ground planes is 2b. Consequently
the slot width W is equal to b-a. The thickness of the CPW conductors is ¢. The dielectric
thickness is 4 and the corresponding relative dielectric constant is & . The CPW
conductor and dielectric substrate are assumed to have infinite conductivity and a lossless
dielectric constant, respectively. Hence the structure is considered to be lossless. Further,
the dielectric substrate material is considered to be isotropic. Characteristic impedance
and effective dielectric constant of the CPW in terms of the CPW dimensions can be

expressed as the following closed form equations [48][49], respectively:

3077 K(ky)
L, = 2.11)
" ey Kk
—1) K(k,) K(k,
Erop = L& D) K(ky) K(ko) @.12)

2 K(k) K(ky)

Accurate expressions for the ratio K (k)/K (k') are given below:
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lln[zaﬂ/i)/(l-«/E), (0.55k* 1)
ESCONSY, (2.13)
KEY N\ zimnpa+yeya-ve),  (0.0<k?<0.5)
The terms K (k) and K(k,)} are the complete elliptic integrals of the first kind with

moduli %, and £, which are given by

sinh(78 / 4h)
| =— 2.14)
sinh{[7(S + 2W)}/ 4k}
and
S
= , (2.15)
¢ Sa2W

The terms K(k'1) and K(k o) are complementary moduli given by

o
ky = 1-k] (2.16)

Figure 2.9 A CPW transmission line on substrate [19].

A study of CPW properties shows that when the substrate thickness (%) is less than
twice the slot width (W), the deviation from the results of an infinitely thick dielectric
substrate is about 10 to 15 percent {50]. In comparison with spectral domain method, the

accuracy of the conformal mapping results is better than 1 percent for a wide range of
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physical dimensions and available dielectric materials [51]. Although the above
conformal mapping expressions are rigorously valid at zero frequency, they can also be
used for design of MMICs at millimeter wave frequencies {51]. The CPW impedance has
also been experimentally determined from time domain reflectometer or from scattering

parameter measurements of through CPW lines [52].

2.3.1.2 Closed form equations for CPW attenuation constant

1) Conformal mapping method

Figure 2.9 shows the CPW structure with ground planes tending to infinity. In the
conformal mapping method the total CPW attenuation is expressed as the sum of the
attenuation due to dielectric losses in substrate and the attenuation due to the conductor
losses in the center strip and the ground planes. The radiation losses are neglected since it
begins to play a role at very high frequencies [53]. The attenuation constant due to

dielectric loss is expressed as [54]

.7 & Kk)Kky) o
24y \J&,r Key) K(ky)

a, @17

where 4, is the free space wavelength in meters, tand is the dielectric loss tangent, £, is
the relative dielectric constant, and ¢, is the effective dielectric constant of the

substrate.

An expression for attenuation constant a, due to conductor loss in the center strip
conductor and ground planes of CPW is given below. The assumption made in deriving
this expression is that the thickness ¢ of the CPW conductors is far greater than the skin
depth 0 in the metal. Typically # would be greater than 58 . The attenuation constant 1S

given by
R +R,
o =~ (2.18)
0
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where R, is the series resistance in ohm per unit length of the center strip conductor and

is given by

R [ 478 1+, } @19

R = S T+ln—+k,In
4S(1—kg )K" (%)

¢ -k,

'R, is the distributed series resistance in ohm per unit length of the ground planes and is

given by

R = kost . 7c+lnM——l—ln~l~jﬁ 2.20)
£ 45—k )K (k) t ky 1-k,

and Zp is the CPW characteristic impedance. The term R, is the skin effect surface

resistance given by

R =

5

1 Ohms 2.21)
oo

where ¢ is the conductivity of the conductor in Siemens/meter and & is the skin depth.

"~ The total attenuation constant ¢ is

o = @, +«,; Nepers/meters (2.22)

2) Measurement-based design equations
The measured attenuation characteristics of CPWs fabricated on GaAs, InP and high-
resistivity silicon wafers are used to obtain a closed form empirical equation to predict

the attenuation constant & as follows [557:

o= pf? (dB/cm) 2.23)
where
e, +1| 45152
P=475 (S04 21274 (2:24)
g =0.183(¢ + 0.464) — 0.095k 2% (1 — 2.595) (2.25)
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S+2W - At
Ar:}—igéi[lﬂn@} @)
4 t

and S, W, and ¢ are in micrometer, / is in gigahertz.

The formulas are valid for 0.5 <t <3 pm, 0.2 < S/(S+2W) < 0.7, 10 < § < 80 um, and
1 < f< 40 GHz, which covers the range of parameters commeonly used for MMIC design.
They can be used to predict the optimum dimensions of our CPW cantilever in order to
minimize the losses and satisfy the design requirements. In the experimental CPW
formulas, the propagation parameters are made independent of the ground plane width g
and the substrate height 2 by choosing g to be greater than 4S5 and / greater than
3(S+2m).

3) Accuracy of closed form equations

The attenuation constant predicted by the conformal mapping method underestimates the
values at low frequencies. This is attributed to the thick metal assumption. The average
error for the conformal mapping method is on the order of 13.6 percent. The
measurement-based design equations result in an average error on the order of 4.7 percent
[55]. The methods presented in [56] and [57] do not assume the metal to be thick and the
~ difference between the measured and calculated attenuation constant is nearly
independent of frequency. The average errors for these two methods are on the order of
10.8 and 11.0 percent, respectively. Thus among the above closed-form equations, the

method of measurement-based design equations has the least average error,

2.3.2 Characteristic and dimension considerations of CPW line

Silicon and copper are selected as the substrate and conductor of our CPW cantilevers,
respectively. The selection considerations of CPW dimensions will refer to the methods

and observations discussed in the previous section.
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The dimensions of the CPW center strip, the slot, the thickness and dielectric constant
of substrate determine the CPW effective dielectric constant, characteristic impedance
and attenuation and vice versa. The dimensions of the CPW transmission line must be
chosen so as to produce the lowest possible insertion loss and the lowest possible
mismatched loss. These come from the characteristic impedance of CPW line on Si
holder being different from 50 Q as well as losses in the cantilever metallization and
contact resistance loss. In addition, increasing resonance frequency without increasing
cantilever stiffness requires a reduction in mass, hence a trend towards smaller beams.

A tapered CPW cantilever is proposed to satisfy the mechanical and electrical design
requirements. CPW cantilevers with ground connected and opened are mounted by a Si
holder as shown in Figure 2.10. Both dimensions of the CPW line on Si wafer and CPW
cantilever in air are different. The tip is fabricated at the end of the CPW central strip

suspended in the air.

Figure 2.10 CPW cantilevers with (a) ground connected; (b) ground opened.

Since the CPW cantilever is fabricated on different substrates, to analyze the losses of
the designed CPW cantilever, the CPW cantilever is divided into three parts and each part

is treated as an individual CPW transmission line as shown in Figure 2.11.
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Figure 2.11 Three parts of CPW cantilever with ground connected or ground opened.

2.3.2.1 CPW attenuation constant

The total losses of a CPW line on Si wafer (holder) are mainly dielectric loss in the
substrate and conductor loss in the center strip and ground strips. Figure 2.12 shows the
computed dielectric loss and total losses using equations (2.17) and (2.22) at 40 GHz as a
function of center strip width S for a CPW with different resistivity of the Si substrates,
respectively. Referring to Figure 2.9, the thickness of Si wafer and conductor is about 325
and 1 pum, respectively. The losses are varied by changing the center strip width S, in
which the separation width 256 = 200 pm between the ground conductors is kept constant.
Note for these cases, the impedance Zj is varying. The low resistivity of Si substrate
causes considerable losses that affect the transmitted signals. In order to keep the high
frequency losses at an acceptable level, the CPW line we will use Si substrate with 1000

Q-cm resistivity.
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Figure 2.12 Computed losses (40 GHz) as a function of center sirip conductor width § for a CPW
with different resistivity of Si substrates as parameters. (a) Dielectric loss; (b) Total loss (s, = 11.9, b

=100 pm, =1 pm, s = 325 pm).

The computed losses of the CPW line on the Si holder and CPW cantilever suspended
in air, as a function of center strip conductor width S for different frequencies using the
equation (2.23), are shown in Figure 2.13, respectively. Although the computed data are
- rigorously valid for many limitations [55], they can be used to estimate the optimum
dimensions of CPW cantilevers. Since substrate thickness is larger than 2b for all the
lines, the results are independent of the substrate thickness [55][58]. The CPW line
exhibits an acceptably low loss for § and b over a reasonable range. When the CPW
center strip conductor becomes very narrow or the slot width becomes very small, the
loss becomes very large. The loss of CPW increases with increase frequency. For a fixed
frequency, the CPW loss initially decreases and later increases with the increase of the
center conductor width S. For the requirements of our design, the width 25; is chosen as
200 pm. This is mainly due to test equipment probe and bond wire requirements for
connecting to the structure. The CPW line on Si substrate (part 1) has low losses for a
width Sy range of 50-125 pm as indicated in Figure 2.13 (a).
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Figure 2.13 Computed attenuation constant as a function of center strip conductor width § for a
CPW with different frequencies. (a) Part 1: CPW line on Si holder, &,;=11.9, 5, = 100 pm, 1 =1 pm,
A =325 pm; (b) Part 3: CPW cantilever in air, 63=1, b3 =55 pm, t=1 um.

The CPW cantilever suspended in air (part 3} is exposed by using the backside KOH
etch to remove the substrate material and leave only the desired CPW metal lines. It can
be considered as being on high resistivity air-dielectric substrate [59] and reduces the
effects of dielectric loss. The width 2b; is chosen as 110 um mainly due to lithographic
resolution limitations of the masks we use in our lab. The CPW cantilever in air (part 3)

has low losses in the width S; range of 30-70 pum in Figure 2.13 (b).

2.3.2.2 Characteristics and dimensions of CPW

For a given effective dielectric constant &, , any variations in impedance are determined

by the ratio of a/b. The calculated characteristics of the CPW on Si substrate using
equations (2.11) and (2.12) are shown in Figure 2.14, respectively. It should be pointed
out that when % > 3by, the characteristic impedance and effective dielectric constant are

reasonably independent of the Si substrate thickness.
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For the CPW structure, the study [32] showed that minimum attenuation occurs for a
characteristic impedance close to 50 . 50 Q characteristic impedance in the A/b; = 3-100
curve for a CPW line on a 325 pm Si wafer corresponds to a1/b; = (.46 in Figure 2.14 (a).
From the Figure 2.14 (b), the effective dielectric constant is about 6.8 at ai/b; = 0.46 in
hiby = 3-100 curve. If the separation width 2b; between ground strip conductors is 200
pum according to the design requirements, then §; = 24, = 92 um, W, = 54 um. Since 4 >

by for all cases, the results are independent of the Si substrate thickness.
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Figure 2.14 Computed characteristics of CPW on Si wafer as a function of §;/($;+2W,)=a,/b,, with
_the normalized substrate /b, as a parameter, &, = 11.9, i = 325 pm. (a) Characteristic impedance;

(b) effective dielectric constant.

Figure 2.15 shows the characteristic impedance of a CPW line in air. The effective
dielectric constant and the loss decrease as the material below the CPW cantilever is
etched away. A lower effective dielectric constant results in a lower line capacitance that
increases the characteristic impedance Zy. Due to the requirements of mask resolution in
our lab and for use in EFM measurements, the minimal slot width W; is 35 pm and a
selected S is approximately 40 pm. Therefore, the 2b; between ground conductors is

about 110 um and ay/b; is approximately 0.36. The value of a3/; = 0.36 corresponds to a
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characteristic impedance of 141.8 Q for the CPW line suspended in the air in Figure 2.15

with an effective dielectric of &,, =I. This will cause a mismatch at very high

frequencies. A lower characteristic impedance may be achieved if a dielectric substrate is
used under the CPW cantilever section.

Both attenuations of the CPW on Si holder and suspended in air are in the low range
because the selected CPW dimensions are in the range of low losses, respectively, as

studied in the section 2.3.2.1.
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Figure 2.15 Computed characteristic impedance of CPW cantilever in air

as a funection of S3/(85+2H3)=ay/bs.

2.3.2.3 Conductor thickness

Figure 2.16 shows the effects of conductor thickness ¢ on the calculated losses using
equation (2.23) of a CPW on Si wafer and in air in the range of 10 to 100 GHz,
respectively. For the two cases, the losses of CPW are minimal when the thickness of
conductors is 1- 4 um. The loss increases very fast when conductor thickness is below 1
um. The attenuation increases very rapidly once the conductor thickness 7 becomes less
than about two or three times the skip depth 8. To obtain a high resonance frequency
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without increasing cantilever stiffness requires a reduction in conductor mass. Thus, we

choose a 1 um thick CPW conductor.
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Figure 2.16 Computed attenuation constant of CPW as a function of conductor thickness ¢ with
frequency as a parameter. (a) Part 1: CPW on Si wafer. &, = 11.9, §; = 92 pm, W} = 54 pm, & = 325
pm; (b) Part 3: CPW cantilever in air. &3 =1,.5; =40 pm, ;= 35 um.

2.3.3 Simulation results of a CPW cantilever

From the above theoretical calculations and analyses and the requirements of MEMS
fabrication and EFM measurements, a draft of an entire CPW cantilever design is shown
in Figure 2.17. It gives the dimensions of all three parts. To verify the electrical
performance of the designed CPW cantilever, full electromagnetic simulation of its
_ propagation properties is needed.

In following HFSS simulation, the effect of dc resistance is neglected and the loss
tangent is assumed to be 0.02 in the frequency range 0.04-40 GHz. The HEFSS method
simulates the three parts of an entire CPW cantilever. The corresponding simulation
results are compared to the theoretical analysis results. Using the HFSS program

simulation, modification, and verification of the designed CPW cantilever is performed
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until all requirements are satisfied. Finally we simulate the entirely designed CPW

cantilever,

On 8i substrate, €;,=11.9, h=325m Inair, E5=1,=1pm, §,=40 pm,
§,=92 kM, W, = 54pm W, = 35tm
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Figure 2.17 Dimensions of an entire CPW cantilever.

2.3.3.1 Part 1 —CPW on Si holder

Figure 2.18 (a) shows a photograph and HFSS simulation S-parameters of a 5000 pym
CPW line on high resistivity 1000 Q-cm Si. The maximum insertion loss S21 is less than
1.5 dB at 40 GHz, which is considered to be acceptable, The return loss S11 is observed
to be better than 15 dB over the entire frequency range. It indicates that the designed
CPW on Si substrate is well matched to 50 Q characteristic impedance and the input

signal can be maximally transferred to its output. Therefore, the propagation properties of

42



Chapter 2 Design considerations and modeling of CPW cantilevers

the CPW line based on the above calculated dimensions satisfy our designed

requirements.

2.3.3.2 Part2 -tapered CPW on Si holder

For the part 2 between part | and part 3, a 200 um tapered CPW line as shown in Figure
2.18 (b) is necessary owing to different dimensions of CPW transmission lines. The
- correspondingly simulated reflection loss is 20 dB at the frequency range 0.04-40 GHz,
which is very small. The transmission loss is almost equal to zero over the entire
frequency range and it does not affect transmitted high frequency signals, Another
method to calculate reflection and transmission losses is that the trapezoidal tapered CPW
line is divided into very smail rectangular sections, each of which is treated as an
individual transmission line. The ABCD matrices for each transmission line are then
cascaded to obtain the total ABCD matrix. From these matrices, the characteristics of the

tapered CPW line are computed. The process is repeated at each frequency [28].

2.3.3.3 Part 3 —CPW cantilever suspended in the air

- Figure 2.18 (c) and (d) show photographs and simulated reflection coefficients of ground
opened and ground connected CPW cantilevers suspended in air. Both designs are almost
the same except at the end of CPW cantilever. It is easy to understand that the HFSS
simulation results show similar results. Reflection loss deduces a transmission loss
~0.004 dB at 40 GHz. They show the designed CPW suspended in air is almost lossless
and has good propagation properties. It also shows that the effect of mismatch due to the
line impedance Zy = 142 Q and not 50 Q does not have a significant effect up to 40 GHz.
Therefore, the simulated results of the CPW in air based on calculated dimensions satisfy

our requirements.
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Figure 2.18 The photographs and S-parameters of three parts of a CPW cantilever. (a) Part I: 5000
pum CPW on Si holder (Z; =142 ©); (b) Part 2: 200 um transition on Si holder; (¢) Part 3-1: ground
connected 640 pm cantilever in air; (d) Part 3-2: ground opened 640 pm CPW cantilever in air (Z, =
' 142 Q). '
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2.3.3.4 Simulation of entire CPW cantilever structure

The above HFSS simulation S-parameters of the three parts all satisfy the design
requirements. They indicate that each part can maximize the power delivered to its output
and minimize the reflected power. Now, we further simulate the entirc CPW cantilever to
test the design model.

Figure 2.19 (a) and (b) show the two entire CPW cantilevers, the ground connected
and opened 640 pm CPW cantilevers mounted with a 5000 pum CPW line on a 1000 Q-
cm resistivity Si holder, and the corresponding simulation S-parameters at the frequency
range from 0.04-40 GHz, respectively. The difference between S-parameters is small and
is less than or equal to 4 percent. It is reasonable because the only difference between the
two cases is that ground lines are connected or opened at the end of CPW cantilever in
air. Thus, we will mainly focus on analyses of the ground connected CPW cantilever.
Reflection loss results indicate a transmission loss ~1.5 dB at 40 GHz (-3 dB/2). High
frequency input signals (>20 GHz) can be propagated to the tip for EFM probing.

Comparison with the simulated S-parameters for only the 5000 wm CPW transmission
line on the Si holder (part 1) is shown in Figure 2.19 (c). The difference between the
fransmission losses deduced from reflection losses is very small and the loss of CPW
cantilever suspended in air is very small. This indicates that the loss of CPW on Si holder

(part 1) mainly decide the propagation properties of an entire CPW cantilever.
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Figure 2.19 Photographs and simulated S-parameters of three cases.

(2) Ground connected CPW cantilever mounted on a 5060 pm CPW on a Si holder; (b) Ground
opened CPW cantilever mounted on a 5060 pm CPW on a Si holder; (c) A 5000 pm CPW

transmission line on a Si holder (part 1),
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Chapter 3 Basic principles and processes of MEMS CPW

cantilever fabrication

Accurate design modeling and efficient simulation, in support of greatly reduced
development cycle time and cost, are the first step for the MEMS CPW cantilever
fabrication. This chapter will focus on the basic principles and processes of MEMS
fabrication and detailed fabrication procedures of stressed MEMS CPW cantilevers.
Materials for section 3.2 are based on [40][41][42].

3.1 Introduction

MEMS are created by micromachining processes. The actual MEMS fabrication
processes are comprised of several sequential steps, each of which may be repeated many
times. Each of these steps adds or subtracts a single layer on a wafer. Figure 3.1 shows
the main processes of a MEMS fabrication [41][42]. The MEMS fabrication can start on
either a Si wafer or a Si wafer with Si0; insulating layers. No matter which kind of the
wafer is used in MEMS fabrication, the processes of MEMS fabrication are almost the
same. Figure 3.2 gives the draft of a MEMS CPW cantilever by using fabrication
processes as shown in Figure 3.1. It also gives the dimensions of CPW cantilever, cavity,

and V-groves on high-resistivity Si wafer.

+8i0, layer P| treatment lithegraphy w Etch Test

| y | 4 S

Inspection & RMeasurement

Si wafer or Surface Photo- .
Strip

Tigure 3.1 Main processes of MEMS fabrication.
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Figure 3.2 Draft and dimensions of a MEMS CPW cantilever with cavity and V-greoves,

3.2 The main processes of MEMS fabrication

3.2.1 Surface treatment

This is the most important step in MEMS fabrication and the success of lithography
depends on its effectiveness. Before MEMS fabrication, a wafer must be thoroughly
cleaned and free of contaminants to improve the resist adhesion to the wafer surface.
Good adhesion is necessary in order to reduce the possibility of resist lifting or
undercutting during the etch process.
Wafer contaminants can be broadly classified as:
* Particulates
* Organic residues
* Inorganic residues
» Unwanted oxide layers
Different cleaning methods can be used either independently or in combination with

others to effectively clean a wafer surface. In general wet cleaning can be used to remove
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all four types of contaminants. High pressure spraying and ultrasonic cleaning can be
used to remove particulates. The RCA (popular wet chemical clean) cleaning is used to
remove both organic and inorganic contaminants from the wafer surface. Acids, vapor
phase cleaning and dry cleaning methods are often used to remove residues and unwanted

oxide layers.

3.2.2 Photolithography

A MEMS structure always contains many elements, typically the size of a few
micrometers. No physical tool is adequate for fabrication on this scale. Microelectronic
patterning is performed by radiation using ultraviolet (UV) light or an electron beam,
This process is called photolithography. It can transfer a pattern from a mask to a wafer
surface by the application of a photosensitive film called photoresist or resist. It is not
unreasonable to say that it is the most important step of the entire fabrication processes.

A block diagram of a photolithography process is shown in Figure 3.3.
Photolithography brings the additive and subfractive processes together for the purposes

of patterning the deposited layers on a wafer.

Surface Photoresist
Priming Softhake jwExposure(pDevelopment i Hardhake

preparatio application
} | } } } | }
Inspection and testing

Figure 3.3 A typical photolithography process.

Priming

After the cleaning process and before application of resist, a wafer surface must be
thoroughly dried and any remaining water or moisture must be removed.

Priming acts as an adhesion promoter by creating a moisture free surface and is

usually done in conjunction with a dehydration bake. The wafer is dried using dry
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nitrogen and a dehydration bake at about 200 °C for 2 hours can be done to further
remove all of the adsorbed water attached to the wafer surface. Priming not only helps
resist adhesion during the spin coat process but also decreases the likelihood of features
lifting during the developing cycle. In addition, the wafer is not exposed to the
environment for a long time between the cleaning process and the priming and, between
the priming and resist application. This is to avoid re-deposition of contaminants on the

water surface prior to resist application.

Photoresist

The next step is to coat the wafer with the resist or photoresist. The photoresist must
adhere well to the surface, form a uniform, and defect free film on the wafer surface.
Furthermore, the photoresist will resist attack by some etchants capable of removing the
substrate material.

Resist is a sensitive substance whose physical and chemical properties change when
exposed to UV radiation. Resist materials can be classified as positive or negative based
on their radiation response. For a positive resist, the areas exposed to the UV light
become solvable and are washed away in the developer solution. The unexposed regions
will remain unchanged. Therefore, the pattern on wafer is the same as that on the mask.
For a negative resist, the arcas of the resist on the wafer exposed to UV light change from
a soluble state to an insoluble state. The unexposed resist is not changed chemically and
is simply rinsed away during the development step. The resulting pattern on the wafer is
opposite to that on the mask.

In addition, the minimum geometries produced on the wafer using a negative resist
are limited to 2 pm or larger due to swelling of the resist that occurs in the developer.
However, positive processes produce minimum geometries of 0.35 pm or smaller.
Therefore, positive resists are more common in MEMS fabrication because they offer
higher resolution, thermal stability, and greater resistance.

The most commen application method is spin coating. The resist is either dispensed
statically or dynamically. The spindle is then spun rapidly at 3000-6000 rpm for 30-60

seconds. A typical resist layer varies from 0.5 pm to 4.5 pm in thickness. Resist thickness
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and thickness uniformity are critical parameters in developing a good photolithography

process.

So_ﬂbake

After spin coating the film contains 1 to 3 % of residual solvent and may contain
built-in stresses caused by the shear forces during the spin process. Residual solvents in
the film will effect the quality of the image obtained after the develop cycle. Stresses in
the film lead to loss of adhesion. The wafer undergoes a softbake or prebake typically at
100-120°C for 1-2 mimutes on a hot plate to drive off most of the solvent in the resist and
anneal out any stress in the film. Softbake ensures that the resist film has uniform
properties across the wafer. After a successful softbake, the resist film is very sensitive to

light of specific wavelengths.

Exposure

To transfer a mask image to a surface of a resist-coated wafer, the radiation is shone
through a transparent mask plate. For positive resist, the exposure is successful if the
solubility in the exposed areas is high as compared with non-illuminated areas. The
unexposed areas remain unaffected in solubility. The quality of the image depends on the
tool, time, the radiation source, energy density and uniformity, and dose rate.

The exposure system consists of an UV lamp with or without lenses between the
mask and the wafer. There are two main exposure systems: projection printing and
contact printing. For projection printing, the mask is distant from the wafer, and lenses -
are used to focus the mask image onto the wafer. This method can get better resolution
and minimize defect problems. For contact p.riniing, the mask placed in physical contact
with the wafer and the diffraction effects are minimized. The mask is pressed against the
resist-coated wafer during UV exposure. Pressures ranging from 0.05 to 0.3 atm are used
to push the mask into more intimate contact with the wafer. The primary advantage of
contact printing is that small features can be made using comparatively inexpensive _
equipment.

The most commeon types of optical sources for photolithography are the high pressure

arc lamps and mercury vapor lamps. Wavelengths of the light source used for exposure of
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the resist coated wafer range from 150-300 nm to 350-500 nm. The resists are sensitive to
light of 300-500 nm in wavelength, a range that includes visible violet and blue light.
Therefore, resist process occurs under 'vellow light' conditions where wavelengths below

500 nm are filtered.

Development

The developing process has the greatest influence on the quality of the image. The
resist-coating wafer with the exposed pattern is placed in developer solution for a fixed
time. The developing process depends on the concentration solution and temperature. The
developing temperature must be controlied to better than £1°C. The wafer is washed with
a solvent that preferentially removes the resist areas of higher solubility. Then the wafer
is rinsed to stop development. Depending on the type of resist, the washed-away areas
may be either the illuminated or shadowed regions of the coating. If exposure increases
resist solubility, resist is washed away in the areas corresponding to the transparent zones

of mask. The resist image is identical to the opaque image on the mask.

Hardbake

The last step in photolithography is hardbake or postbake. The wafer undergoes a
hardbake typically at 120°C for 20 minutes. It is used to improve adhesion and harden the
resist against further processing such as ion implantation and plasma etching. It is done at
a lmgher temperature and longer time than softbake. However, resist is a polymer that
softens and flows when heated. The hardbake temperature must be less than the flow

point of the resist.

3.2.3 Etching

Materials are usually either removed or added during a process in MEMS fabrication.
One of the most important subtractive processes is etching, which can be described as
pattern transfer by selective, chemical or physical removal of a material from a substrate

and its resident thin films. Etch process, like development, removes a film or layer from
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“the substrate in those areas not covered with protective layer called etch mask, such as
photoresist, metal, or oxide layer. Different etchants need different etch masks. Table 3.1

gives some example silicon etchants.

Table 3.1 Comparisen of example silicon etchants [40]

HNA EDP TMAH DRIE
(HF+HNO; | Alkali- (gﬁ’”"?ﬁc (tetramethyl- |  XeF, SF (Deep
+Acetic OH ;in;g;i amImomnium plasma Reactive
Acid) P echol hydroxide) Ton etch)
Etch type wet wet wet wet dry dry dry
Anisotropic no yes yes yes no varies yes
Available common | common | moderate moderate limited common limited
Si etch rate lto3 102 1to30 =] [to3 =] >]
Si roughness low low low variable high variable low
Niltride etch low low low 1to IO ? low low
nm/mmin
Oxide etch 1010 30 1to 10 11080 =] nm/min low low low
nm/min nm/min nnymin
Al selective no no no yes ves ves ves
Au selective likely yes yes ves ves ves yes
P++ etch stop 1o yes ves yes no no no
Electrochemic ? yes yes yes no o no
al stop?
CMOS no no yes yes ves ves yes
compatible
Cost low low moderate moderate moderate high high
Disposal low easy difficult moderate N/A N/A N/A
Safety moderate | moderate low high moderate? high high

(The data in the table may vary by different sources)

There are two types of etching: wet and dry. Wet etching is a purely chemical process
that can have serious drawbacks: poor process control and etch rate, and excessive
particle contamination. However, wet etching can be highly selective and often does not
damage the substrate. Dry etching is the removal or etching of solid material in the gas
phase, physically by ion bombardment, chemically by a chemical reaction with a reactive
species at the surface, or by both physical and chemical mechanisms. Dry etch rates are
less accurate.

The two most important aspects of etching processes are selectivity and anisotropy.
The selectivity of an etchant refers to how selective it is in etching one material over

another. For example, buffered oxide etch (BOE, HF), a wet etchant, is extremely
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selective between silicon and oxide; it will etch hundreds of microns of oxide before it
etches one micron of silicon. The other important characteristic of etchants is the
anisotropy. There are two main etch processes: isotropic and anisotropic. A completely
isotropic etchant etches in all directions at the same rate, whereas completely anisotropic
etchant will etch in one direction. Anisotropic etching etches at different rates in different

directions of a crystal.

3.2.4 Stripping

This step involves the stripping of the resist and sacrificial layers. Stripping the resist
always uses an acetone soak before the next process. To further remove any residual
resist, a sample is sometimes treated in low-pressure oxygen plasma and may be
accomplished by either a liquid or an oxidizing plasma process. This is followed by an
inspection to make sure that the unwanted metal and resist have been stripped off
completely. To remove a sacrificial layer, such as SiO,, KOH etch is always used. Care
must be taken not to alter the underlying thin film or wafer surface. It is also very
important to keep the process free from any contamination that may adversely affect

subsequent lithographic steps.

3.2.5 Inspection & Testing

Inspection and testing are ideally done after every process in photolithography before
sending the wafers for the next process. The purpose of the inspection is to avoid three
classes of problems: deviations in the pattern dimensions, surface problems, and resist
problems, such as improper cleaning or leaving contaminants on the wafer surface,
improper resist application, problems with resist adhesion, improper exposure or
developing process, and unwanted oxide formation on the wafer surface before the next
step. This method of inspection and testing after every step, rather than waiting until the
final development step to inspect the wafers, saves time and money in case the wafers

have to be processed again. These inspections can either be done by using the naked eye

54




Chapter 3 Basic principles and processes of MEMS CPW cantilever fabrication

or using a microscope. For example, after spin coating the film, variations in the resist

- film thickness are readily seen using the bare eye. Resist areas of different thickness are

of different colours. A perfect spin coating results in a resist layer without colored -
patterns. Once a process has been rejected and a reason established for it, the process

must be stopped in order to overcome problems before the next step is processed.

3.3 Other issues in CPW cantilever fabrication

3.3.1 Mask design

The first step of MEMS fabrication requires the design of lithographic masks. A mask
must have a high optical transparency at the exposure wavelength, low coefficient of
thermal expansion, and a flat, highly polished surface that reduces light scattering. The
masks are then patterned by another lithographic process. Masks are usually fabricated on
glass or mylar. On one surface is a patterned opaque layer. In most masks the opaque
layer is chromium that can block the UV light when exposed. Any unwanted chrome can
be removed by laser ablation.

In our work we drew the mask patterns using Adobe Illustrator 10.0 and then sent
them off to a commercial photo/print shop to obtain the masks on transparent mylar
sheet. Since the printer being used is 3600 dots-per-inch (dpi), the resolution is about
7.05 pum/dot. The reasonable resolution for a mask needs 3 dots. In addition, the ink
spreads when it contacts the glass surface and errors may be caused in lithography and

developing. The 28 um and larger size prints are of very good quality. The dimensions

- for our CPW cantilever are set to larger than 28 m as shown in Figure 3.2 in order to

ensure good quality.

The designed masks for CPW cantilevers are shown in Figure 3.3. The image
dimensions on the masks depend on the dimensions of the designed CPW cantilevers. A
mask contains the pattern that can be transferred to a wafer. The masks may be the same

size as the final image on the wafer or the image may be reduced during the exposure.
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Figure 3.4 Lithographic contact masks (glass).

The pattern on the froniside must be aligned with the pattern on the backside of a
wafer, The frontside masks should be flipped horizontally to align the backside masks.
Aligning masks to a wafer is very important for MEMS fabrication to transfer the
designed image from the contact masks to photoresist. It is very difficult and time-
consuming, especially if many masks are used for a wafer.

A mask is placed above a wafer and then manually aligned to the wafer. The latter
mask alignment for patterning images is more difficult than standard lithographic

‘processing. The etch for cavity formation starts from the backside of the wafer, so the
openings in the silicon oxide on Si wafer must be oriented properly relative to a CPW

cantilever defined on the frontside of the wafer. If not, the CPW cantilever will not be
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positioned at the locations of the cavity on the wafer backside, and may not even be on

the membrane.

3.3.2 Deposition films

Thin films are always used as conductor, insulator, etch mask, diffusion mask, and
sacrificial layers on the wafer surface. To deposit films for surface micromachining,
many techniques are used: spin coating, evaporation, sputtering, chemical vapor
deposition, and epitaxy. The thermal evaporation is selected due to its simple and
inexpensive deposition equipment.

Thermal evaporation is a method to deposit high quality thin films of metals and other
materials onto a wafer. The wafer is loaded into a high-vacuum chamber that is
commonly pumped with a diffusion pump.

To obtain the best uniformity, the evaporator is usually operated at low rates,
although operation at these rates requires high vacuums to avoid contamination of the |
film. The important parameters to control during evaporation are the deposition rate and
film thickness. Both are measured using a quartz crystal rate monitor. The rate of material
deposition is controlled by varying the charge temperature. The reasonable deposition
rates are achieved with vapour pressure of at least 10 mtorr.

However, residual stresses are caused by the difference between the thermal
expansion coefficients of the deposited film and substrate or other films. Intrinsic stresses
usually result from the nonequilibrium nature of the thin film deposition process and
deposition parameters. Thus, the residual stress must be carefully considered during
MEMS CPW cantilever fabrication.

3.3.3 Release cantilever

Anisotropic etchant, such as KOH, etches silicon at different rates depending on the

crystalline direction. The etch ratios for these two directions, [100] and [111], can be as
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high as 400:1. The (111) planes are oriented at 54.7° relative to the (100) plane. An
anisotropic KOH etches the crystalline structure of the [100] wafer and is used in our
process to form the cavity and V-grooves. The walls of the cavity and V-groove slope at
an angle of 54.7° from the surface plane.

The cavity and V-groove are fabricated to release a cantilever beam and to split off a
piece of Si wafer, respectively. The difference is that they expose different SiO; openings
in etchant resulting in different etch depths. For a small opening, the etch is terminated at
an “etch stop” due to reaching the intersection of the (111) planes and then an inverted
pyramid V-groove is formed. The depth of the V-grooves is designed to be half the
thickness of the wafer and the Si wafer is easily cleaved. If the etch is terminated before
the etch stop due to reaching the intersection of the (111) planes, then a truncated
pyramidal cavity is formed. The remained thickness of the cavity (membrane) and V-
groove must be strong enough to withstand successive photolithography steps on the Si
wafer. Since KOH deep etching was used to fabricate the V-grooves and cavity below the
CPW cantilever, the resultant profile was trapezoidal and the slope is 54.7° in Figure 3.2.

The phenomena of crystal cleavage and anisotropic etching stopping on certain
crystal planes are commonly thought to result from the plane with the least surface

density of atoms and surfaces with the highest bond density [41].

3.4 MEMS CPW cantilever fabrication

3.4.1 MEMS CPW cantilever fabrication parameters

The process parameters of MEMS CPW cantilever fabrication are determined empirically
in conjunction with the above review of MEM fabrication processes. A recommended
process 18 shown in Table 3.2. The process is for a Si wafer covered both sides with 1.5

um Si0» insulating layers to fabricate MEMS CPW cantilevers.
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Table 3.2 Recommended process steps in MEMS CPW cantilever fabrication
Process Duration Process temperature Note
Oxidation 6 hours 1100°C 1.5 pm on both sides
of Si wafer

Spinning coating resist

3000 rpm for 35 sec

Room temperature

2 ym of HPR 506

Softbake

1 min

110°C

Quick cold for 5 sec

Exposure 1.5 min Room temperature | UV light
Development 45 sec Room temperature | HPRD 419
Hardbake 20 min 120 °C Remove water
Stripping oxide 40 min for 1.5 ym | Room temperature | 10:1 BOE (HF)
Etch silicon 4 hours 80°C KOH etch
(=1.1pm/min)
Stripping photoresist 10 sec Room temperature | Acetone
Deposit Al film Variable Room temperature | 0.21 um (=1.5 nm/s)
Deposit Cu film Variable Room temperature | 0.92 um (=1.4 nm/s)
Stripping Cu 1-2 min Room temperature | Chrome etchant
Stripping Al 1 min Room temperature | 10:1 BOE (HF)
XeF; gas etchant Variable Room temperature ; In vacuum

3.4.2 Detailed MEMS fabrication steps of CPW cantilevers

The MEMS CPW cantilevers are in-house fabricated using 2-inch diameter, 325 um
thick, 1000 Q-cm resistivity, and n-type Si wafer with (100) crystal orientation and both
wafer sides covered with 1.5 um S$i0; insulating layers. The main steps in MEMS CPW
cantilever fabrication are given as: BOE etch to remove unwanted SiO; regions and KOH
deep etch to form a preliminary cavity (the remaining Si wafer thickness is approximately
40 pm) and V-grooves on the backside of the Si wafer; BOE etch to remove unwanted
Si0; regions above the cavity on the frontside of the Si wafer; deposition and patterning
of AlVCu layers to form the CPW lines on the frontside; XeF» etch to remove the
remaining 40 um Si wafer at the cavity and release the CPW cantilever structure. The
detailed fabrication steps for MEMS CPW cantilevers are shown schematically in Figure

3.5 and given as follows:
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b ddild

Si wafer
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Figure 3.5 Fabrication steps for CPW cantilevers: 1. Deposit photoresist on both sides of Si wafer
covered with SiO, layers; 2. Use mask 1 to define the cavity and V-groove on the backside, expose
and develop photoresist; 3. BOE etch exposed SiO, regions; 4. Backside KOH deep etch; 5. Use
mask 2 to define cantilever beam regions and remove the unwanted SiO, regions on the frontside,
expose and develop photoresist; 6. BOE etch SiO, at unwanted regions; 7. Deposit Al/Cu layers and
then photoresist on SiO, layer; 8. Use mask 3 to apply and pattern the CPW transmission lines on the
frontside; 9. Use chrome etchant etch Cu, and BOE etch Al and SiO, layers at unwanted regions; 10.
Remove photoresist and use XeF, gas backside etch the remained Si wafer at membrane to release
CPW cantilevers; 11. CPW cantilevers mounted by Si holder (a) CPW cantilever suspended in air;
(b) CPW cantilever suspended by the thin SiO, layer.

1. Initialization and oxidation: we bought the double side polished, 2 inch diameter, 325
um thick, 1000 Q-cm resistivity, and n-type Si wafers with (100) crystal orientation
from International Wafer Service, Inc. (CA 94028, USA, www.siwafer.com). Each Si

wafer is $7.5. The wafers were then sent to the NanoFab lab of the University of
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Alberta, Canada to make insulator SiO; layers on the both sides of the Si wafers. The
wet oxidation is usually done at 1100°C for 6 hours in a quartz furnace to form 1.5
pum oxidation on the both sides of a Si wafer.

For shallow etch, we usually use photoresist as a mask. For deep etch, however, the
photoresist is useless and we usually use SiO; or SiyNy layer as a mask. The SiO;
insulating layers on both sides of a Si wafer can protect the unwanted etch regions as
an etch mask and can also avoid a dc leakage current between CPW center sirip
conductor and the ground strip conductors. Both sides of the wafer are deposited with
2 pm photoresist (HPR506) using a spin coating process at 3000 rpm for 35 seconds.
The wafer is then soft baked approximately 1 minute at 110 °C on a hot plate and the
wafer is placed on an aluminium slab to cool for 5 seconds.

. Cavity and V-groove: use mask 1 to contact the photoresist on the backside of the Si
wafer using contact printing and define the openings of the cavity and V-grooves. Use
UV light exposure about 90 seconds, and then develop the exposed wafer in
HPRD419 approximately 45 seconds. The image of mask 1 is imprinted on the
photoresist of the wafer surface. Then the wafer undergoes hardbake for 20 minutes at
120 °C to remove the attached water.

S10; openings: use 10:1 BOE to overetch the exposed SiO; layer without protection
of a photoresist layer for about 40 minutes. This process does not affect the Si wafer
and unexposed Si0O- regions.

. Backside deep etch: use KOH anisotropic etch on the entire 320 pm thick Si wafer to
form the cavity and V-grooves as shown in Figure 3.6. The difference between cavity
and V-groove is that they expose different sized openings in an etchant resulting in
different etch depths. The SiO; openings of the cavity and V-groove are about 950
and 280 um as shown in Figure 3.7, respectively. After 4 hours in a 80 °C KOH etch,
the remaining Si wafer becomes about 40 um thickness on the exposed SiO, region of
the cavity. The etch rate of KOH for silicon is approximately 1.1 pm/min. The SiO»
layers on both sides of the Si wafer become 0.36 um because the etch rate of KOH
for oxide is about 0.25-0.3 um/hour. For the small opening, the etch becomes very

slow and usually stops at the intersection of the (111) planes to form the V-grooves.
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The remained thickness of the cavity and V-grooves must be strong enough to

withstand successive photolithography steps on the frontside of Si wafer.

\

Si substrate 202}‘"’“

28014 V/_oraove V-zgroove 'zggum

Figure 3.6 Dimensions of a CPW cantilever on a 8i0; membrane above a cavity.

_ g—340pm ?ﬁ%gﬁu p.m&

TdU pm
280 m

Ao

950 pm
V-groove Cavity

Figure 3.7 Designed dimensions of a cavity and a V-groove after KOH deep etch.

5. Usc contact mask 2 to pattern the unwanted SiO, regions on the frontside of the Si
wafer: deposit photoresist on the frontside of Si wafer over the cavity regions. The
backside of the wafer is covered with wafer tape to avoid etching by the following
BOE etch. Use contact mask 2 lithography, expose to UV light, and then develop

photoresist.
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6. BOE overetching removes the Si0; layer on unwanted SiO; regions. All photoresist 1s

removed using acetone as above before the next step. Every time the wafer undergoes
a softbake after deposited photoresist and hardbake after development.

Deposition metals: deposit 0.21 um Al layer and then 0.92 pum Cu layer, which are
measured by a quartz crystal monitor, on the remained SiO, layer of the frontside Si
water by evaporation. The thin Al layer is deposited prior to the Cu layer deposition
to enhance adhesion between Cu and silicon oxide. Then Deposit a photoresist layer
on the Si wafer covered with Al/Cu layers.

Use contact mask 3 to pattern the CPW transmission lines on metal layers of the
frontside Si wafer. The dimensions of one CPW cantilever are given in Figure 3.6.
Pattern, expose and develop photoresist.

Metal etch: metal layers are patterned and removed in the unwanted areas to obtain
the CPW transmission lines on the frontside of the Si wafer. Between the Si wafer
and metal layers is the remained SiO, layer after KOH deep etch. The regions of
CPW lines are protected by a covered photoresist layer. Use chrome etchant to
remove the Cu layer and use BOE etchant to remove both the Al layer and the SiO,
layer at uncovered photoresist regions. Then remove all photoresist. Now on the
frontside, above cavities, the membranes are either the remaining Si wafer or the
remaining SiO; layer on remaining Si wafer after KOH deep etch. The SiO, layers on
Si holder are etched away at the slot regions of the CPW line on the Si holder as
shown in Figure 3.8.

eI WSl =1pm

= | =i

1__.|
’ ~
Silicon dioxide \smm diaxidel ?1—0 36 pm
etched away h

Silicon wafer l

Figure 3.8 Cross sectional view of the CPW line on Si helder.

10. Release the CPW cantilever: 5 seconds BOE etch is used to remove any native oxide

on the silicon wafer. Then an isotropic XeF, gas etch is used to remove the remaining

Si wafer below the cantilever in order to release the conductive CPW cantilever with
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or without a thin SiO, membrane. The XeF, etching is closely monitored using a
microscope until the cantilevers are released.

11. CPW cantilever: Figure 3.9 shows examples of the fabricated CPW cantilevers
mounted on a Si holder. The SiO; insulating layer on the CPW slot regions has been
etched away. Some fabricated CPW cantilevers are suspended in air and others are

suspended by a SiO, membrane.

Figure 3.9 Examples of fabricated CPW cantilevers. a) Cantilever on SiO, membrane; b) Cantilever
in air; ¢) Ground connected cantilever on SiO, membrane; d) Ground connected cantilever in air; e)

Cantilever in air; f) Ground connected cantilever in air).
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Chapter 4 Characteristics of CPW cantilevers and discussion

In this chapter, mechanical and electrical properties of the stressed CPW cantilevers are
measured. S-parameters calculated using an equivalent circuit model and HFSS are

compared with the measured S-parameters.

4.1 Mechanical properties of stressed MEMS CPW cantilevers

4.1.1 Stress

MEMS structures make extensive use of thin films, and the stress and strain of the films
are often very important to the operation of MEMS devices and systems. A film under
mechanical stress will deform. The stress in freestanding films will be zero, and stress
gradients in thin films can be relaxed by the curvature of freestanding structures. A
freestanding film with a stress gradient will curve towards the side that is in tensile stress.
The stressed CPW cantilever makes use of these residual stresses. Figure 4.1 shows the

fabricated MEMS stressed CPW cantilevers.

Figure 4.1 (a) A stressed MEMS CPW cantilever; (b) Arrays of stressed MEMS CPW cantilevers on

a Si wafer.

Stress gradients result from variations of film composition caused by all the different

effects that can cause intrinsic stress, i.e. chemistry, doping, structure, and surface states.
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A typical situation is depicted in Figure 4.2. Assume a freestanding metal film that
has the thickness ¢ and width w. If it is bent by applying force ¥ at the ends as shown in
Figure 4.2 (a), a stress gradient Ac/t can be grown in the film, creating a restoring
moment which just balances the bending moment of F. Similarly, if metal film is
deposited on Si substrate with an intrinsic stress gradient as shown in Figure 4.2 (b), the
gradient must be maintained by a sufficient bonding force F to the Si substrate. If a
bonded cantilever beam is undercut-etched to release it for a length L as shown in Figure
4.2 {c), a portion of film curves up until the stress is completely relaxed.

Before the cantilever beam is released, there is both an average stress and a stress
gradient in the thin film. The stress will go to zero when it is released, but the stress
gradient remains if the film is constrained such that it is still flat. After release, the -
average stress 15 zero, but the stress gradient remains. This leads to bending of the
freestanding structure. This will form a stressed CPW cantilever. The resulting curvature

radius » may be decided by Hooke’s law for biaxial stress.

&

~N o

b before release

| |
VE

F
Sisubstrate

c ¢  Afterrelease

I~z
et

Si substrate

Figure 4.2 Stress gradients causing a bent cantilever [60],
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The biaxial stress is given by Hook’s law [40]:
Oxy = [E/(1-V)]exy {@.1)

where the stress Oy and strain g, are given the subscripts in which the first element
refers to the surface and the second refers to the direction. £ is the Young’s modulus, and -
v is Poisson’s ratio. E/(1-v) is the biaxial modulus. The change in strain from top to

bottom across ¢ is related to » by

Aty y = tir 4.2)
. For moderate angles of lift (6<50°), the bending height can be approximated by
b=L/2r 4.3)
Combining above three equations, stress can be given by mechanical parameters as

AG = 2U[E/(1-v)Ib/L? (4.4)

For stressed MEMS cantilevers, the conductive transmission lines are fabricated by
Al(0.21 pm)/Cu(0.92 um} layers. For approximate calculation, the stress is assumed to be
caused by only the Cu layer. Therefore, £ = 130 GPa (assuming bulk value), v=0.32, =

10.92 pm. Table 4.1 shows measured bending height b and the calculated stress resulting
in bent cantilevers. The cantilever bending height was measured with a microscope with a
calibrated z-movement. A variation of stress is observed in Table 4.1, this possibly due to
variation of E over the sample surface.

For the fabricated stressed CPW cantilevers, it is also noted that the springs are

surprisingly tough, and have survived during rinsing off oxide and dust on the surface.
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Table 4.1 Calculated stresses in cantilevers

Measured Dimensions Stress
Bending (nm) (GPa)
Samples height (um)

L =360,
60 w =40, 0.161

t=0.92
Center 140 L =520, 0.180

beam w =40,

t=0.92

Side

beams 140 L =600, 0.135

w=170,

CPW cantilever (No.1) £=0.92
Center 130 L =575, 0.137

beam w =40,

=092
Side 130 L =643, 0.109

beams w = 80,

CPW cantilever (No.2) 1=0.92

4.1.2 Resonant frequency

The resonant frequency of a cantilever was measured by the system shown in Figure 4.3
(a). Its operation principle is also shown in Figure 4.3 (b). A laser beam is focused on the
end of a stressed cantilever probe and reflected back to a photodetector. The
photodetector detects the variable position of the laser beam reflected from the cantilever
through a splitter. The natural vibration of the cantilever due to thermal excitation is used

to determine the cantilever resonance frequency. Using this laser beam deflection system,
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the resonant frequency of three stressed cantilevers suspended in air is measured as

shown in Figure 4.4.

Photodetector

%

Laser Lens

Stressed cantilever

Figure 4.3 (a) Resonant frequency measurement set up; (b) Laser beam bounce deflection system for

measuring mechanical properties.

The spring constant £ of a rectangular cantilever structure fixed on one end is

calculated using
Et'w
k= 45
4L “>

where L, w, ¢t are the length, width, and thickness of a cantilever, respectively. E is
Young's modulus. For Cu cantilever, E = 130 GPa and p = 8.89 g/cm’ is given from
Table 2.5.

The center beam or side beam resonance frequency of the CPW cantilever with free

ends is

1 k

e =52\ 024m,

(4.6)

For the ground connected CPW cantilever as shown in Figure 4.5 (a) and its
equivalent model in Figure 4.5 (b) has length L that does not change but its width w and
mass my, are equal to the sum of the two separated beams, respectively. The side beam
resonance frequency of a ground connected CPW cantilever, with beam length L and

mass my with an end mass m, can be computed using an equivalent mass m + 0.24 my, as
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I

2w\ m+0.24m,

(4.7)

where mp = m+my, m; = pwLt, w = wi+w,, and the thickness of cantilever is ¢ and p is the

mass density of the cantilever material. The 2™ resonant frequency is theoreticall
y q y y

calculated to be f,, =6.26 f,, [61].
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Figure 4.4 Resonant frequency of cantilevers.
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The quality factor (O is defined as resonant frequency divided by its resonant width

Q= —A];fp’—— of the 3dB bandwidth from resonant frequency or bandwidth Af, at 0.707 of the

IS

maximum amplitude. Table 4.2 gives the measured and computed mechanical

parameters.

@

{b)

o

L

Figure 4.5 (a) Ground-connected side beams; (b) equivalent beam.

Table 4.2 Measured and calculated mechanical parameters of siressed cantilevers

Sample Bending Dimensions Measured Computed
height (pm) (um) results results
Single stressed L=360 |f,;=413kHz fr =4.125kHz
cantilever 60 w =40 fr2 =256 kHz Jro=258kHz
=092 k£=0.019340
Q= 46
Side L =600 S =1.84kHz frr=1364 kHz
Stressed beams 140 w="170 fr2=11.5kHz fr2=8.539kHz
CPW t=0.92 k= 0.00976
cantilever 0=12
(No.1) L=3520 S =188 kHz S =2.088 kHz
Center 140 w =40 S =138 kHz fr=13.1kHz
beam 1=0.92 k=0.005225
0=10.5
Side L=643 fr=10kHz frr=1226 kHz
Stressed | beams 130 w=80 | f;=656kHz |f,=7687kHz
CPW t=0.92 k=10.00894
cantilever g=11.7
(No.2) L=575 S =153kHz Jrr=1.708 kHz
Center 130 w=40 f2=9.13kHz fr2=10.69
beam =092 k=0.003865
0=176

71



Chapter 4 Characteristics of CPW cantilevers and discussion

The measured resonance frequency of the center and side beams of the stressed CPW
cantilever (No.2) in Figure 4.4 is about 1.53 and 1.0 kHz which is in reasonable
agreement with the theoretical value of 1.71 and 1.226 kHz based on the measured
dimensions of CPW cantilever in air, respectively. The reason for the small difference

may be the effect of the Al layer is neglected in calculation.

- 4.2 Electrical properties of stressed MEMS CPW cantilevers
4.2.1 Computing the characteristic impedance and effective dielectric constant

The cross section of a CPW is shown in Figure 4.6 above a thin SiO; film between a
silicon wafer and the conductors. The SiO; layer can block a dc leakage current flowing -
between the CPW center strip conductor and the ground strip conductors since the Si
wafer is not a perfect insulator. The leakage current is not a concern in the case of passive
devices such as couplers and filters. But it can be a serious problem when active devices
are integrated. Since there is a thin SiO; layer between the Si wafer and CPW conductor
lines, the effect of the SiO; layer should be considered during calculations of the CPW

characteristic impedance and effective dielectric constant.

—wk—s—{wf—

Conductor
' S0, | nt
&,q Si substrate h2

Figure 4.6 CPW transmissien line on two-layer substrate.

The equations presented in section 2.3.1 assumed a zero thickness oxide and were
used along with HFSS as the design equations for our CPW. However, to accurately

compare measurements and theory, we will examine in more detail the effect of the oxide
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layer. Figure 4.6 also gives the dimensions of CPW transmission line and the thickness
and dielectric constants of the substrate layers where /= h1+A2.

The characteristic impedance Z; and effective dielectric constant £,,, of the CPW are

given as [19][62]

zZ, = 307 K{ky) “s)
ey Klko)
Ergr =14 (&, — €2}/ 2+ q,5(£,,—1)/2 (4.9)
where the partial filling factors g and g, are equal to
| = ___K(kl')K(kO) (4.10)
K(k)K(k)
_ Kk K (k) b

T KGR (ky)

The modulus of the complete elliptic integrals K'(k, )}, K (k,), and K(k,) are given as

i ____sinh(zS/4h) w2
> sinh{[#(S +2W)]/ 4h} '
_ sinh(#5/4A1) s
"7 sinh {[7(S + 2]/ 4h1} '
S
dk, = ,
T oW @14

The complementary moduli is given by k, = {1-k} (i=0, 1, 2).
If 71 tends to infinite, k, =k =%, and g, = ¢,= 1, hence .y = (€, +1)/2 which |
means that dielectric constant of an infinite thickness substrate is &, .

If A1 tends to zero, g, = 0 and the above equation becomes
Erop =1+ gy(g,, —1)/2 (4.15)

If 21 tends to zero and 42 tends to infinite, ¢,= 0 and g, = 1, the £, Trom above

~ equation is given as
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Erep =1+(€,,—1)/2 (4.16)

In our cantilevers, the thickness /1 of the SiO; insulating layer is approximately 0.36
pm, and the thickness 42 of Si wafer is approximately 325 um. The approximate (no
oxide} &, is given as
Eror =14(8,, —1)/2=6.45

The ¢, and Z; are calculated using equation (4.15) which includes oxide thickness
effects and using the actual dimensions of the fabricated CPW lines on Si holder (Al =
0.36 um , A2 =325 pm, w =152 um, and § = 96 pm) are given as
Epop = 6.36

=20 Klko) _ 43920
Jor Klho)

Although the above calculated ¢, and Z; using CPW dimensions are independent of

the frequency, they are very useful for estimating the propagation parameters of the CPW

line on Si holder based on an equivalent circuit model as described in the next section.

4.2.2 The measured and simulated S-parameters

Figure 4.7 shows an on-wafer scattering parameter measurement using an Anritsu (ME-
7808A) vector network analyzer (VNA). S-parameters are measured after using an on-
wafer short-open-load-thru (SOLT) calibration. Through a coaxial cable, the source
drives the input of a conventional ground-signal-ground (GSG) microwave probe. This
probe has a low loss and a characteristic impedance of 50 Q.

The transmission coefficient is determined by connecting a second GSG microwave
probe contacting the output of a CPW line on the silicon holder. The native oxide on the
surface of the CPW conductor was removed immediately prior to the S-parameter
measurements of the CPW cantilevers since the Cu can oxidize and cause poor probe
contact. The electrical connection on-wafer from the GSG probe to the CPW line on Si

holder is made by the means of pressure contact.
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The following fabricated CPW cantilevers can be divided into three parts as described
in chapter 2 as follows: part 1, a CPW line on Si holder; part 2: a transition on Si holder,
a tapered CPW line between a CPW line on Si holder and a CPW cantilever in air; part 3:
a CPW cantilever suspended in air. A CPW cantilever is mounted by a Si holder. Both
dimensions of the CPW line on Si holder (part 1) and CPW cantilever in air (part 3) are
different.

Figure 4.7 S-parameter measurement set up.

4.2.2.1 CPW line on Si holder with and without CPW cantilever

1) Measured S-parameters ’

A ground connected CPW cantilever on a thin SiO, membrane mounted by a CPW line
on a Si holder is shown in Figure 4.8 (a). It consists of a 3200 pm long CPW transmission
line (part 1) in conjunction with a transition (part 2) on a Si holder. Case A as shown in
Figure 4.8 (a), includes the cantilever (part 3). In case B, Figure 4.8 (b), the cantilever
(part 3) has been removed. The dimensions of the two cases are given in Table 4.3. Two-
port S-parameters are measured with probes at the reference planes 1 and 2 as in Figure
4.8. The measured two-port S-parameters of the two cases are shown in Figure 4.9. Both
return losses at port 1 and port 2 are non-reciprocal due to asymmetrical structures. The

amplitude of return losses for the two cases is in the same range from 14 dB to 25 dB.
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Since the measured return losses are better than 14 dB over the entire frequency range,

they indicate that the fabricated CPW lines on Si holder are reasonably well matched.

Figure 4.8 (a) Ground connected CPW cantilever on 8i0; membrane; (b} CPW transmission _liue on

Si holder.

Table 4.3 Three part dimensions and dc resistance of fabricated CPW cantilevers

a b
Center beam | Side beams Center beam | Side beams
Part 1: L=3200pm { L=3200um | L=3200pm | L =3200 um
CPW line w=97 um w =97 um w =97 um w =97 um
on Si holder
Part 2:
transition 200 pm 200 pm
on Si holder
Part 3: L=600pum | L=635pum
CPW cantilever | w=35pum w=35pm
in air
dc resistance 0.9 Q 0.67 Q)

(The thickness of copper and aluminum is about 0.92 and 0.21 pm, respectively)

The insertion losses of both cases are observed to increase slowly over the frequency
range. For example, the insertion loss of the CPW line with cantilever as shown in Figure
4.9 (a) is about 2.9 dB and 3.5 dB at 10 and 20 GHz, respectively. Similarly, the insertion
loss of the CPW transmission line without the CPW cantilever as shown in Figure 4.9 (b)

is approximately 2.96 and 3.4 dB at 10 and 20 GHz, respectively. Comparing the
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measured S-parameters of the two cases, it is observed that the insertion loss and return
loss are almost insensitive to the existence of the CPW cantilever (part 3). It infers that
the S-parameters of the part 1, CPW transmission line on Si holder mainly determine the
S-parameters of entire CPW cantilever. It is reasonable that the losses of the CPW
cantilever in air (part 3) are low due to its short line length and low dielectric constant.
Therefore, the propagation properties of the stressed MEMS CPW cantilever are mainly
determined from those of the CPW transmission line on Si holder (part 1). For detailed
analyses of the insertion loss of the CPW line in Figure 4.9 (b), the measured magnitude
and phase of S21 of the 3200 um CPW transmission line on the Si holder shown in
Figure 4.8 (b) are given in Figure 4.10.

0 0
-S-wl . o -S.M
Ground connected CPW cantilever beam on $iO, membrane 3200 pm CPW lins on Si holder
— =10+ & -10-
) [
o o2
: :
k] k]
E E
g o
g g
) b
-30 T T T v T T
0 10 20 30 40 0 10 20 30 40
Frequency (GHz) Frequency (GHz)

Figure 4.9 S-parameters (a) Ground connected CPW cantilever on SiO, membrane (part 3) mounted
on a 3200 pm CPW transmission line on a Si holder (part 1); (b) A 3200 pm CPW transmission line
(part 1).
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Tigure 4.10 Magnitude and phase of 821 for the 3200 pum CPW transmission line on Si holder (Figure
4.8 (b), case B).

Using the phase shift & (electrical length) of the measured S21 in Figure 4.10 (b), the -
effective dielectric constant ¢, can be calculated. Note that the phase variation is fairly
linear as a function of frequency. For example, the phase shift & of 3200 ym CPW
transmission line on Si holder changes 92.12 degree at 10 GHz, the phase constant f§ in

radians per millimetre and €, are initially estimated as follows:

e
| = @(Deg)=—rx 4.17
Bl = 0(Deg.) ™ 4.17)
2, 6
A 180
@ 2
f=—= —— [ Erepr (4.18)
u U
Af =2 (4.19)
Erepr

2
e =|Ho =[ 4o9 2~— 3x10°x92.12 2=57’6
o T\ 7 3601f 360%3200%1076 x10x10° '
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where the speed of light is u, = 3x10° m/s and the length of the CPW line on Si holder is
{=3200 pum.

Using above equations, the effective dielectric constant and attenuation constant per
millimeter of a CPW line on a Si holder (part 1) at frequency range 0.04-40 GHz are
(_:alcuiated as shown in Figure 4.11. The measured S-parameters of a total 3200 pum CPW

line on Si holder given in Figure 4.10 were used. As seen in figures, the £,., becomes
nearly level at frequencies above 10 GHz. The computed &,,, = 6.36 using the equation

(4.15) and dimensions of CPW line on Si holder as described in the last section is
independent of the frequency. At very low frequencies of a few gigahertzes, the £, in
Figure 4.11 (a) is very large and decreases quickly. It is not valid due to offset error in
measured S21 in Figure 4.10 (a).

A more valid method of determining ¢,,, would be to use the local slope of Figure
4.10(b). At first, we smooth the phase curve in Figure 4.10(b) and take away the offset

value at very low frequencies (suppose the phase starts at zero), and then calculate the

local slope as follows:

A6 _6,(/2)=6,(/)

Af Af
Uy dw _ 2mAf
£ OB AO/I

o _[ueant [u, a6 _| w46
| 2maf 2d Af | |, 180 Af
T

27

[ w6 +an-600.]
- Err (3601)( A )]

The attenuation constant « in nepers per millimeter using the measured S-parameters

in Figure 4.10 (a) is calculated by [63]:
\Loss(dB)} = |1(}Ioge'2”’

= 20alloge = 8.686al
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a= Loss (4.20)
8.686/

The attenuation constant is also plotted in Figure 4.11 (b) and is low in entire

frequency range. Table 4.4 gives the propagation parameters of CPW line on Si holder

(part 1) at selected frequencies as calculated using equations (4.18), (4.19), and (4.20).

Effective dielectric constant

10

20

Frequency (GHz)

30

40

Attenuation constant o, (Nepers/mm)

20

Frequency (GHz)

30

40

Figure 4.11 Effective dielectric constant and attenuation constant per millimeter using measured 8-

parameters of Figure 4.10.

Table 4.4 Propagation parameters per millimeter of 3200 pm CPW line on Si holder

{part 1) using measured S-parameters in Figure 4,10

Frequency | Loss Phase |Effective | Aftenuation |Phaseconstant | Propagation
(GHz)  |(dB/mm) | (Deg./mm) |dielectric |g (nepers/mm) | B (rads/mm) | constant %

10 0.936 28.79 5.76 0.108 0.502 0.108+0.5021

20 1.022 56.06 5.44 0.118 0.980 0.118+0.9801

30 1.130 83.66 5.39 0.124 1.462 0.124+1.4621

40 1.284 111.05 5.35 0.148 1.938 0.148+1.938i

2) HFSS simulation S-parameters

Since the CPW transmission line is not a perfect conductor, it has a dc resistance. In

HFSS 9 simulation, the total losses should also consider the loss caused by dc resistance

of the CPW line. A dc resistance can be used to compensate for the losses at low

frequencies of a few gigahertzes in HFSS simulation. The calculated dc resistance of the
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two case structures is 0.9 and 0.67 Q as given in Table 4.3, respectively. Considering the
effect of dc resistance, the HFSS simulation S-parameters of a 3200 um CPW line on Si
holder with and without a CPW cantilever (part 3) are shown in Figure 4.12. The
simulated insertion losses are approximately 1 dB offset for both cases at 0.04 GHz. They
match fairly well to the measured insertion losses as was previously shown in Figure 4.9.
This indicates that the insertion loss at very low frequency is possibly caused by dc
resistance. This also indicates the importance of the probe contact resistance when

performing measurements.

0 $21: CPW cantilever mounted 3200 um CPW line on Si
200 4 holder,loss tangent 0.02, dc resistance 0.90.
-5 CPW cantilever mounted 3200 um CPW line on Si
holder,loss tangent 0.02, dc resistance 0.9Q.
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Figure 4.12 Simulation S-parameters (a) CPW cantilever (part3) mounted 3200 pm CPW line on a
Si holder (part 1) in Figure 4.8 (a); (b) 3200 pm CPW line on a Si holder (part 1) in Figure 4.8 (b).
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In addition, the simulated S-parameters in Figure 4.12 are in reasonable agreement
with the measured S-parameters in Figure 4.9. There is particularly agreement for the
case with no cantilever (Figure 4.9 (b), 4.10, 4.12 (b)). The simulated return losses at port
1 and port 2 for the two cases are different due to asymmetrical structure. The insertion
losses of the two cases have almost the same range from 1 dB to 5 dB in the frequency
range 0.04 - 40 GHz.

Similarly, using equations (4.18) and (4.19) and the simulation S-parameters of
Figure 4.12 (b), the effective dielectric constant and attenuation constant per millimeter at
frequency range 0.04-40 GHz are calculated and given in Figure 4.13. These results are

compared with the measured ¢,,, and attenuation per millimeter in the Figure 4.11 using
measured S-parameters. The difference between calculated and measured ¢, is about 1

at frequencies above 10 GHz and discrepancy in the attenuation may be due to the
selected loss tangent 0.02 in HFSS simulation which is too low at low frequency and too
high at high frequency. Table 4.5 gives the simulated propagation parameters of a CPW

line on Si holder (part 1) at some selected frequencies.

8.4 0.16
8.2
] — 0.14
8.0 £
§ 7.8 30.12-
= [}
S 76 < 0.104
E 741 T
% 7 5] 2 0.08;
2
§ 7.04 Eo_oe.
£ 6.8l 2
) -
65l a g 004 b
6.4.1, , . . 0.02 . R
0 10 20 30 40 0 10 20 30 40

Frequency {GHz) Frequency {GHz)

Figure 4.13 Effective dielectric constant and attenuation constant per millimeter using simulated S-

parameter in Figure 4.12 (b).
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Table 4.5 Propagation parameters per millimeter of 3200 pm CPW line on Si holder (part 1) using

simulated S-parameter in Figure 4.11(b)

Frequency | Loss Phase |Effective | Attenuation |Phase constant | Propagation

(GHz) |(dB/mm) {Deg./mm) |dielectric a, (nepers/mm) B (rads/fmm) | constant 7
10 0.506 31.2 6.76 0.058 0.545 0.058+0.545i
20 0.7 61.94 6.63 0.081 1.08 0.081+1.081
30 0.813 62.70 6.64 0.094 1.618 0.094+1.6181
40 1.309 100.87 6.69 0.151 2.167 0.151+2.1671

For part 3, the simulated S-parameter magnitude and phase of the 575 pm CPW

cantilever in air are given in Figure 4.14. The correspondingly simulated attenuation

constant and phase constant per millimeter are calculated from the simulated S-parameter

of the 575 pm CPW cantilever in air using equations (4.18) and (4.19) and are given in

- Figure 4.15. The ¢,,, of the CPW cantilever in air is equal to 1. The attenuation constant

shows the CPW cantilever in air is almost lossless. Table 4.6 gives the propagation

parameters of CPW cantilever in air (part 3) at some selected frequencies.
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Figure 4,15 Attenuation constant and phase constant per millimeter using simulated S-parameters of

575 pm CPW cantilever in air.

Table 4.6 Propagation parameters per millimeter of 575 pm CPW cantilever in air

{part 3) using simulated S-parameter

Frequency Loss Phase |Effective | Attenuation |Phase constant Propagation
(GHz) | (dB/mm) {(Deg/mm)|dielectric |g, (nepers/mm) | fs (rads/mm) constant %
10 3.63E-04 9.75 1 9.24E-05 0.210 9.24E-05+0.210i
20 1.73E-03 18.93 1 4.03E-04 0.419 4.03E-04+0.419
30 4.93E-03 30.48 1 1.10E-03 0.628 1.10E-03-+0.628i
40 1.17E-02 42.24 1 2.72E-03 (.838 2.72E-03+0.8381

3) Equivalent circuit model

In order to formulate a basic propagation equation of a MEMS CPW cantilever

mounted by a Si holder, an ABCD matrix is selected. ABCD parameters are used because

the overall results of a cascade of circuits can be easily determined by chaining the

matrices from the individual circuits together. The three parts of the entire CPW

cantilever can be considered as a two-port network shown in Figure 4. 16 (a). The total

ABCD matrix of entire CPW cantilever is given by
[ABCDtotal} = [ABCDpan 1][ABCDpan 2] {ABCDpart 3]
[ABCDmta!] = [ABCDCPW-on-hDIder]{ABCDtransition][ABCDCPW-Cantiiever—in—air]
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Since the transition, a tapered CPW transmission line on Si holder, is small in length
and is 50 Q characteristic impedance, the above ABCD matrices can be merged and
rewritten as

[ABCDiotal] = [ABCDcpw-transition-on-hotder] [ABCD cpw -cantitever-in-air]

Therefore, ABCD matrices are easily written as

* [ABCDcpw-tmasition-on-holder] = [ c0§h}qL % Sinh%l}
: YsinhyL coshylL

" where L = Li+L,=3.0+02 =32 mm, Z;=4892Q, Y, = 1/Z,, and propagation constant

¥, per millimeter of CPW line on Si holder (part 1) was given in Figure 4.11 as based on

measured results.

cosh 7,.L Z.sinhy, L
{ABCDCPW-cantilever-in-ai;-] ’:[ V2l 3 Vs 3:|

Y;sinhy,L, coshy,L,
~where L3 = 600 um, Z3 = 141.8 Q, Y3 = 1/Z;, and propagation constant %, per millimetre
of CPW cantilever in air (part 3) as was given in Figure 4.15 based on simulated results.
Using ABCD approach, it is very easy to design different lengths of CPW line on Si
holder (part 1) and CPW cantilever in air (part 3) and calculate its total ABCD |
parameters. The S-parameters of the final 2-port network, Figure 4.16 (b), can then be’

calculated using total ABCD parameters as follows:

_ +A+BY,~CZ,-D

Sl = 4.21)
+A+BY,+CZ,+D

s12 = HAD = BC) (4.22)
+A+BY,+CZ,+D

§21= 2 @23
+A+BY +(CZ,+D
- A+BY,~CZ,+D

202 ATBY mCzt 4.24)

4 A+BY,+CZy+D

A CPW cantilever mounted with a CPW line on a Si holder can now be considered as
- shown in Figure 4.16 (a). In order to calculate its reflection coefficient of the entire

structure for different terminations, the equivalent circuit model is inserted between the
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unknown load and source impedance as shown in Figure 4.16 (b). The source and load
impedance are assumed 10 Zg and Zy, respectively. To reduce unwanted reflections in
high frequency circuits, the transmission lines have to be impedance matched. In most

cases, the source impedance is always designed as 50 Q.

| CPW transmission line Transition CPW cantilever in air
, on Ni holder ;
* s G s
j |
[
Source I 0 ¥ iL La 1422 % Lz | Load
! |
H |
o 0 0 -
f Part 1 Part 2 Part3 !

Source Load

s @' 'Tin(Zm) Tow Zow) 'TT 1)

Figure 4.16 Equivalent circuit model for a CPW cantilever mounted CPW line on Si holder

(a) Cascade circuit; (b) S-parameter flow graph and equivalent mode} terminated in load Z,.

In the equivalent circuit model, input reflection coefficient I, can be calculated and
determined in terms of the load reflection coefficient I'r, while output reflection

coefficient I" , can be calculated and determined in terms of the source reflection

out
coefficient I's. The source and the output reflection coefficients have arrows pointing
toward the left. They are related by the relationship. |

a, =1,b,

b, =S11a, + S12a, = S1la, + S121,5,
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b, = 821a, + S22a, = §21a, + S22T,b,

_ S2lg
2 1-822r,
21

b = Slla, +S12T, —2i_

1- 5227,
r - b _ ¢y, 5125210, _ S11-AST, @25

a, 1-822T,  1-822I,
- AS =511822- 512821

— ZT _ZO — Eu _Sll (4.26)

" Z,+Z, T,822-AS

Note the last equation is not valid when S12 is zero. When S12 is zero, T, is always
equal to S11. When S12 is not zero, then the I’ is not equal to S11.

Similarly, the I is related to the I's. The relationship is as follows.

ant

b gy, S12S2I0 S22 AST, wr
a 1-S1IT,  1-S1I,

2

Zs—2Z, r,—s22
I, = = (4.28)
Z.+Z, I, SI1-AS
N 0

ot

18 not equal to S11 and that T, is not equal to

out

It is important to point out that I,

S22. They have equality only when the opposite port is terminated in a zero reflection
“coefficient impedance or when $12821 = 0.

When the load Zr is changed, I't changes. Changing load Z1 does not affect the Tyy; or

the I's. Similarity, the I's does not affect the T, or the I't. The I's does affect the Toyt.

4) Different load conditions

(1) If a lossy CPW transmission line, which has dielectric and conductor loss, has a
matched source and load, Zy = Zr=Zg, I't = I's = 0, then §11=.822= 0. The scattering
matrix for the lossy CPW line is then given by
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St Si2 0 e 0 e‘“fe—jﬁl' 0 g o i?
S — — = . = )
S21 8§22 e 0 e eIl 0 L 0

where e’ = cosh(#)+sinh(}#), y=a+ jf and the length of transmission line is / and

phase shift @ is negative for a positive length line. ¢ is the attenuation constant and £

is the phase constant for the transmission line. The input reflection coefficient is given as
T =Sil+ S12821I% _
1-S822[,

For a lossless CPW line transmission line with a matched load and source, & =0, I'y

=I5 =0, and S11=.522=0. Therefore the S-parameter matrix becomes

G sit s12]1 [ o e
TUs21 8§20 e 0

The input reflection coefficient is given as

T, =5811+S128211; /(1 - 8§22I5.)=0

(2) If the equivalent circuit model is terminated in an open circuit, Zr = oo, then I't = 1.

The input reflection coefficient is given as

r :S}1+SIQS21FT =S”+SI2S21

1—S22T, 1-522

{4.29)

3) If the equivalent circuit model is terminated in a short circuit, Zy= 0, then I't = -1, The

input reflection coefficient is given as

S§1282115 =1 _ 812521

L,=5811+ = 4.30
1-822T, 1+822 @30
The input return loss can be expressed in dB as

Return loss (dB) = -201log,,(T;,) (4.31)
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4.2.2.2 CPW cantilever mounted on a 5000 pm CPW line on Si holder

Figure 4.17 shows a ground connected stressed MEMS CPW cantilever. The measured
dimensions are given in Table 4.7. In the previous section 4.1 we measured its
mechanical properties, such as resonant frequency, quality factor, and spring constant and
were given in Table 4.2 (No.2).

The measured magnitude and phase of the reflection coefficient are given in Figure
4.18 (a). The measured return loss is below 7.5 dB in the range 0.04-40 GHz, The
reflection loss result is mainly due to insertion loss of the CPW line and the termination
which is an open circuit at the end of the cantilever. The oscillations in Figure 4.18 (a)
are due to the input impedance varying from high to low as the electrical length varies
through 90 degrees. From the measured S-parameters in Figure 4.9 (b), the loss of a 3200
pm CPW transmission hine on Si holder is about 3.4 dB at 20 GHz. The loss of the 5000
pm CPW transmission line on Si holder will be larger than that of 3200 pm CPW
transmission line on Si holder. Note, the phase in Figure 4.18 (a) is already corrected
using the phase compensation of open circuit in the same condition {(we will discuss
latter). The measured phase in Figure 4.18 (a) should begin at zero, but it is
approximately 30° at very low frequency (we don’t give in the thesis). The phase varies

more rapidly due to a reference plane error.

Figure 4.17 A ground connected stressed MEMS CPW cantilever (a) 3D view; (b) Top view.
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Tabie 4.7 Three part dimensions and de resistance of fabricated CPW cantilever

Part 1: Part 2: Part 3: dc
CPW line transition CPW cantilever | resistance
on Si holder | on Si holder in air
Center | L =5000 um L=575pum
beam w =97 um 200 pm w =40 pm 1.2Q
Side L =5000 pm L =643 pym
beams w=97 pm w =40 ym

In addition, the one-port reflection coefficient can be calculated using the equivalent
circuit model terminated in an open circuit. Therefore it is considered as a one-port
network and its reflection coefficient is calculated as follows.

The total ABCD parameters of a CPW cantilever mounted a CPW line on a Si holder are

given as

[ABCDiota1] = [ABCDcpw-transition-on-holder] [ABCDcpw-canitever-in-air]

[ABCDcpw-transition-on-holder] = [ COfShylL % Sinh%L}
YisinhyL coshyL

where L = L1+l =52 mm, Z;=48.92 Q, Y;= 1/Z,, and propagation constant ); per

millimeter based on measured results of part 1 and is given in Figure 4.11 and Table 4.4.

[ABCDcpw-cantilever-in-air] = {Yj(::hy;i:; Zé;;gl;i?}

where Lz = 575 um, Zz = 141.8 Q, Y3 = 1/Z;, and propagation constant p, in air per

millimetre based on simulated results of part 3 is given in Figure 4.15 and Table 4.6.

Then, S-parameters can be calculated using total ABCD parameters. In this case of
the equivalent circuit model terminated in an open circuit, I, = 1, the input reflection

coefficient in terms of equation (4.31) is given as

1282
r ooy S8, o S12821

& 1-822T, 1- 822

The magnitude and phase of the reflection coefficient of the ground connected CPW
cantilever are calculated using the equivalent circuit model terminated in an open circuit

and are given in Figure 4.18 (b). Table 4.8 gives total ABCD parameters, S-parameters,
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and reflection coefficients using the equivalent circuit model terminated in an open
circuit at selected frequencies. Figure 4.18 (¢} gives the HFSS simulation reflection
coefficient results.

In comparison with the measured results in Figure 4.18 (a), the curves of reflection
coefficient using the equivalent circuit model and using HFSS simulation are similar. The
possible reason causing the discrepancy of reflection coefficient is that there is a small
capacitance at the end of CPW cantilever in air between the center beam and ground-
connected side beams.

The phase error of reflection coefficient using the equivalent model is also about 30
degrees at very low frequency. The same result is given by the measured phase in Figure

4.18 (a) (before it is corrected). However they should begin at zero.

Table 4.8 ABCD and S-parameters of CPW cantilever mounted 5000 pm CPW line on Si holder

using equivalent circuit model in an open circuit

ABCD parameters S-parameters Reflection
coefficient
A =-0.94608 + 0.288691 | S11=-0.055161+ 0.030434i
10 GHz | B =-26.462 +16.083i S12 =-0.53955 - 0.24384 0.13527 + 0.32852i
C=-0.09121 + 0.01251i | S21 =-0.53955 - 0.243841
D =-1.1467+0.15512i | S22 =0.020526 + 0.15143i
A =0.29322+0.580641 | S11=-0.072704 - 0.0647951
20 GHz | B = 25.589+48.089i S12 =0.27962 + 0.455261 0.28123 - 0.15343i
C=0.0031455-0.02262i | 821 = 0.27962 + 0.455261
D =0.99685-0.516221 S22 =0.09471 + 0.27355i
A =0.42553+0.514541 | S11=0.050738 - 0.116891
30 GHz | B =-11.89+75.449i S12 =-0.0094475 - 0.520991 0.23807 +0.231521
C =0.004426+0.020651 | S21=-0.0094475 -0.52099i
D =-0.47683+0.78474i | S22 =0.20005 + 0.35162i
A =-1.0456-0.31453i S11 =0.097986 + 0.036138i
40 GHz | B =-20.065-96.2641 512 =-0.23482 + 0.33852i 0.1322 - 0.17734
C=-0.013446-0.01021 ; S21 =-0.23482 + 0.33852i
D =-0.64768-1.238861 | S22 =0.31743 + 0.38789i
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Figure 4.18 Magnitude and phase of S-parameter of CPW cantilever mounted 5000 pm CPW on a Si
- holder in Figure 4.17 using (a) Measurement; (b} Equivalent circuit model; (¢) HFSS simulation.
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Although the errors of the equivalent circuit model and HFSS simulation are very
large, both methods can be used to estimate S-parameter of different lengths of CPW
cantilever or CPW line on Si holder without complicated microwave equipment. The
possible reasons for large errors are that the selected loss tangent 0.02 in HFSS

simulation is too low at low frequencies and too high at high frequencies and the

frequency shift is due to the method we used to estimate &, .

4.2.2.3 CPW cantilevers with ground connected for both ends

Figure 4.19 shows the fabricated MEMS CPW cantilevers with ground connections at |
both ends. One is a CPW cantilever suspended by a thin SiO, membrane as shown in
Figure 4.19 (a) and another is a CPW cantilever suspended in air as shown in Figure 4.19
(b). The membrane is the remained SiO; layer after backside KOH deep etch. Both CPW

cantilevers have the same dimensions given in Table 4.9.

Figure 4.19 Ground connected for both ends of CPW cantilevers {a) on membrane; {b} in air.

Table 4.9 Three part dimensions and dc resistance of fabricated CPW cantilevers

Part 1: Part 2: Part 3: dc
CPW line Transition CPW cantilever with resistance
on Si holder | on Siholder | or without membrane
Center ; L =2600um L =600 um
beam w=97 um 200 pm w=35 um 0.80 Q
Side L= 2800 ym L =635 um
beams w =97 um w=37.5 um
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The measured reflection coefficients of the CPW cantilevers with and without thin
SiO; membrane at frequency range from 0.04 to 40 GHz are shown in Figure 4.20 (a).
(The phases are already corrected using the phase compensation of open circuit in the
same condition.). The magnitude and phase curves of reflection coefficients are almost
the same in shape, respectively. This demonstrates the repeatability of both the
fabrication method and probing method. Comparing the two cases, the CPW cantilever
either with or without a SiO» membrane shows it is not an important factor in electrical
performance. It indicates the membrane below the CPW cantilever does not affect the
reflection coefficient of CPW cantilever. The reflection losses indicate corresponding
average transmission loss of approximately 3 dB over the frequency range. Therefore, the
propagation properties of the stressed MEMS CPW cantilever with and without
membrane are also mainly determined by those of CPW transmission line on Si holder.
The amplitude of reflection loss for the two cases varies by approximately 4 dB from 4
dB to 8 dB. It is reasonable that its loss is less than that of the CPW cantilever mounted
5000 pm CPW line on Si holder in Figure 4.18 (a), where the amplitude of reflection loss
varied by approximately 5 dB from 7.5 dB to 12.5 dB.

Using the equivalent circuit model, the magnitude and phase of the St1 of the CPW
cantilever mounted 2600 um CPW line on Si holder with ground connected for both ends
are calculated and shown in Figure 4.20 (b). Since its length is shorter than the 5000 yum
CPW line on Si holder in Figure 4.17, it is reasonable that the reflection loss in Figure

4.20 (b) is smaller than that in Figure 4.18 (b).
| The HFSS simulation S11 of the 600 pm CPW cantilever mounted on a 2600 um
CPW transmission line on Si holder with ground connected for both ends is also shown in
Figure 4.20 (c). The possible reasons for the large errors are that there is a small
capacitance at the end of CPW cantilever in air between the center beam and ground-

connected side beams.
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Figure 4.20 Magnitude and phase of the reflection coefficients of CPW cantilever mounted 2600 pm
CPW line on a Si holder using (a) Measurement; (b) Equivalent circuit model; (c) HFSS simulation.

95



Chapter 4 Characteristics of CP'W cantilevers and discussion

4.2,2.4 SOLT calibration

Figure 4.21 shows a simple block diagram of a vector network analyzer (VNA) in
microwave measurement. The S-parameter measurement consists of a device under test
(DUT) embedded in a fixture connected to the VNA with appropriate cables. The point at
which the DUT connects with the measurement system is defined as the DUT reference
plane. Measuring the characteristics of devices on a wafer level is achieved by connecting
microwave probes directly to the wafer.

However, any measurement includes not only that of the DUT, but contributions from
the fixture and cables as well. With increasing frequency, the electrical contribution of

the fixture and cables becomes increasingly significant.

Vector network
analyzer
| i J
1] Device .
, N L .
Coaxiat f:able Fixt e—:— under |1 Fiture Coaxial Fable
fwavegnide || e test L fwaveguide
! i
i !
DuUT DuUT
reference reference
plane plane

Figure 4.21 A VNA in microwave measurement [64].

Sources of uncertainty or error in VNA measurements are primarily the result of
systematic, random, and drift errors. The latter two effects tend to be unpredictable and
therefore cannot be removed from the measurement. They are the results of factors such
as systemn noise, connector repeatability, temperature variations, and physical changes
within the VNA. Systematic errors are repeatable and can be largely removed through a
process of calibration. Of the three, systematic errors are generally the most significant,
particularly at RF and microwave frequencies. To lessen the contribution of systemic

error, remove contributions of cabling and fixturing, and therefore enhance measurement
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accuracy, the VNA must first be calibrated though a process of applying and measuring
standards in lieu of the DUT. In calibration, such errors are guantified by measuring
characteristics of known devices (standards). Hence, once quantified, systematic errors
can be removed from the resulting measurement.

In this thesis, S-parameters are measured using on wafer short-open-load-thru
(SOLT) calibration. Figure 4.22 shows two-port and one-port VNA error models. By
measuring the full two-port S-parameters of a set of known references such as opens,
shorts, matched loads, and known lengths of transmission lines, a system of equations can
be derived that includes the error terms. The error terms can then be solved for and
applied to the results of the measurement of an unknown two-port device to correct for
measurement system deviations from the ideal. DUT parameters Si1 and S21 can be
described as functions of S11M, S21M, S12M, S22M and the six forward error terms in
Figure 4.22 (a). Likewise, S12 and S22 are functions of the four measured S-parameters
and six reverse error terms. Hence, when each error coefficient is known, the DUT S-

~ parameters can be determined from uncorrected measurement. Therefore, SOLT

calibration is essentially the process of determining these error coefficients.
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Figure 4.22 Two-port and one-port VNA error models [64]
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Chapter 4 Characteristics of CPW cantilevers and discussion

In this thesis we used on-wafer calibration standard to measure the error terms. The
Anritsu (ME-7808A) VNA then automatically applies these to produce actual DUT s-
parameters.

Figure 4.23 (a) gives the S-parameter magnitude and phase of a short circuit done
with the GSG probe contacting the CPW copper material on the Si holder. Figure 4.23 (b)
gives the S-parameter magnitude and phase of an open circuit. It exhibits imperfections
because fringing and radiated fields at the end of the transmission line result in phase and
amplitude errors. The difference between the phase of a reflected wave of an open and a
short circuit is approximately 180 degrees.

The measured phase deviation with frequency should be constant. However, Figure
4.23 (b) shows a variation of 500° over 40 GHz (corresponding to a physical length of 1
cm in air). This phase error would be evident in measured results of S11. A correction in
phase of 500/40 GHz = 12.5 °/GHz was applied to the measured results in Figure 4.18 (a)
and 4.20 (a) to compensate for this. Another method is to use the measured phases in
Figure 4.18 (a) and 4.20 (a) subtract the phase of open circuit in Figure 4.23 (b) and we

~will get actual phase of the two cases.
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Figure 4.23 Magnitude and phase of short circuit and open circuit,
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Chapter 5 Conclusions and future work

5.1 Conclusions

A new MEMS CPW cantilever was introduced in this thesis to overcome the limitations
of conventional cantilevers in EFM. The detailed steps of design, modeling, simulation,
fabrication, and testing the MEMS CPW cantilevers were presented.

Through analyzing the selection considerations for the design of CPW cantilevers,
high-resistivity silicon and copper are selected as the substrate and conductor,
respectively. Theoretical design equations give the relationship between the characteristic
impedance, effective dielectric constant, attenuation, and dimensions of CPW lines and
also give the optimum dimensions of CPW cantilevers to reduce losses. The HFSS
numerical electromagnetic simulation program allowed for simulation, modification, and
verification of the designed CPW cantilevers.

The stressed MEMS CPW cantilevers were fabricated on a high resistivity Si wafer at
the MEMS lab of University of Manitoba. The stressed CPW cantilevers were
approximately 640 pm long with a corresponding bending height of 130 um. A simple

~ model was developed to explain the reasons causing the bending in the stressed MEMS

cantilevers. Using the measured dimensions of CPW cantilevers, the stress, resonant
frequency, spring constant, and quality factor were calculated. Measured results of
resonant frequency were consistent with computed results.

With respect to the electrical properties of CPW cantilevers, the measured return loss
of the CPW cantilever was found to be dominated by the lossy CPW-on-Si holder section
of the cantilever. This was approximately 3 dB at 20 GHz. In comparison with calculated
S-parameter using an equivalent circuit model and simulated results using HFSS, the
measured S-parameters were discussed and analyzed. Both the equivalent circuit model
and HFSS simulation can approximately predict the S-parameters of the stressed CPW

cantilever,
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5.2 Future work

5.2.1 Fabrication the CPW caatilever tip

The next step in the development of high-speed cantilevers for application in dynamic
EFM is to fabricate a probe tip at the end of central beam of the CPW cantilever. The
detailed fabrication steps of a MEMS CPW cantilever which has an integrated probe tip

is shown in Figure 5.1 and given as follows:

I. Deposit photoresist on both sides of Si wafer covered with Si0O, insulating layers.

2. Use mask 1 to define the cavity and V-groove on backside of Si wafer, expose
and develop photoresist.

3. BOE etch exposed Si0; regions at backside of Si wafer.

4. KOH deep etch for backside of Si wafer.

5. Use mask 2 to define cantilever beam regions and form the unwanted SiO;
regions on frontside, expose and develop photoresist.

6. BOE etch SiO, at unwanted regions at frontside of Si wafer.

7. Deposit photoresist and use mask 3 to define cantilever tip.

8. Use XeF; etch to form the tip on the frontside of Si wafer and remove the
photoresist.

9. Deposit the metals and then photoresist; use the mask 4 to apply and pattern the
CPW transmission lines on frontside of Si wafer.

10. Metal etchant to remove metal at unwanted regions.

11. Remove photoresist and use XeF; gas backside etch the remained Si wafer at
membrane to release CPW cantilever.

12. CPW cantilever with tip suspended in air. CPW cantilever is mounted by Si
holder

5.2.2 CPW cantilever tip in EFM
Future research on this topic would involve implementing a stressed CPW cantilever with
tip in an EFM configuration and analyzing its performance for the measurement of high

frequency signals at the internal nodes of an IC.
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! Figure 5.1 Fabrication steps for CPW cantilever with probe tip (Not to scale).
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Appendix A: Masks for MEMS CPW cantilevers

Backside mask ! (glass for 2 inch diameter Si wafer)

108



Appendix

Frontside mask 2 (36x34.8 mm glass)
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Frontside mask 3 (35x33.6 mm glass)
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