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Abstract

T'he static and dynamic characteristics of the thermally sensitive structures micro-
machined by the standard ("MOS processes were investigated. Thermal sensitivi-
ties of different structures were measured at «mbient pressures of 1 atm and 107!
Torr. Heat loss mechanisms were analyzed and methods to increase the thermal
sensitivity disenssed. For the dyvnamic response. the time-varving resistance of »
microbridge device was measured under excitation by electrical current and power
steps. The time-varying response for the device at 1 atm and in a vacuum were
observed under a number of step amplitudes and the time constants of the device
extracted. An analytic model was developed and its predictions were consistent

with the observations from the experiments.

A magnetically actuated cantilever-type device was designed and tested. The
device was fabricated using a standard CMOS process, and the designh employed
the novel concept of a cautilever-in- cantilever (CIC) structure to produce a large
angular deflection. Actuation was initiated by Lorentz forces due to the interaction
between currents flowing in the structure and an external magnetic field. The
deflection of the device was measured and compared with the predictions of an
analvtic calculation. A static deflection of more than 2.5° has been achieved. The
measurements of response time and frequency response were also performed. The
triple CI{" {structure containing three active cantilevers) has a measured response

time of 25 ps and a resonant frequency of 17 kHz. At resonance its deflection can

reach more than 259,
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Chapter 1

Introduction

1.1 Measurement Systems

There has been a need of gathering and processing information from the surronnd
ings since the beginning of the human history. Instinctive information gathering is
accomplished by sensing or measuring physical and chemical quantities in the envi-
ronment using an assortment of measurement systems of the Inunan body. such as
sight. hearing. touch, smell and taste. These measurements are then processed by
a neural system (the brain) and used to make decisions. However, due to its very
nature. the information obtained by the human’s biological measurement svstems
is subjective and qualitative. Thus instruments and tools which provide quantita-
tive measurement systems have been designed and used. Today. a wide range of
measurement systems that have a variety of uses could be found alimost anywhere

from the home to factory floor.

Figure 2.2.1 shows the basic components of a tyvpical measurement systens. The
input signal to a measurement system is often called the measurand which is the

physical or chemical quantity to be measured (c.g. pressure. radiation. tempera-
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(M

System boundaryv

Input Signal _'\l Sensor . N Actuator _' Output
PSR > :l> Processor [ L) P
(measurand) 7/ [_(mput transducer) (output transducer) [/ signal

Fisure 1.1: Basic components of a measurement system.

ture). The mcasarand is detected or sensed by an inpul transdaeccr or scnsor. A\
sensor is normally defined as a device that converts a non-electrical quantity into
an electrical signal. Cloming from the sensor. the electrical signal is conditioned -
and modificd by the proccssor unit without changing the form of the energy that

carries the signal.

Finally. the signal from the processor might be used to display information to
a human operator. Alternatively. the signal might be recorded on some type of
medinm. or initiate some action for a process control system. Any such device
that converts an clectiical signal into a quantity of another form will be referred to
as an actuator or oulpul transduccr. For example. the presentation of information
over a loud speaker requires the conversion of an electrical signal into an acoustic

signal and is thus an actuating process.

1.2 Microtransducers and Micromachining

The transducer plays an important role in our industrial and personal lives. A
large transducer may have excellent operating characteristics but. nevertheless, its

marketability and applicability could be severely limited simply by its size. For
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cexample. it 1= difficult 1o perform image collecting using a photo-mualtiplier. A
reduction in the size of a transducer often leads to an increase inits applicability

through:

e lower weight (greater portability):

less effect on measurand (higher measurement accuracey):

faster response:

lower manufacturing cost:

higher packing density leading to wider range of applications.

A microtransducer is differentiated from its large connterparts not only by its
small size but by the techniques used in its manufacturing. It is often formed by
fabrication technologies that have been used to build integrated cirenits (1C). The
process of fabricating such devices with very small dimensions (in the micrometer

range) is often referrcd to as micromachining {1).

In terms of the various forins of its final products, micromachining technology
can be classified as either bulk wmicromachining ov surface niicromachiving {2).
Bulk micromachining. largely depending on the remarkable mechanical propertices
of single-crystal silicon [3]. is usually performed by selectively etehing eryvstalline
silicon. and the micromechanical structures developed with this technology are
madec of either crystalline silicon or deposited or grown films on silicon. Surface
micromachining. on the other hand. is a technique for fabricating three-dimensional
micromechanical structures from multiple stacked and patterned thin films {4, 5, 6],

on the surface of a silicon crystal.

Although the micromachining technology emerged from fabrication schemes of

integrated circuits, standard I1C processes have not been directly nsed for building
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micromechanical striuctures until recent investigations pursued by Parameswaran
«f al. [7, 5.9, 10]. In their approach, a standard CMOS (Complementary Metal
Oxide Silicon) 1€ process is used as a primary micromachining process. Compared
to conventional non-standard microfabrication methods. CNOS rnicromachining

has the following advantages:

e A standard process is highly regulated and the process parameters are well-
defined. Thus a high degree of reliability and repeatability could be offered

to the structures built using the process.

e Through fabrication services. these comnmercialized processes could be eas-
ilv accessed by rescarch groups without complex fabrication facilities. In
Canada. the CMOS process has been a readily available technology offered to
universities by Northern Telecom Electronics Limited and Mitel Corporation.

through the aegis of the Canadian Microelectronics Corporation (CMC).

e Supporting electronics has been a vital part of any transducer system. Us-
ing the standard IC process to fabricate transducers enables merging of 1C
circuits and micromechanical structures on the same chip. a requirement for

building a “smart” or “intelligent™ sensor [11].

1.3 Thesis Overview

CMOS micromachining has become a simple and yet powerful approach especially
applicable for bulk micromachining. In spite of successful fahrication of several
microsensors using CMOS technology[12, 13. 14. 15, i16]. CMOS micromachin-
ing is still at a preliminary development stage. Performance improvement and
structure optimization of those devices would be the next and very critical step

towards the commercialization of the technology. In addition. very little [15. 17]
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has been done on any actuator (output transducer) applications which will require
controlled displacemeut (movement) to accomplish the desired function. such as
resonator. active (deflected) mirror. microspeaker and microscanner. T'his research
is aimed at performance optimization of several thermally sensitive structures and

an investigation on movable structures fabricated using C'MOS technology.

“("MOS bulk micromachining™ is the main fabrication scheme for all the devices
discussed in this thesis. A variety of structures has been fabricated using the CMOS
processes offered by Northern Telecom and Mitel. The project demonstrated the
procedurce for the microstructure development, including layout design. post pro-
cessing. characteristics testing. numerical simulation and performance optimiia
tion. Applications of those devices have been explored in both the microsensor

and microactuator arcas.

After a brief introduction to a few transducer terminologies. Chapter 2 deseribes
the fundamentals for CMOS micromachining starting from an introduection to the
CMOS process as an 1C process to the realization of micromechanieal structures
using the process. Several thermally sensitive structures built by the UMOS pro-
cess are introduced in Chapter 3. Chapter 4 demonstrates time response testing
on a micromachined structure and relates the experimental results to the material
properties and gas pressure of the environment. Chapters H concentrates on the
investigation of CMOS micromachined movable stractures and their applications.

while conclusions are drawn in Chapter 6.



Chapter 2

CMOS Bulk Micromachining

2.1 Bulk Silicon Micromachining

Bulk silicon micromachining is the technique of fabricating well-defined three-
dimensional micromechanical structures out of silicon. polysilicon and silicon ox-
ides and nitrides.  Wet anisotropic etching has become the core process of this

technology.

2.1.1 Wet Anisotropic Etching

Wet anisotropic etching is a process of preferential directional etching of ma-
terial using liquid etchants. The principle of anisotropic etching is based on
crystallographic-orientation-dependent etching rates. To explain the phenomenon.

a look at the silicon crystal is necessary.

Figure 2.1 displays a unit cube of silicon crystal in which the shadowed areas repre-
sent the three important crystallographic planes. Miller indices, corresponding to

the smallest integer values which represent the reciprocal distaice from the origin
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/

X

(100) (110) (11 1)
Figure 2.1: Crystallographic planes for a unit cube of silicon crvstal.,

to intersection of the planc through the three axes. arc often used to deseribe those
planes. The three planes shown in Figure 2.1 are named. from left 1o vight, (100).
(110) and (111) respectively. The atoms inside the silicon crystal are distributed
in such way that the (111) planc exhibits the highest density of atoms per unit

area and it determines the orientation of slowest etching.

Silicon wafers are available in three common orientations, namely <100>, <1 10>
and <111>. The brackets “<™ and “>7 are used to flag that the indices are for
wafer orientations. It should be noted that the bracketing convention can vary
between different literatures. Nevertheless. the most frequently used convention is
that (abc) represents a particular crystal plane whercas <abe> denotes the group

of vectors equivalent by crystal symmetry.

2.1.2 Mask Patterning and Etching Undercut

Before etching. silicon wafers have to be covered by a layer of mask (often made

of silicon oxide or nitride) and the mask has to he patterned to make certain
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Silicon <100> Wafer
Orientation in

the (110) /

Directions

T B
A )(

. \
Mask Opening

| Primary
Flat
Mask
\-—_‘ \

(100)

Figure 2.2: Square opening in alignment with the wafer primary flat (vertical

dimension has been exaggerated in the cross-sectional diagram).

arcas (openings) of the silicon substrate exposed to the etchant. The geometry
of three-dimensional structures etched through the openings in a mask depends
on the shape and the orientation of the opening itself. Discussions about the
relationship between the mask opening and etched geometry will be concentrated
on <100>-oriented wafers since <100> wafers are exclusively used for CNOS

circuit fabricatiou.

Figure 2.2 illustrates the anisotropic etching profile as a square mask opening is
in alignment with (110) orientations. The primary flat on the wafer indicates the

(110) orientation of the crystalline silicon. In the situation displayed. the edges of
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the evched pit almost coincide with the mask opening edges. 1t should be noted
that the etchant will attack the (111) plane and make the pit size slightly larger
than the mask opening. However. if the opening edge is not aligned to the (110)
orientation. or tne primary flat. undercutting of the mask. that is. substrate eteh-
ing under the mask. will occur until the (1110 plane is encountered.  Also, any
mask opening containing a convex corner will cause 11ﬁ(lv1‘¢‘l111i|1g of the region
beneath the mask. Undercutting plays a key role in the fabrication of any sus-
pended microstructure. All the structures discussed in this thesis arve built using
undercutting. Figure 2.3 shows numerous mask opening shapes. orientations and
the etched cavity boundaries after a prolonged time of anisotropic ctehing, 'The
undercutting effect caused by attacking the (111) plane is also presented. It can
be easily understood that the non-open regions overlapped by the cavity arcas will
form the suspended structures. For example. Figure 2.3 (a) is a cantilever strue-
ture, (b) is a suspended microbridge (¢) forms some arbitrary shaped structures
suspended over a square cavity. and (d) shows a platform supported by four arms.
It should be noted that there are some design pitfalls which are often easily over-
looked by a beginner. The opening location shown in Figure 2.3 (¢) will not form
a suspended platformn and the bridge will not be released from the design of Figure
2.3 (). Detail discussions on the layout design rules for microstructure fabrication

in standard C:MOS technology can be found in reference [18].

2.1.3 Amnisotropic Etchants

Several anisotropic chemical etchants are used for single crystal silicon. such as
EDP (ethylenediamine- pyrocatechol-water) [19, 20], TMAH (tetramethylammo-
nium hydroxide) [21], and KOH (potassium hydroxide-water) [19]. They are com-
posed of a primary component (ethyienediamine, tetramethylammonium, potas-

sium hydroxide), a complexing agent (pyrocatechol), and a diluent (water).
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Mask Opening: | i

Cavity Boundary: '

Figure 2.3: Several opening designs and cavity boundary after isotropic etching.



CHAPTER 2. CMOS BULK MICROMACHININC il

Anisotropic etchants can be highly material sclective, which indicates that they
may be masked by different materials (silicon dioxide, silicon nitride, chromium,
gold and so on). For example, EDP does not attack gold, chromium, silver, or
tantalum: and the etch rate of silicon dioxide and silicon nitride is extremely
low compared to silicon [3]. However. EDP may attack alumimum, Tetramethy-
lammonium hydroxide (TMAH) also shows higher sclectivity to silicon oxide and
silicon nitride allowing cither to be used as a mask material. A disadvantage of
a potassium hydroxide solution is that it etches silicon oxide much faster than
the anisotropic silicon etching. It is not feasible to use silicon dioxide alone as a
masking material when using KOH [3]. Another interesting silicon echant used
in CMOS micromachining is xenon difluoride (XNc/lb). I is a gas phase, room
temperature, highly selective isotropic etchant. Detailed discussions in this regard
can be found in references [98, 99]. The etchant used in this project is FKDP at a

temperature of 110°C. The typical etch time is approximately one hour,

2.2 CMOS Technology

Over the past ten years, CMOS integrated circuits have become a mainstream
technology for VLSI system design. This section will give a briel review of this
technology, starting from an introduction of a MOS transistor to the formation

process of a simple CMOS inverter.

2.2.1 MOS transistors

MOS is a name describing the actual structure of a special transistor. It is cre-
ated by superimposing several layers of conducting (Metal), isolating (Oxide), and

transistor forming materials (Silicon or Semiconductor). There are two types of
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CONDUCTOR
INSULATOR
SOURCE
s
o n_ | L n
‘ pP-DOPED SUBSTRATE
N-TRANSISTOR
CONDUCTOR
T -
DRAIN G? & -
~
INSULATOR
. SOURCE
/ /— e}
//
}
/
//

e

P-TRANSISTOR

Figure 2.4: Physical structures of MOS transistors.

MOS transistors. namely the n-tvpe (nMOS) transistor and the p-type (pMOS)
transistor. These ars fabricated in silicon by using either negatively doped silicon
that is rich in clectrons or positively doped silicon that is rich in holes. Their

typical structures are shown in Figure 2.4.

Both transistors have at least three terminals. namely drain. gatc and source. As
illusirated by Figure 2.4, oppositely doped silicon between the drain and source
stops any current flow between them. However. if an appropriate voltage is applied
to the gate. a portion of silicon substrate under the gate conductor will be changed
into the same type of doping as that forming drain and source. providing a con-
duction path (channel). and the transistor is turned “on”. An opposite polarity
voltage applied to the gate. on the other hand. prevents conduction between the

source and drain from happening and turns “off" the transistor.

pMOS and nMOS transistors perform oppositely in terms of the gate control volt-
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age and transistor on/off state. For the purpose of convenience. the syvinhol =17
will be assumed to be the high voltage that is normally called poweror V. The
=0 will be a low voltage. often called ground or Vss. An nMOS transistos is turned
on if there is a “17 on the gate. A “07 on the gate will turn off the trausistor.
For a pMOS transistor. however. a 07 on the gate ensures electrical connection
between its source and drain. The transistor is turned off when there is a =17 on

the gate.

2.2.2 CMOS Inverter

The term Complementary NOS. or CMOS. denotes the technology of fabricating
both nMOS and pMOS trausistors on the s mesilicon substrate. CNMOS processing
is optimized to accomplish superh performance for integrated cirenits. This section
will provide « brief overview of ('MOS technology, with a simplified treatment of

the process steps to form an inverter.

Figure 2.5 shows how to build a (MOS inverter using a nMOS transistor and
pMOS transistor. Using the properties of MOS transistors discussed in the previons
section. it is not difficult to find out how the inverter functions by examining the

electrical connections in Figure 2.5,

One of the popular CMOS technologies is named the P-wdll process. A common
approach to P-well CMOS fabrication has been to start with a moderately doped
n-tvpe silicon substrate (wafer). create the p-type well for the nMOS devices, and
build the pMOS devices in the native n-substrate. Figure 2.6 to figure 2,18 il-
lustrate the major steps involved in a P-well CMOS process offered by Northern
Telecom. The mask that is used in each process step is shown in addition to a
sample section of wafer containing an inverter. The real processing steps are some-

what complex and variations of the CMOS process exist. The following processing
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Figure 2.5: Physical structures of CMOS inverter.

step deseriptions serve merely as an illustration.

e Oxidation forms a laver of silicon dioxide (S70;) which acts as a masking
layver for the siticon underncath. The first photolithographic process removes
the S70; in a specific region. defined by a P-well mask, to expose the n-type
silicon. An ion-implantation is performed to form a P-doped silicon section

with depth of about 5-10 gm. The structure is also called P-well as shown in

Figure 2.6.

e After removing the oxide, o hotoresist (PR) layer is deposited on the wafer
surface. Another photolithographic process uses an N-guard mask to pattern

the PR laver. which permits an N-implant in certain areas. as shown in Figure

2.7,

e A thin Si0; layer (thinox), which will function as the gate insulator. is grown

over the exposed silicon surface.

e The PR is removed and a layver of silicon nitride Si3:\; is deposited on the

thinox and patterned using the device well mask. This photolithographic
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Figure 2.8: Device well definition

step. as sketched in Figure 2.8, leaves the dielectric sandwich only in regions
which will become drains, sources. channel regions and diffusion intercon-
nects. The sandwich is used to mask these regions from the next processing
step. a P-implant into the P-wells. It also defines the regions of subsequent

ficld oxide growth.

e Another PR laver is deposited and patterned using the P-guard mask as
shown in Figure 2.9. The P-guard mask indicates the area where P-implant
should occur. Following this step. the PR is removed again and thick oxide
(field oxide) is grown on the regions where the nitride does not exist. The

removal of nitride after that produces a structure as shown in Figure 2.10.

e \With a thin oxide gate insulator layer over all active regions. the polysilicon
gate laver is deposited over the entire surface and doped N*. The “+7 here
denotes the high doses that exceed 10!'®/em?. The next photolithographic

process, shown in Figure 2.11, uses the polysilicon mask to define the gate

regions and interconnections.

e A M+ exclusion mask is used to prevent the N+ doping from getting into
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P-deviee regions. Figure 2,12 shows three N4 regions formed by this pho-
tolithographic operation: the source and drain regions of the N-device within

the P-well. and a contact region in the N-substrate.

e T'he source and drain regions of the P-device and substrate contact region in

the P-well are defined by PP+ mask. The result is illustrated in Figure 2.13.

e A\ moderately thick layver of S70; is deposited over the entire surface and the
conlact mask is used in a photolithographic operation to etch out the contact

region for the next metallization process (Figure 2.14).

e A\ laver of aluminum is deposited over the entire surface and the mefall mask
is used in a photolithographic process to create the conducting lines. The

masking and etching is shown in Figure 2.15.

e Another layer of Si0, is deposited over the entire surface and the via mask

is used to eteh out tiie via regions to connect metall to metal2. as shown in

Figure 2.16.

e The second layer of aluminum is evaporated over the wafer and the metal?
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Figure 2.13: P+ implantation process

19



CHAPTER 2. CMOS BULKN MICROMACHINING

Contact mask

SiO o

N-substrate

Figure 2.14: Contact cut process

Metalt mask

tayer of aluminurn\

P-well

N-substrate

Figure 2.15: Metal-1 masking and etching



('H:\P'I'ER 2. CMOS BULK MICROMACHINING

4

.
-

P-well

N-subsirate

Figure 2.16: Via process

mask is used to define the metallization lines and pads (Figure 2.17) that

amake the circuit accessible to the outside world.

e Finally a diclectric layer is deposited over the entire surface and the passiva-
tion mask is used to etch out regions over the metal bonding pads and probe
pads. The complete structure for a CMOS inverter, fabricated using P-well

CMOS process. is shown in Figure 2.18.

The masks used in the process are sometimes referred as layers. Sinee the process
itself has been standardized. the task of IC layout design is to specify the lateral
size. shapes and locations of these lavers. Some of the process steps above, such
as N-guard and P-guard formations. are not directly related to construction of the
inverter shown in Figure 2.5. They are included to enhance the performance of
integrated circuits. Detailed discussion regarding their functions can be found in

reference [28].
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Figure 2.18: Passivation process, final inverter structure
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2.3 CMOS Micromachining

The briel introduction on the C'MOS process in the previous section innmediately
reveals that the key elements relevant to bulk micromachining. such as <100 >
wafer orientation. diclectric tayvers. polysilicon and other thin filis, are alveady
present. The only step left is to create micromechanical structures by anisotropic
etching of the silicon substrate, a process not included in standard CNOS, but one

which can be done as a postprocessing add-on step without changing the standard

process.

As discussed in Section 2.1.2 and reference [18]. a successful anisotropic etehing
depends largely on the shapes and location of openings on the substrate. Conven-
tionally. there are no regions of substrate exposed for an 1C wafer fabricated using
the CMOS process. However. because the patterns of thin films stacked on the top
of the substrate are controlled by layout design. there is a way to create an opening
on the substrate by making all the films absent at that region. Examination of the
CMOS process in the previous section shows that an opening can be formed by
stacking. in the layout design. device well. contact cut, via, and passivation lavers
together, resulting in no layers being deposited at these locations in the fabricated

wafers.

Once the open regions are successfully defined and fabricated. the shapes and
structures of the mechanical devices are just a matter of design and hmagination.
Generally. polvsilicon and metal can be used as the active parts of the microme-
chanical device: parts such as: sensing element, electrical conductor. heating re-
sistor. and optics mirror. They are usually protected and supported by dielectrie
layers forming so-called “sandwithed” structures. Manipulation of layout design
also permits some degree of thickness control over some multilayer structures by

subtracting certain layers from the device.
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There has been a variety of mechanical structures fabricated using standard ('NTOS
processes. such as cantilever, bridge and suspended platform. Those devices can
measure gas flow [12] and pressure [36. 37] or be used as actuators [15]. Their op-
erations arce based on the thermal isolation achieved by the postprocessing etching.
The next chapter will be devoted mainly to this type of structure. Some efforts
have been made on fabricating movable CMOS mechanical structures with applica-
tions like resonators or nano-gram mass sensors. Detailed discussions in this regard
can be found in Chapter 5 of this thesis. Using the same approach. many other
complex structures have also been fabricated. An example of a suspended mass
is shown in Figure 2.19 [2]. This structure was fabricated in a twin-well CMOS
process. The support arms that keep the central mass suspended are spiral-like.

making the structure very flexible and sensitive to any acceleration.

Another interesting application for CMOS micromachining is to fabricate a high
quality inductor for the development of an RF amplifier {2]. Inductors are the
kev components of an REF amplifier because they are used as a tuned load to
obtain a desired gain and to filter band signals and noise [38]. The conventional
spiral-structured integrated inductor is not suitable for the purpose because high
parasitic capacitance to the substrate precludes its use at high frequency. and the
series spreading resistance in the substrate severely limits its quality factor (Q).
Both problems can be solved by etching a cavity below the inductor. It has been
reported [2] that the inductor’s sell-resonance frequency was increased {from 800
MHz to 3 GHz, by forming a cavity beneath the inductor. As a result. a fully
itegrated RF amplifier was implemented to achieve a peak gain of 14 dB at 770
MHz. For comparison. the amplifier using an inductor with no cavity can only

vield a peak gain of 5 dB at 400 kHz.

To summarize, the combination of the IC CMOS process and micromachining or

nmicrofabrication offers a novel and economical approach toward future integrated
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Figure 2.19: CMOS suspended mass structure.
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systems with the merger of optical. mechanical and electrical components. The

full potential of this special scheme remains unknown and needs further systematic

investigation.



Chapter 3

Thermally Sensitive Structures

Electronic temperature sensing is a mature technology. Well known thermal char-
acteristics of bipolar diodes [22] and transistors {23] have often been used 1o build
IC temperature sensors. (!MOS temperature sensers have also bheen achieved by
either building a lateral bipolar transistor {24, 25. 26} or utilizing the thermal prop
erties of a MOS transistor and resistor {27]. All the sensors mentioned above are
used for temperature measurement. CMOS micromackining. however. offers an
opportunity to fabricate thermally isolated micromechanical structures with the
temperature sensing element embedded. The technology extends the applications

of an ordinary temperature sensing to the following arcas:

e The thermally sensitive structures can be used for indirectly sensing measur-
ands other than temperature. such as gas pressurc, radiation. and gas flow.
The thermally sensitive structures will convert those measurands into tem-
perature variation which in turn will be detected by the temperature sensing

element.

e The thermally sensitive structures can be used as actuators as well. For

example. micro-hot-plate and micro-radiation emitters can be constructed

27
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to convert an electric signal into thermal energy [39] or radiation emission

[45].

3.1 Polysilicon

Originally, the gate electrode of a MOS trarsistor was made of metal. just as the
name “MOS” implies. In modern CMOS technology. however. most of gate elec-
trodes are made of polycrystalline silicon. also czlled polysilicon or simply poly.
The most significant aspect of using polysilicon as the gate electrode is its abil-

ity to be used as a further mask to allow precise definition of source and drain

doped polysilicon is deposited on the gate insulator. Polysilicon and source/drain
regions are then doped at the same time. Tk achieved minimuin gate-to-source
and gate-to-drain overlap will improve circuit performance [28]. In CMOS ICs.
polysilicon is also used as interconnect, resistor element, and one or both plates of

a capacitor.

Polysilicon plays a key role on CMOS micromachined structures and is often chosen

to make active elements because:

e It is available in almost any CMOS and BiCMOS processes:

It is usually sandwiched inside dielectric layvers and is thus protected from

postprocessing etching;

Its electrical resistance varies with temperature [29, 30, 31} and is a natural

temperature sensing element for sensor applications;

e It has reasonable resistivity and can be used as an electrical heater resistor.



CHAPTER 3. THERMALLY SENSITIVE STRUCTURES 29

The electrical resistance of a polysilicon laver {or any other thin filin material) is
often expressed by a parameter called sheet resistance. which can be denned as the

resistance of one square block of film layer. The mathematical equation for sheet

resistance R, is:

R, =p/t (3.1)

in which p denotes the material resistivity and ¢ the film thickness. Units of R, are
usually quoted in Q/0. Thus the resistance of a rectangular laver can be obtained
by simply multiplying the shect resistance I2,. by the ratio of the length to width

of the resistor.

The most important parameter of polysilicon used as a temperature sensing ele-

ment is its femperature coefficient of resistance (TCR). The defining equation for

tiie TCR is:

R(T) = Ro[l + a(T = Th)] (3.2)

where R(T) is resistance at teuaperature T, Ry is resistance at reference tempera-

ture Tp (room temperature resistance is often used here), and a is the TCR.

Equation (3.2) permits a determination of temperature 1" provided [,. Ty and o
are known and R can be experimentally measured. This forms the fundamental

use of such a material as a temperature sensing element.

The characteristics of lightly doped polysilicon resistors has been investigated care-
fully [29. 30]. However, most of polysilicon used in the CMOS process is highly
doped and the typical doping density is approximately 102°/cm?®. Its electrical and
thermal properties are very process-dependent because they are very sensitive to

bot:: the doping concentration and the thermal process history [31]. Thus it be-
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Table 3.1: Characteristics of polysilicon from XT and Mitel CNOS processes

R, (/0) «a (1073/°C) T. (°C)

NT Polyl 142 1.15 ~350
NT Poly2 3844 2.0 <100
Mitel Polyl 20+£2 1.10 ~350
Mitel Poly2 10010 0.18 ~450

comes necessary to investigate characteristics of polysilicon for individual CMOS

processes.

For the Northern Telecom 1.2 ym and Mitel 1.5 pum CMOS processes, the resis-
tance and the TCR of the polysilicon layers and the stability of both under actual
operating conditions have been systematically studied {32, 33]. Both processes
have two layers of polvsilicon, namely polyl and poly2. The poly1 layer serves as
the gate electrode and the interconnects while poly2 layer is used as the top plate
of an I(" capacitor. Table 3.1 shows the testing results for these two processes.
In the table, 7., is the critical temperaturc, above which the resistance was not
reversible with respect to temperature. Provided the temperature was kept below
this value, good stab*¥:::- and repeatability for resistor thermal properties were ob-
served [32]. The nege ve TCR value of NT poly2 resistor may be due to the light

doping concentration for this particular layer.

3.2 Functional Sensor Devices

As the first generation of CMOS micromachined structures. a variety of ther-

mally sensitive structures have been developed for sensor and actuator applica-



CHAPTER 3. THERMALLY SENSITIVE STRUCTURES 31

tions {12, 15. 17. 34, 35]. This section will illustrate how the thermally sensitive
structures. in combination with temperature sensitive polysilicon resistors. could

be used as sensors by describing the operating principles of two commonly used

thermal sensors.

3.2.1 Gas Pressure Sensor

The CMOS micromachined pressure sensor is operated on the principle of the
thermal conductivity gauge [36. 37]. historically called the Pirani gauge. The
temperature of a current-heated wire depends on the loss ol energy due to the
thermal conductivity of the surrounding gas. The thermal conductivity gauge
detects the temperature variation by measuring the resistance change of the wire
[40]. Thus the hot wire in a Pirani gauge is usually made of high TCR metal.
such as platinum. tungsten or nickel. Polysilicon. however. has heen used as the
hot-wire material in the standard CMOS micromachined Pirani gauge, because it

is readily available and it has a TCR as discussed in the previous section.

The device discussed here is 2 suspended bridge structure fabricated by the (*MOS
process offered by Northern Telecom. An isotropic etching was performed to form
a cavity under the suspended structure. Its final geometry is shown in Figure 3.1.
The white and central shadowed areas of Figure 3.1 (a) represent the oxide bridge
and polysilicon resistor, respectively. The dark triangular and trapezoidal regions
indicate the areas of the exposed silicon substrate where the anisotropic etching
occurs, forming the trench beneath the oxide bridge, as indicated in Figure 3.1
(b). The active element (hot wire), made of polyl of the process, is sandwiched

between the field and chemical vapour deposited (CVD) oxide layers.

The experimental setup consisted of a diffusion pump system and a bell jar where

the sensor was placed. A constant current of 0.6 mA was passed through the gauge
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Figure 3.1: (a) Plan view of the suspended bridge. The polyvsilicon resistor is
supported by a total of 20 oxide arms over the cavity etched in the silicon substratc.

(b) Elevated view of the bridge.
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Figure 3.2: Microbridge used as a gas pressure gauge (Pirani gauge).

hot wire. and the voltages across the resistor were monitored by a data acquisition
unit. Pressure in the bell jar was measured using a capacitance manometer at low
pressures (107° — 1 Torr) and two diaphragm gauges at intermediate (1 —20 Torr)
and high (100 — 700 Torr) pressures. The procedure followed was to pump down
the system below 1072 Torr. isolate the pump. and then slowly bleed the gas into
the bell jar. The controlled inflow rate was low enough to ensure that gas flow
over the sensor element was negligible to avoid forced convective cooling. Voltages

across the sensors were measured as the pressure increased to | atm.

Figure 3.2 shows the variation of sensor resistance at different pressures. The
sensor resistance variation is represented by the percentage change of resistance,
normalized at 10~ Torr. The curve demonstrates the typical shape for a thermal

conductivity pressure gauge. Above 100 Torr, where the thermal conductivity of
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the gas is independent of pressure. the element temperature and therefore the
resistance is almost constant. Below 0.1 Torr. the resistance is again independent
of pressure because heat loss by conduction through the gas hecomes very small.
In the region between 0.1 and 100 Torr. the gas conduction heat loss tends to

dominate and the resistance is a strong function of the gas pressure.

3.2.2 Thermal Radiation Sensor

Radiation sensors can be classified as non-contacting sensors becanse theyv detect
remotely the emission of electro-magnetic radiation covering the spectral range
from UV to infrared (IR). Based on their operating principles. radiation sensors
can be conveniently divided into two classes: photon detector. such as photo-
multiplier. photo-diode and photo-resistor. and pyroelectric detector. sometimes
referred to as a thermal radiation detector. such as a thermal pyranometer. A
photon detector absorbs the quantum energy of the incident radiation and the
consequence of the encigy exchange can be generation of a photocurrent. or vari-
ation of the resistance. The operation of a photon detector is characterized by
excellent responsivity and a strong spectral dependence. It is usually sensitive to
short-wave-length radiation due to the high energy a photon carries. The typi-
cal response time of a photon detector is several microseconds or less. A thermal
radiation detector. however. measures the incident radiation by monitoring the
temperature variation of it sensing element subjected to an incident radiation.
Its sensitivity depends largely on the mechanical structure and radiation absorp-
tivity of its sensing element. Contrary to the photon detector. a thermal radiation
sensor is almost spectrally independent and its response range can easily be ex-

tended to the infrared. Its response speed is much slower than that of the photon

detector.
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Figure 3.3: Plan view of suspended platform.

The photon detector has been a excellent performance sensor in almost all the
spectrum region of radiation except the far IR. But almost all the IR photon
detectors are characterized by high cost. high maintenance reqguirement, and high
power consumption [41]. Fabricating low-cost IR detectors has been the main
motivation behind the investigation on micro-thermal radiation sensors. which has
advantages over its macro-predecessor. advantages such as higher sensitivity and

faster response.

The temperature variation of the sensing element inside a thermal radiation sensor
can be measured by any of a number of temperature-dependent mechanisims, such
as thermoelectric voltage [42]. resistance change [41], or p-n junction voltage of a
diode [43]. The device discussed in this section is a miniature holometer fabricated

using a standard CMOS process.
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Figure 3.4: Experimental setup for radiation sensor.

The plan view of the device is shown in Figure 3.3. It is a suspended square oxide
platform with four support arms on the corners. The cavity beneath the platform
is anisotropically etched through the four black regions where the silicon substrate
is exposed. The temperature sensing element is the serpentine-shaped polysilicon

resistor, sandwiched between the oxide layers.

Figure 3.4 shows the experimental setup. A tungsten filament lamp was used
as the radiation source. To obtain different radiation intensities. the lamp was
powered by a Variac autotransformer. An EGLG photodiode was used to monitor
the radiation intensity. The 50% beam splitter permits simultancous radiation
measurcments by both the photodiode and the micro-radiation sensor. An optical
lens was placed in front of the microsensor so that the radiation would only reach
the sensor structure under test. Both the bolometer resistance and photodiode
output were recorded with a digital multi-meter (DMM). The average temperature

clevation of the microplatform was calculated using Equation (3.2).

Figure 3.5 plots the temperature variation of the platform against the output

signals from the photodiode. The variation of the microplatform temperature
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and hence the sensor resistance increases linearly with incident radiation intensity.
This observation implies that the microsensor response to incident radiation can
be well described by a first order system using the first law of thermodynamics.

The equation that governs the process can be formulated as:

P = K(T — Ty) (3.3)

where P is the absorbed incident radiation power, T is the average temperature of
the microstructure, Ty is the temperature of the environment. and A is the total
thermal conductance between the microplatform and the environment. Among
these parameters, only A" depends on the geometric shape of the microstructure.
After examining the radiation sensor and pressure sensor structures carefully. it is
easy to understand that anisotropic etching has formed cavities isolating thermal
conduction between the microstructure. either microbridge or microplatform or
cantilever. and the silicon substrate, making those structures thermally sensitive
to the measurands. The concept can also be explained by looking at Equation
(3.3): the thermal conductivity A" has been reduced so significantly by the cavity
under the platform that the temperature elevation of the platform (T — 1) becomes
measurable as it is subjected to a radiation energy. Thus 1/4 is used to indicate

the thermal sensitivity of any thermally sensitive structure.

A similar platform structure was also used as a thermal radiation emitter which
converted the electrical energy into radiation [44, 45]. In a thermal radiation emit-
ter, electrical encrgy was converted to heat by the microresistor heater sandwiched
inside the platforin. Radiation was emitted due to the significant temperature
increase on the platform. The process can also be described by Equation {3.3).
at least for low T, where P; denotes the input electrical power rather than the

incident radiation. Obviously. the smaller the value of A, the more efficient the
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syvstem would be.

3.3 Thermal Seusitivity

For thermally sensitive microstructures fabricated using standard 1C' processes.
thermal sensitivity is an important parameter because it determines the general
sensitivity of any thermal sensor and determines the general conversion efficiencey

of the thermal device. such as a thermal radiation emitter.

There is a simple and effective way to measure the thermal sensitivity of a mi-
crostructure. By definition, thermal sensitivity is the average temperature rise of
the microstructure under unit power dissipation. According to Equation (3.3).

thermal seusitivity can be formulated as:

VK = (T =T,/ P (3.4)

(I' — Ty) can be easily estimated by measuring the resistance of the temperature
sensitive polysilicon resistor inside the structure. If the structure is powered by
clectrical energy. such as a constant current, the dissipated power I, can he calen-

lated using current through and voltage across the resistor.

To demonstrate the procedure to extract the thermal sensitivity. a set of constant
currents ranging from 1.8 mA to 3.2 mA were fed through the polysilicon resistor
of the bridge-like structure discussed in Section 3.2.1 and illustrated in Figure
3.1, and the respective voltages measured using the DMM. Those |-V valies were
converted into the dissipated power and respective structure temperature increase
as plotted in Figure 3.6. To investigate the effect of the ambient medium (air).
a similar set of measurements was performed in vacuum (pressure less than 1077

Torr), using cursents of 0.60-0.95 mA, and the calculated resnlts are also included
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Figure 3.6: Thermal sensitivity measurements under two ambient pressures.
in the figure.

Under both pressures. the temperature rise is a linear function of the dissipated
power. Because the origin must also be one point of the (T — Tg) versus P; plot.
straight line fitting. restrained to pass through the origin. is performed on the data
points by the method of least-squares. The slope of the fitted line is the thermal
sensitivity of the structure. The points from the vacuum measurement lie closely
on the straight line. implying that thermal sensitivity is almost a constant over the
tested temperature range. For the measurement at one atmosphere. the experi-
mental points do not fit the straight line as well. presumably because the thermal
conductivity of the air depends slightly on the temperature [46]. The tempera-
ture rise at high dissipated power (~25 mW) is below the fitting line due to the

higher thermal conductivity of the air at that temperature. Nevertheless. thermal
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sensitivity is an excellent thermal characteristic indicator for these thermally sen-
sitive structures. For thix particular structure, the measured thermal sensitivity
is 1.1 x 10 °C’/W" at one atmosphere and 11.6 x 10* (/W in vacuum. The sig-
nificant thermal sensitivity difference for the two environment pressures indicates
that heat loss through the ambient air is very significant. Under one atmosphere
pressure. about 90% of the total heat loss was conducted through the gas. This
estimation is based on the assumption that the heat losses through the suspension
arms are the same for both pressures, i.c. one atinosphere and vacuum, if the
average temperature rises of the device are the same. This assuinption is valid for

this particular device as pointed ont by the numerical simmlation [i7

;

Because thermal sensitivity is the thermal resistance between the microstructure
and its surroundings. its value depends largely on the geometry of the specific
structures. For the platforin structure used as a radiation sensor in the previons
section. the measured thermal sensitivity is 2.3 x 10? “C'/W" at one atimospliere
and 10.1 x 10* “C’/W in vacuum. These results show that better radiation sensor
sensitivity coula be achieved by operation in a vacuum or in a gas of low thermal

conductivity. such as SFi,.

Thermal isolation is the most important parameter in designing a sensor of ultimate
sensitivity or an actuator with high energy conversion efficiency. The next section

will discuss on how to increase the thermal isolation with proper lavout design.

3.4 Performance Improvement

The performance of a thermally sensitive structure, used cither as a sensor or
actuator, depends largely on its thermal sensitivity and hence its geometric strie-

ture. Because of the limitation provided by standard CMOS compatible materials.
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Figure 3.7: Suspension arm serves as a thermal link.

appropriate layout design for the microstructure turns out to be crucial for a satis-
factory device performance in practical applications. As discussed before. thermal
sensitivity is the thermal resistance between the suspended structure and the en-
vironment, which is determined by the thermal conductance (A’). The heat loss
mechanisms from a microstructure usually include radiation. conduction through
the structure support arms to the silicon substrate and conduction aiid convection
through the surrounding gas. Natural convection has been shown to be negligible
[54]). The gas thermal conductance is a function of both temperature and absolute
pressure and is diflicult to model by a linear system. Heat loss by radiation is often
negligible if the structure. temperature is below 300 °C’. Thus the discussions of

this section will concentrate on the thermal resistance of the support arms.

Assume that the support arm shown in Figure 3.7 is the only thermal link between

the suspended structure and the environment. To make the model more realistic.
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the support arm is composed of silicon dioxide with aluminum wire sandwiched
inside. The equation for the heat flow through the arm in the steady state can he

formulated as

H = (kyAy + ko AN —T0)/ 1L (3.5)

where H is the quantity of heat flowing through the arm per unit time. by and
kor denote the thermal conductivity of aluminum and silicon dioxide respectively.
Ay and A, are their cross-sectional areas, (T — 1y) represents the temperatare
diflerence between the structure and the environment. aud L is the total length of

the arm.

At steady state. H should be equal to the input power dissipated in the structure,

Using Equation (3.4). the structure thermal sensitivity is

1/1\- = L/(I"Al '4.41 + ,“u'u"“‘n.r) ('s'(')

One obvious way to improve the thermal sensitivity is to increase the support arm
length L. lowever. space requirements for some sensor applications often lhinit
attainable arm length. Meander or spiral shaped structures have been introdaced
to overcome this problem {48]. Reducing the the cross-sectional arcas is anotl.-:
way to enhance the thermal sensitivity. Since the vertical dimension (thickne:sy of
a support arm is a fixed quantity for a specific process. the width of support ari,

should be minimized as much as the design rules allow.

The aluminum wire in Figure 3.7 plays an important role in the heat conduction
due to its high thermal conductivity (ka4 = 237W/m*(’). The heat leakage can
be significantly reduced by replacing the aluminum with polysilicon. a naterial

with much lower thermal conductivity (k. = 34W/m“C"). However. the thermal
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Figure 3.8: Plan view of a platform with enhanced thermal sensitivity.

sensitivity is by no means the only factor to be considered in the actual layout

design. A successful design should result in a robust and stable structure with

high thermal sensitivity.

Figure 3.8 shows the layout design for a micrepiatform with enhanced thermal
sensitivity. The suspended structure is supported by two thinner and longer arms
compared with the four-armed structure in Section 3.2.2. The aluminum inside
the arm is replaced by the polysilicon. Thermal sensitivity measurements indicate
that the improvement is substantial: 8.6 x 10* °C/W over 2.3 x 10* °C’/W" at onc

atmosphere and 93.4 x 10% °C/W over 10.1 x 10* °C/W’ in vacuum.

This chapter has shown that the thermal sensitivity of a device can be easily
calculated by measuring its I-V characteristics. It was found that. for some devices.

up to 90% of heat loss was by conduction through the gas. Thermal sensitivity
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can be enhanced significantly by modifyving the physical structure or eliminating,

the ambient gas or by doing both.



Chapter 4

Dynamic Characteristics

Investigation

It is very common that a sensor or actuator operates under time-varying conditions.
The optimum performance of these devices depends on the understanding of their
dynamic characteristies. In addition. time-varying testing can reveal the thermal
properties, such as thermal capacitance. which can’t be obtained using the steady
state measurement. The resistance of a micromachined polysilicon resistor has
been measured under excitation by both a constant current and constant power
step. The time-varving response of the polysilicon resistor at two different pressures
was observed under various step amplitudes. Analysis will be performed to link

the respounse to the physical processes generating the phenomenon.

4.1 Experimental Setup and Procedure

Fabricated using Northern Telecom 1.2 ym CMOS process. the device under test

is identical to the pressure sensor discussed in the previous chapter. as illustrated

46
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Figure 4.1: Experimental setup for measuring dynamic response,

in Figure 3.1. containing a polysilicon resistor. made of the polvl laver of the
process. sandwiched inside a bridge-like silicon dioxide suspended stracture. ‘The
experimental setup for measuring the time-varying response is sketched in Figure

4.1.

The device was placed in a bell jar/diffusion pump system and at pressures of
either I atmosphere. or 107 Torr. This latter pressure will be referred 1o as
“vacuum’ . The microresistor was subjected to a step-function input of constant
current (CC') or constant power (CP). The CC measurements were initiated by
switching a continuously operating constant current source from a dummy load

resistor to the polysilicon microresistor under test. using a solid-state switch. The
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resistance of the dummy load was matched in value as closely as possible to the
room-temperature polysilicon resistance. and the switching occurred in less than

0.5 ps. This switching procedure minimized transient eflfects on the operation of

the CC source.

The CP source was originally developed for testing polysilicon resistors at a presct
constant power, independent of the load resistance [49]. The same load-switching
technique was employed as in the CC mode in initiating the power step-function

input. ‘Transient effects after switching tended to persist no longer than 0.5 s,

Upoen application of the current or power step-function input. the microresistor
temperature and hence the resistance increased from room temperature to its fi-
nal steady-state value. This value and the time to attain it depend on the step
amplitude, the excitation mode, heat capacitance and the relevant Leat-loss mech-
anisms. It should be pointed out that the measured response is the device thermal
response. The electrical time constant is much smaller and any delay caused by

clectrical response is therefore negligible.

The device response was observed by measuring the voltage gencerated across the
microresistor using a digital sampling/storage oscilloscope at a step-function rep-
ctition rate of I Hz. Signal averaging was necessary for the low current or C'P
excitation mode measurements; a maximum of 256 sweeps was available. The
data was then downloaded into a 386 PC for analysis. The input step amplitudes,
for both pressures under either CC or CP operation mode, were selected so that
the average temperature increase of the device is below its critical value (~ 300°C’)
[32. 33]: values greater than this limit produced permanent changes both in the

room-temperature resistance and the TCR.

A typical CC response is plotted in Figure 4.2 at one atmosphere. The current

step I = 2.6m.-1. The device resistance, proportional to thec measured voltage, rises
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CC response at 1 atmosphere (1=2.6 mA)
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Figure 4.2: Voltage measured across the microresistor under C!CC operation. Resis-

tance is proportional to V. Current step occeurs at t=0.
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CP response in vacuum
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Figure 4.3: Square of voltage measured under C'P operation. Resistance is propor-

tional to V"2, Power step occurs at t=0.

from its value at room temperature, Ry = 1.806k€). to its steady-state value. Ry, =
2,141k in a time of approximately 15 ms. This resistance increase corresponds to
an increase in the average temperature, AT, of approximatel:- 180°C". The value of
AT quoted here is obtained from the known values for Ry, R, and the TCR of the
polysilicon resistor. LEven with signal averaging. the steady-state signal-to-noise
ratio. represented by the change in voltages of Figure 4.2 to the scatter of points

varied from approximately 10:1 to 100:1. depending on input current step 1 and

pressure conditions.

Figure 4.3 shows the response of the same resistor under CP operation in vacuum.

The power step amplitude P = 1.4mW. The device resistance. now proportional
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to 172, rises from R, to a steady-state value of R.o = 2.330,Q. corresponding to
a temperature elevation of AT = 290°(", in a time of approximately 30 s, The
signal-to-noise ratios for this mode of excitation were worse than the CC mode.
being as poor as 3:1 at low power levels. The value of AT in this example is elose

to the maximum value of 300v(C".

4.2 Analytic Modeling for CC Operation

Analytic modeling of a device structure is important to understand qualitatively
the device operation and properly interpret its response under given conditions. It

is also essential for design optimization of further devices.

Because the structure under study has complex geometry (20 oxide arms support
the suspended microbridge), some degree of simplificaiion is necessary to make
the analytic modeling possible. The various assumptions made in the solution are

discussed in what follows.

e Temperature gradients on the bridge beam cross section arca are ignored as
the total length of the bridge (L = 1000p711) is much longer than the width

(w0 = 20pm) and thickness (1 = 2um).

e Natural convection is not considered because it has bheen observed that the

device response is independent of device orientation.

e The 20 oxide support arms will be lumped into two picees of equivalent

thermal conductors continuously distributed along both sides of the bheam.

Following the above assumptions, a differential section of the beam of width w,
thickness -, length Ax. and cavity depth s, is shown in Figure 4.4. The heat

balance for the section is given by
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Figure 4.4: Differential section of the bridge structure.
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(;,)roiul = 1) - (;)n'md - (21'1111 (l‘ l )

where Qo is the net rate of change of the internal energy of the element. £2 s the
power generated inside. (Qqonq is heat loss mechanisim acting on the element due to

conduction. and Q,.,, is the heat loss due to radiation.

In Equation (4.1). Q¢ 15

: ar
(ztofﬂl = (('poly/)polyf‘pol_u + CorfPor -‘v‘o;r)A"' BY, (l.-z)
where ¢, and ¢, denote specific heat of polysilicon and silicon dioxide respec-

tively. ppory and p,,,. represent their densities. A, and A, are their cross-sectional

areas. 1" is element temperature, and [ represents time.

The power generated by the input current [ can be formulated as

P=1ReAx [l +alT = Tv)] /1 (1.3)

where 12y is the room temperature resistance of polysilicon. avis the TCR of polysil-
icon, Ty denotes the room temperature. and [ is the total length of the bhridge heam

(polysilicon resistor).

The conduction term in Equation (4.1) consists of three components. namely con-
duction through the beam itself. conduction through the gas. and condiiction

through the support arms.

The equation for the heat conduction through the beam is

arT ar | .
Qcandl = (kpoly -4przlu + k()]“AOT) ‘_() = — o ("14)
€ o Ax o
-+ A

T
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where k., and k., are the thermal conductivities of polysilicon and oxide respec-

tively.

The second component of the conduction is the heat loss through the surroundiang
gas. The actual physical process is very complex. The first order approximation
that oniy considers the heat flow to the base of the cavity is formulated in what

follows.

Qcand2 = 7}g1\‘g(]))u’AI(T — TO)/S (43)

where k,(p) is the thermal conductivity of the gas. the factor r, denotes the co-
efficient accounting for the first order approximation. and s is the cavity depth
(sce Figure 1.4). The gas conductivity is both a function of temperature [50] and

absolute pressure p [51]. For simplicity. its temperature dependence is neglected.

The heat loss through the support arms is assumed to he averaged out along the

whole beam

(Jmnd.‘l = 7]01'1\'(/J‘torAl'(T - TU)/( (46)

where the factor 1), denotes the coefficient accounting for the process of the support
arm averaging cffect. ¢, is the beam thickness. and ¢ is the distance between beam

and cavity edge (see Figure 4.4).

The last term in Equation (4.1} represents the radiative heat loss which can be

expressed by

Qrad = o (2w + 28, ) Ax(T* = T3)

where o is the Stefan-Boltzmann constant and ¢ is the emissivity of silicon diox-

ide surface. The value of ¢ is assumed to be a constant although it is in fact
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,._."
!

spectrum-dependent [52]. If the bridge temperature in not much higher than the

room temperature (I" — Ty < 300°C7). The above equation can be adequately ap-

proximated by the first term of a Taylor series centered at 7}

Qrad = A€o (2w + 2 NN THT — To)

(1.7

Combining Equation {4.1) — (4.7) and taking the limit as A = 0 results in the

linear second-order partial differential equation

S ._)27- .)27'
aC?_Y =b—(—14+c2+ s+ (T~ 1) + (Il. s =b—c(T -1T,)+ (/(. n
o ar? e

in which
a4 = CptyPpotu-Vpoty + CorPorNos
b=1*Ry/L
g =al*I/L
2 = tyheg(p)ee]s
cr = tgrhorlos ]
ey = 4o (2w + 21,1
c=—c; 4+ cy + 3+ ¢y

d = k/mly -4]:015/ + k(u' /1“.1'

Further rearranging Equation (4.8) yields

du _*u
= 30— —&u
ol Ja?

(-1.8)

(4.9)
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with

u=T—(To+blc): 3 =¢'a: €=c/a.

In order to find the temperature profile of the microbridge. Equation (4.9) must
be solved subject to certain initial and boundary conditions. At the moment of
the current step. the whole structure is assumed to have the same temperature as

the environment, i.e.

u(r. t =0) = —bjc (T =Tp) (1.10)

It is also assumed that the temperature at the microbridge anchors (o = 0. L)
is alwayvs kept identical to that of the substrate. due the much higher thermal

conductivity of the aluminum lead. Therefore the boundary condition is

wr=0, L)=-b/c (4.11)

Equation (4.9) can be solved by the method of separation of variabies [53] and the

solution is

u(r ) = uge(aj + up (. ) (4.12)

where the steady-state solution is

b cosh \/T%_(;r -~ L/2)
uss(*r) = ('—'—) 3 )
¢ cosh \/’,:,L/‘.!

and the transient solution is

(4.13)

nma 22

(. 1) =i ,,sm(-——)e\p[ J(nL: +%)1] (4.14)
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‘M

with

. 3 .

» 2} L cosh {/S(x = 1/2) -

B,=2(=2) [ |1- — sing 2 Yl (1.15)
L ¢ Jo cosh \/T‘—:L/‘l L

The average temperature of the bridge is

1 L
U = —/ udr = Wy, + ;. (-1.16)
LJo
where
1 > (1 = (=18, nix £ -
;. = I./u uppedr = ,,Z:=| ( (“7‘_) ) oxp [__,)'(l—L;— + :—{)l} (-1.17)

Neglecting the high-order terms in LEquation (1.17). the transient (dynamie) re-
sponse of the polyvsilicon resistor subjected to a CC step excitation is an expouen

tial time variation

. _)Ifl 71'2 E
Uy, ~ — exp -;"(7—2 -+ —;), (l.lh’)
with a time constant
2 -1
,, T £ .
= {3 — - 1.19
PN s

Similar results were obtained by Mastrangelo [46] for their microbridge devices.

except they did not have the complication of the averaging coefficients.,

The definitiei. »f 3 shows that it is a structure-related parameter whose value
depends only on materiai and geometry of the structure. Onee the device has been
fabricated. the value of 3 is fixed. The value of €, however, depends not. only on

the structure but on the operating conditions such as the current step amplitude [
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and the surrounding gas pressure p. To illustrate how those operating conditions

affect the response time, Equation (4.19) 1s manipulated into

77V = Ko+ Ik, (p) — Npl? (1.20}

where

I \-U = -
CpalyPpoly A poly + CorfPor A or

kPOIy‘AI’UIy + ,“o.r -"1(:.7- ( v )2
I

7.’..."1'41..:'/..;-
+

«{ CpalyPpoly A poly + Corflor Aor)

deo (2w + 2,13
('polyppuly~41mly + C(;J‘po.r-'ao.r

17,0

hy=— . 1
-\(( ]u“ly/)lmly-“puly + CorPor- or)

alRy

L ( CpotyPpoly -'xlmly + Corflor- 1 ox )

I\--). =

Ky. Ny and N are the structure-related positive constants. which can be calculated
from the geometric and material properties of the device. It can be predicted {from
Equation (-1.20) that the time constant for the CC response of the device. at a
given gas pressure. should be a strong function of the current step amplitude. 77!
for a number of current step amplitudes should produce a straight-line plot as a
function of /%, In addition. response time is also determined by the surrounding
gas pressure.  Higher pressure (larger Ay(p)) should make 7 smaller and device

response faster.

Analytic modeling for CP mode operation is difficult because the input current

is also time-varyving. A simpler analytic model. dealing with (‘P excitation hy
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ignoring all spatial details of the device. has been discussed in detail elsewhere
[31. 55. 56]. In brief. the model concluded that for CP step excitation. the deviee
response is a single exponential time variation with the thne constant inde pe nde nt

of the input step amplitude. As 1o the relationship between response time and

ambicnt gas pressure. the model predicts a similar trend as the CC step excitation.

4.3 Results and Analysis

For the case of the ('C step excitation. the time variation of the voltage across the
poiysilicon resistor is shown in Figure 4.5 on a semilogarithimic plot. T'he data used
in the plot is identical to the data in Figure 4.2, Thus the operating conditions
arc I = 2.6m 4 at a pressure of 1 atmosphere. The plot is closely lincar in form,
indicating an first order exponential variation of resistance. and henee @, with
time {. as predicted by Equation (1.18). From the slope of the straight line the
time constant of 7 = 3.39ms was calculated for the heating process excited by the

current step of this particular amplitude.

The straight line plot of Figure 4.5 could be considered to he a “tyvpical”™ plot. Some
of the plots for other conditions were straighter and with less data point spread.
while others were not. In particular, the first 0.5 of some. but not all, of the
semilogarithmic plots. such as that of Figure 1.5, showed a slight curvature helow
the straight line. This is mainly caused by the transient eflects in the exeitation
circuit and current source. At the other end of the time scale. noise and the
resolution limits of the data acquisition unit result in a large step-shaped spread

in the plotted points.

Considering the curvature and data point spread of all the semilogarithmie plots

as well as the accuracy of testing equipment, an nncertaimty of £7% is estimated
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CC response at 1 atmosphere (I1=2.6 mA)
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Figure -1.5: Semilogarithmic response of the resistor under CC operation. obtained

from data of Figure 1.2,
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Table 4.1: Measured time constants for response of €' oxcitation (o == 1.8064(2)

At one atm In vacnum |

Current (mA) | 7 (ms) | AR (%) | Carrent (mA) | 7 (ms) | AR (9
1.60 2.49 1.92 0.60 12.35 0.53
1.80 2.58 8.75H 0.65 12.56 11.33
2.00 2.79 10.741 0.70 1:3.00 1:3.36
2.20 2.96 13.01 0.7H 13.70 15.70
2.10 3.15 15.60 0.80 11.60 TR 1
2.60 3.39 18.59 0.8) 15.83 2131
2.80 3.549 21.91 0.90 16,18 2.1.09
3.00 3.88 25.63 0.95 16.91 28,15
3.20 1.19 29.70)

on the measurement of the time constants., The measured time constants of the

C'C excitation for this particular resistor are listed in Table (1.1,

The valnes of Table 4.1 are consistent with the predictions of Fgnation (1.20):
the device responded to a ('(" excitation much faster at one atmosphere than in
vacuum: and its time constant is a strong function of the current step amplitude,
The variation of 7 with current amplitude is shown in Figure 1.6 as a plot of 77!
versus /4. The figure indicates that the points fall approximately on a straight
line. for both pressures. as expected from Eqguation (4.20). According to Equation
(4.20). 771 — I? plots under two pressures should he parallel 1o cach other sinee i
is a constant independent of pressure. The two least-square fitting straight Hnes for
the two pressures shown in the diagram. however, are not parallel, It is probably
because the actual thermal conductivity of the ambient gas k,(p) depends on the
temperature and thus the input power and therefore on the current amplitude 1.

The experimental points in the 77! vs [2 plot support the explanation. ‘Those
p P ¥ P] |
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Fignre 4.6: Variation of 7~! with square of current step amplitude.

7=t at the currents higher than about 5 mA is larger than the predictions of the
first order model due to the increasing values of k4(p) in Equation (4.20). making
the best fitting line for the data measured at one atmosphere unparallel with the
vacuum line. The uncertainty for the time constant measurements discussed above

may also contribute to the phenomenon.

With operation in the CP mode, the response was also exponential in time, as
indicated in Figure 4.7, which is the semilogarithmic plot of the date from Figure
4.3. Least-square fitting of the experimental points obtains the response time (7)
for the specific CP excitation (P = 1.4mW) of about 11.89ms. Generally the
accuracy of measuring the time constants for the CP response is less than for

the CC response due to the lower signal-to-noise ratio. An uncertainty as high
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Figure 4.7: Semilogarithmic respounse of the resistor under CP operation. obtained

from data of Figure 4.3.
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Table 4.2: Measured time constants for response of CP excitation (Ry = 1.806/4Q)

At one atim In vacuum
Power (mW) | 7 (ms) | AR (%) | Power (mW) | 7 (ms) | AR (%)

D 0.99 8.14 0.6 11.36 13.00
10 1.08 14.18 0.8 11.78 17.92
15 0.99 20.42 1.0 11.02 20.36
20 1.04 26.61 1.1 11.47 23.18
25 1.05 31.48 1.2 11.90 2(.29

1.3 11.51 27.65

1.4 11.89 29.06

as £12% has been estimated for the measurements. Table 4.2 lists the measured
time constants as well as the input power amplitude. Unlike the ('C' responsc.
the risetime of the device under CP excitation is independent of amplitude of the
power step. The average time constant 7 = 1.03 £0.03 ms at one atmosphere and
7 = 11.56 £ 0.4 ms in a vacuum. The uncertainty cited represents the standard
deviation of experimental values. The observation is consistent with the predictions

of the model discussed in references [54. 55, 56].

Under cither type of excitation. the risetime in vacuum is significantly longer than
at onc atmosphere. The faster thermal response at one atmosphere is expected
due to the additional heat loss available by conduction through the gas. With the
discussions in Chapter 3. it can be concluded that thermal sensitivity and thermal
response time are interconnected for a device. Improving one of these properties
usually sacrifices the other. Appropriate compromise has to be considered, using

the application requirements as a guideline, for any real transducer design.



Chapter 5

Movable Structures in CMOS

Technology

Until the present time. the majority of CMOS micromachining research has con-
centrated on the development of static devices, fixed three-dimensional mechanical
structures that would function properly without any spatial displacement. Afl the
devices discussed in the previous chapters belong to this category. The growing
interest in dynamic (movable) devices questioned the capability of the standard
IC' process micromachining technology in this arca. However, efforts of fabricat-
ing dynamic structures using standard processes have bheen discouraged by the
difficulty of finding a suitable force to activate the mechanical movement. The
great potential of building dynamic structures using standard 1€ process has been

ignored.

The purpose of this chapter is to demonstrate how a standard CMOS technology
can be used to fabricate movable structures by describing the concept development.,

structure design, fabrication and testing procedure of defiectable mirror devices.

To begin with, an overview on existing movable structures fabricated nsing CMOS
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technology is given. with a detail description of CMOS active mirror being re-
ported. since this chapter is devoted mainly towards the development of deflectable

mirror devices.

5.1 Review of CMOS Fabricated Movable Struc-

tures

5.1.1 Sub-nanogram Mass Sensor

A 1801 x GO silicon dioxide cantilever was built using the standard CMOS 1.2
ptme process offered by Northern Telecom [57, 58]. The device was used to measure
the mass of discrete objects sitting on the cantilever arm by monitoring resonant

frequency variation of the structure.

The cantilever structures were formed out of CMOS CVD silicon oxide layers
embedding polysilicon piezoresistors. The chip containing the cantilever was placed
on the top of a miniature vibrating table. Different frequencies were used to vibrate
the structure and the resonant frequency was recognized by monitoring resistance
variation of the integrated polvsilicon piezoresistors with the help of an on-chip
amplificr. Calibration of the device was performed using polystyvrene calibration
spheres as standard weights. because their diameter and density and hence mass are
well defined. Placing those micro-objects was achieved using a micro-manipulator.
Sensitivity of (.1 nanogram has been achieved. Mass measurements can also be
performed in a liquid medium, offering an economical means to produce bio-mass

measurement and monitoring systems.

For this device, the force moving the structure comes from the acceleration imposed

by the vibration of the substrate. The mechanism is well suited for this partic-
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ular appiicaiion but can not be extended to applications requiring a stationary

substrate.

5.1.2 Electro-thermal Actuator

Several electro-thermal actuators have been designed and fabricated using a stan

dard CNOS process {8, 15. 539]. Their operating principle is hased on that of a
bimetal strip. made of two layers of different materials with different coeflicients of
thermal expansion attached together. This strip. when subjected to a temperature
increase, curls towards the material with the lower thermal expansion coellicient

and produces a mechanical deflection.

In the CMOS electro-thermal actuator discussed in reference [59]0 aluminmn and
polysilicon layers have been chosen to bhe the thermal conducting lavers of the
“bimetal™ strip.  To protect them from being attacked by the postprocessing
etchant. the polysilicon and metal beams have been wrapped by the CVD sili-
con oxide layers. Obviously. for a bimetal strip cantilever. the displacement of the
unclamped end depends on the magnitude of mechanical deflection and thus on the
difference between the two thermal expansion coceflicients. strip temperature, and

total length of the structure. The longer the cantilever, the move the displacement.

The structure of CMOS actuator is sketched in Figure 5.1 [59]. In order to achieve
maximum displacement at the movable end (the central plate with contact-cut
squares), the composite beam, polysilicon and aluminum lavers sandwiched inside
the silicon oxide lavers, is coil-shaped to increase the cantilever length withont
wasting wafer space. The metal and polysilicon are not in contact, except at the
central plate, forming a stacked coiled resistive electrical path. Polvsilicon also acts
as the heating element for the actuator due to its higher resistivity. Post-processing,

is performed to etch out the silicon under the structure. The mismatched stress



CHAPTER 5. MOVABLE STRUCTURES IN CMOS TECHNOLOGY

Contact Cut

Silicon Dioxide Coil

Detail A Silicon Dioxide

A
— Metal |

PR

‘ e—_
| |

Poly 2

Figure 5.1: Electro-thermal actuator structure.
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developed between the polysilicon and metal layers bends the coil into the cavity,
When a current is passed through the resistive structure. its temperature rises and
the diflerent thermal expansion cocflicients of the two materials make the coil move

upward. while the central plate has the maximumn spatial displacement as shown

in Figuve 5.1.

5.1.3 Thermally Excited Resonators

Thermally excited Resonators for proximity and pressure sensing have heen devel
oped using CMOS 1C technology with subsequent micromachiniug |60, 17]. M-
crobeam (microcantilever) and microbridge resonators have been made in this way.
using the 1.2pum double metal CMOS process provided by Austria Micro Svstems
(AMS). As an example. the structure of the microbeam resonator is shown in Fip-
ure 5.2. where the two iateral polysilicon resistors are designed for AC heating: the
central polysilicon resistor is used for piezoresistive detection, Metal stronctares

serve as optical mirrors and electrical connections,

The polyvsilicon heating resistors (R) are driven by an AC voltage V,, cosfewel) s

perimposed on a DC voltage V. in order 1o obtain an output signal at the applicd

frequency. Therefore the generated thermal power P {G1. 62] s given by

P . Co .-
P = —E(‘df A VA 2420 Vi coswl + V2 cos2wl) = Py + Py coswl Py cos 2t

P

{(H.1)

The thermal power PP consists of one static component [, and two dynamie
componems %y and Py with frequency w and 2. Only vibrations with the sange
frequency o as the applied AC voltage Y, are investigated. The dviamic heating

{ Y 1’1 £ 3 \ :

produces an oscillating bending moment because of different thermal expansion
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Figure 5.2: Microbeam (cantilever) structure as a thermal excited resonator.
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coefficients of the materials involved in the sandwich structure and because of

vertical gradients of the dynamic temperature profile (thermal wave) {63, 61].

The resonance frequencies and vibration amplitudes are measured optically by
using a laser heterodyne interferometer in combination with a network/spectrun
analyzer. The laser beam can be focused on the microstructures with a minimum
spot diameter of about 20 gm. The laser heterodyne interferometer allows the
measurement of vibrating frequency up to | MHz with a resolution (depending on

frequency) better than 0.01 nm [17].

The experimental resnlts show that thermal excitation of the resonators is feasible
for frequencies up to at least 1 MHz [17]. For the cantilever beam resonator, a
maximum vibration amplitude of 1.7gum. at the fundamental resonant frequency
of 30.43k1 =. was measured. for Py, = 11.00uW and Py = 9.2V, For the
bridge-shaped resonator. vibration amplitude of 2901m was observed at the fun-
damental resonance of 79.2k1 = under excitation power of P,y = 7.7mW and

Py = 10.9m .

5.1.4 Thermally Activated Micromirrors

Deflectable micromirrors were originally intended for light modulators. which are
used to alter the amplitude or the phase of light. In the late 1960s and carly
1970s. high density arrays of micromachined light phase shifters were proposed
(65, 66, 67]. In the late 70s. a laser beam deflector [68] and a silicon scanning, wir
ror [69] were built by Petersen. In spite of those efforts. micro-deflectable mirror
devices were not commercialized until 1992 wh-n ‘Texas Instruments announeed
the developinent of an air-ticket printer, which has a built-in micromechanical
light modulator [70]. In 1993. Texas Instruments also successfully developed a

high definition display projection system based on a 2-dimensional array of de-
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flectable micro-mirrors. Those products were based on the ongoing rescarch and
development of the company for over two decades [T1. 72. 73], The efforts of re-
cent rescarch and development involve the realization of optical choppers [75. 76].
micro-interferometers (77, 78, 79]. diffraction light modulators [80]. scanning mir-
rors [S1. 82. 83]. eptical shutters [84] and optical switches [85]. At present. the
growing interest in the deflectable micro-mirror devices stems from the need to
develop fast switching systems for fiberoptic networks built for telecommunication
systems. Several micromachined spatial light modulators have been proposed for

this purpose [86. 87. 88].

The deflectable mirror devices mentioned above are all fabricated using customized
surface micromachining processes. Recently. there have been successful attempts
to build deflectable mirrors using standard CMOS bulk micromachining technology
[S9. 900 91]. The deflection has been activated by the theral bimetal effect based
on the same operating principle as the actuator discussed in Section H5.1.2. In what
fellows. the thermally activated mirror developed at the University of Alberta [8Y]
will be used as an example to illustrate operating principle, lavout design and

performance of the device.

The fayont design (plan view) of a tvpical thermally activated mirror is shown in
Figure 5.3, The device consists of two parallel cantilever beams supporting the
mirror plate between their tips. Each of the cantilevers is a stacked structure of
ficld oxide laver and (VD layers of oxide and nitride. enclosing a polysilicon heating
resistor. The mirror plate is made of all-standard silicon dioxide. aluminum and
silicon nitride layers. The metal layer acts as an optical reflector (mirror). The
driving support arms are 130 pm long and 12 yom wide. The size of the mirror
plate is 1600 x H6pm. The device was fabricated using the Mitel 1.5 gm CMOS

process and the gate polvsilicon laver (polyl) was used as the heating resistor.

Intrinsic mechanical stress due to the temperature cycles during ‘abrication results
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Figure 5.3: Plan view of thermally actuated CNOS micromirror.

in pre-bending of the suspension arms alter the structure i released. When heated
by an electric current through the polvsilicon, the different coefficients of thermal
expansion of the beam lavers lead to a bending of the cantilevers and thus the
tilting ol the attached mirror plate. The misinmm contact regions between the
suspensions and mmirror plate not only reduce the bending load on the driving
beams. but zlso keep the mirror reflecting surface flat when the beams arc thermally

actuated.

The mirror deflection angles are determined by light reflection measurements, as
illustrated in Figure 5.4, where a beam from a helinm-neon laser was focused on the
mirror. The positions on the screen of the light spots of the Jase . beam reflected by
the mirror in the rest and in deflected positions indicate the mir-or deflection. "'he
mirror deflection angle is half of the angle o indicated in Figure 5.4, A constan

current source was used to drive the mirror and the heater resistance was monitored
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Firmsre 5.4: Experimental setup for deflection angle measurement.
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Uigure 5.5: Mirror deflection versus the input current.
by a DMNI measuring the voltage across the resistor.

Figure 5.5 displays the experimental relationship between the deflection angle and
imput current while Figure 5.6 shows the how the deflection varies with the average
temperature of the driving bezes. The beam temperature was determined by
Lquation (3.2) and the 'PCR value from Table 3.1, From those diagrams. it can
be seen that the deflection has a linear relationship with the temperature of the
support cantilevers. This observation is justified by the numerical simunlation in
reference [91]. However. the deflec”ion is more sensitive to the ¢t i

because the heating power [2 = [4rt. The substantial deflection variation with
current (higher than 1.2 mA) is caused by both the 12 term and [ dependerse

on the current.

The response time of the mirror deflection was also estimated using the s« serup
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Figure 5.6: Mirror deflection variation with the average temperature of the driving

beames.
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shown in Figure 5.4. The movement of the reflection laser spot was captured by a
Kodak high speed video camera. The time for the reflection to move from the rest
location to the deflected location is approximately 3 ms. This value is consistent

with the thermal response time measurements discussed in Chapter 1.

Even though the maximum dellection achieved from the experiment is 1.7°, the
driving beams need to be heated to over 600°(" to reach this magnitude of deflec-
tion. At this temperature, the electrical and mechanical properties of the materials
composing the support beam become highly unstable: the resistance of the heat-
ing polysilicon resistor varies with time, making it difficult to keepy the dissipated
heating power constant; and the driving beams are plastically deformed and ir-
recoverable plastic deflection occurs [8]. As a result, clastic deflection at high
temperature is neither repeatable nor controllable. Based on Table 2.1 the oper-
ating temperature of polysilicon should be ke, & below 350°C". Figure 5.6 indicates
the unstable region where the temperature is higher than 330°C'. Therefore the

usable maximum deflection for this particular device is abont 17,

Optimization on deflection angle has been reported by including two layers of alu-
minum on top of the driving beams, leaving out both the intermedinte oxide and
the top passivation layers [90]. The purpose of the design is to utilize the large
thermal expansion coefficient of aluminum for the mirror actuation. Deflection as
large as 6° were observed and again the reproducibility is questioned [90]. An-
other obvious problem with the design is inow to protect the almminum lines from
being attacked by the postprocessing ctching because both EDP and TMAH eteh

aluminum [92].

Using Xef%, as the silicon etchant, clectrostatically actuated flip-mirror devices
have been built in standard CMOS process. Reference [109] gives a detailed intro-

duction in this area.
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5.2 Magnetically Actuated Devices

Most movable strictures realized using the CMOS process are thermally activated
as discussed in the previous section.  Obvious drawbacks of thermal actuation

ielude:

e Slow response times. Discussions in Chapter 4 indicate that the response
time of the device under external thermal excitation is several milliseconds.

Heat transfer mechanisms limits response speed of thermal actuation.

e Unidirectional motion. The bending direction of the thermally actuated de-
vices depends on the thermal expansion coefficients of the materials. Once
the structure is fabricated, there is no wayv to change the direction of motion

of actuation.

e Small deflection angle. 'The deflection angle of the thermally activated mirror
is small. especially for the stable operation range. to have many practical

applications.

The purpose of magnetically activated device (MAD) development is to seck an
alternate and better approach to construct a mechanically movable device using,
the simple and economical CMOS process. The magnitude. speed and controlla-
bility of the achieved movement are expected to be improved significantly over the

thermally activated devices.

5.2.1 Magnetic Actuation

The magnetic force has been utilized in the operation of electric motors for more

than a century. In general. when a current-carrying conductor lies in a magnetic
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field. magnetic forces are exerted on the moving charges within the conductor.
These forces are transmitted to the material of the conductor. and the conductor
as a whole experiences a force distributed along its length. I a straight wire of
length [ is in a magnetic field B, the magnetic foree, also called the Lorentz foree.

can be formulated as

F=1Ix8 (H.2)

where /, is the electrical current flowing through the wire. The direction of the
force can be casily reversed by making the current tlow in the opposite direetion.
This fecature makes magnetic actuation flexible and controllable. NMagnetic foree
appears simultaneously with the presence of the electrical current. Thus the re
sponse time of a magnetically actuated device is only determined by the mechanical
propertics and geometries of the structure. However, the question remains: how
much deflection can a typical magnetic foree bring to a structure, and if the de

flection is too small. how 1o improve it

5.2.2 Deflectiou, mation

A simple and essential cantilever structure for a magnetically actuated mirror is
shown in Figure 5.7, where the electrical wire and magnetic ficld direction are also
illustrated. The structure is similar 1o the thermally actuated mirror disenssed in
Section 5.4.1 for the purpose of reducing the bending load while keeping the mirror
plate flat. A dielectric platform containing a rectangular metal layer as a optical
mirror was supported by two parallel support arms. The metal lead is distributed
as in Figure 5.7 in such a way that a current flowing through it interacts with the

external magnetic field applied paralle]l to the support arms and results in a vertical

displacement and rotation at the free end of the cantilever due 1o the generated
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Fignre 5.7: A simple magnetic activated mirrer device structure,

Lorentz force. The small contact regions between the suspensions and the mirror
plate produce the same rotation of the mirror as that of the free end of the support

arms. if the eflect of gravity is ignored.

The displacement and deflected angle of the free end of the cantilever can be
estimated by replacing the distributed force along the end of vhe cantilever by
two concentrated forces at the two outer corners of the cantilever. The problem
is therefore siniplified o detesoiining the deflection of a simple cantilever under a

concentrated foree, as shown in Figure 5.8(a).

If the deflection is small, the equation describing the elastic curve of Figure 5.8 (a)

is [93]

P
6E1

y=

(3La% — %) (5.3)

where I is voung’s moduins of tiin material forming the cantilever. ! deuotes
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Figure 5.8: C'antilever deflection under concentrated force PP (a) and concentrated

moment M (b).

the moment of incrtia of the cantilever cross-section arca. I represents the total
length of the cantilever. and the acting foree is 2. For the cantileser tip, « = L

the displacement is

I)IJ:" (_ l
Uinr = . I
Yone = 3R "
and the deflected angle is
IL? ..
0= Y (-).-))

The deflection of a cantilever under a concentrated moment at the frec end, as
shown in Figure 5.8 (b). is not directly related to the analvsis of the strocture in
Figure 5.7. However. it is part of the fundamentals for the deflection caleulation

of a cantilever-in-cantilever (CIC) structure, which will he discussed Jater. "The
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equation describing the elastic curve in Figure 5.8 (b) is

iy = :[[l' (.00

where M is the acting moment. Thus the cantifever tip displacement and detlected

angle are [93]

.”Il;'l_l = ."I- ('-)-7)
200
and
M
0 = " a8
o] (3.8)

respectively. It should be noted that for a cantilever with o small dellection.
the systenm is linear. That iso if the cantilever s ander more than one load. the
deflection at any part of the structure is equal to the algebraie s of the deflection

that cach load has i roduced independently.

Returning to the structure in Fignre 5.7 and assuming the deviee was fabricated
using the CMOS process. the mechanical properties of the suspension armns. snch
as Young's modulus and density. of the different CMOS-compatible materials are
approximated with the corresponding bulk values as given in Table 501 and the

thickness of the thin film layvers forming the structure are from the process daia.

The cross section of the support armi is illustrated in Figure 5.9 (a), where the
vertical dimension is obtained from the CMOS 1.5 g process data [94] provided by
Mitel. and the arm width w is determined by the layout design. Due to the similar
Young's modulus I between the silicon dioxide and the ahmminmm as indicated

in Table 5.1. the oxide section of the beam, containing the alwninum lead, can
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Table 5.1: Mechanical properties of CNOS thin filin materials
Material Young's Modulus (GPa) Density (g/cm™)
Polysilicon 168 2.3
Silicon Dioxide 74 2.2
Silicon Nitride 320 2.8
Aluminum 72 2.7
Silicon Nitride 05 ¥
Spum
\ I |
—_
y C ‘
. |
// \ i
Siticon Oxide \
Aluminum l_V
w w
(a) (b)

Figure 5.9: Cross section of the support arm: (a) original: (b) transformed.
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be regarded as a homogencous material. To caleulate the moment of inertia of
the arm [93]. the nitride portion has to be transforned to have the same Young's

modulus as the oxide portion by scaling its width by a factor of . which is the

ratio of the elastic modulus of nitride to the oxide (£,,/F.). The transformed

support arm cross section is shown in Figure 5.9 (b). The ceniroid s locataed ot

rx 0.5 %

™D x 1.25H
r \O')

Yo =

+ 2.4 i
+ 5 {(H.

.
-‘v

where r = L,/ E,, = 1321 Inserting the value of 7 gives g = L9116, The
moment of inertia f of the arca shown in Figure 5.9 (b) with tespect to the centroid

is

1 . .
Huw) = _)( e} % (0.5)° 4 0.5 % (rae) = (080117
+ 1] oo (2.5)0 4 2.5 % e (D.6956)
= 3957w [;nn"] (H.10)

where w is the width of the support arm in g

£ ‘hoosing typical values of the geometric and operating conditions for the structure
shown in Figure 5.7 will vield the mirror deflection angle by using Fquation (5H.5).
For example. if the current flowing through the structure is 10 mA, the external
magnetic field intensity is 0.1 T, and the length of the clectrie wire perpendicular
the magnetic field is 200 jan. the generated Lorentz foree "= 1113 =27107"N.
Half of that force will act on each of the two arms, i.c. [ = 2 =1~ 10-7N.
Assume that the arm width w = 12pm and length L = 180, the deflection

angle of the mirror will be

1 x 107 » 180?
2 x 74 x 1073 x 3.9557 x 12

0=

= 5.6937 = 10™* [rad] = 0.0:3262¢
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Figure 5.10: SEM picture of a triple CIC device.

and the displacement

Ymar = 0.0553;1772

5.2.3 Deflection Enhancement — CIC Structure

The estimations above point out that the magnitude of deflection for a simple can-

tilever structure is too small to have many potential applications. The cantilever-
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Figure 5.11: Triple CIC plan view and metal layers arrangement (in regions where

metall and metal2 leads are side-by-side, they actually overlap cach other in the

real device).
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in-cantilever (C1C) stractures are developed to enhance the deflection. A SEM
picture of the triple C'1C deviee fabricated using the Northern Telecom 1.2 pym
C'MOS process is shown in Figurs 5.10. The central cantilever is embedded in the
surrounding cantilever. which in turn is embelded sequentially in two other sur-
rounding cantilevers. The metall and metal2 layers of the CMOS pri.cess are used
to form a coil conducting current around the peripheries of the cantilevers. The
metal wires are arranged in such a pattern as shown in Figure 5.11 that the Lorentz
forces generated on the two ends of the cantilever always have opposite directions.
The following analysis will demonstrate that the magnetic forces will pass on and,

most importantly. amplify the moment generated on the central cantilever through

the cascaded cantilever structure.

The triple cantilever-in-cantilever structure is approximated by three simple cas-
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caded cantilevers as shown in Figure 5.12, where the three cantilesers froo the top
to the bottom represent the inner. intermediate and outer cantilevers of Figure
5.11 respectively. The top cantilever ix attached 1o with the midille one at poin
B. and the bottom and middle cantilevers are joined at point 4. Fieure 512 also
illustrates the free-body foree diagrams for those cantilevers. The Lorents forees
generated by the clectrical current and the external magnetic lield arve approxi

mated by the concentrated forces. namely P Py and P4 for the three support
structures on the ends of the cantilevers as shown in Figure 5120 Assuming, that
the magnetic field intensity is evenly distributed along the surlace of the deviee,
the directions of forces Py and Py are alwavs the same and opposite with that of
P,. For the absolute values of these forces. I’y > 1% > Pr.odue 1o the geometry ol

the device.

The displacement and the deflection angle of the top cantilever with respeet to

point B in Figure 5.12 can be calculated using Equation (H.1) and (5.5) direetly

P i
. 0, = Dl
3021 YAy (.11

L ™

Ymart =
where Ly is the length of the top cantilever.

Considering the second cantilever, the deflection of point I3 with respect to A s
composed of two parts. The deflection introduced by the moment My = [ Ly is

formulated using Equation (5.7) and (5.8)

, MLy L3 , ML, IWL L, . 1
Ymare = 2F | - 9171 . 02— I'J'I - I3 (”l-)

and the deflection caused by the unbalanced force (/% - 1)) is
y;ar2=(1)2—P])L%’ 0;,2(112——1)1)145 5.]3)

3ET 211
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in both equations. L, denotes the length of the second cantilever. Thus the total
deflection of the second cantilever s
L L (P, — )L
Yumase = y:mu"z + y:r’m:r'z = —-2[':] - ‘31‘:[ :
p) , > . p 2
O, =0, + 04 = Pilils (P — P2 (5.14)

Il 2K

Similarly. the deflection of the bottom cantilever is calculated using the net force

and moment acting ou point A, From the force diagram in Figure 5.12, the moment

concentrated at A is Aly = Py Ly + (1% — Py) Ly, and the net force is Py — (P — ).

Thus the deflection of point A with respect to the clamped end is

[Pl + (2= POL LS | [Py— (P = POV IS

Yonry =

261 3101

_ [Pl (P = POLa)Ls | [P = (P = P )] L3

f).
; 11 2FE 1

Notice the the directions of the displacements and rotations. the total deflection

ol the mirror plate with respect to the substrate is

Ymar = Ymarl — Ymaz2 + Ymars
_ PiL3 — (P — P)L3+ [Ps— (P2— P L3
- 3ET
+-—”1L1L§ + [P L+ (P, — P)Ly] L]
2E1

0 = 0,-+0,+03
PL24+ (P, — P)L2+ [Py — (P, — P1)] L}
2F1
PilLiLy+ [P Ly + (P, — Py)L,] Ls
+ El
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For a CIC structure containing » cantilevers, its detlection can be formulated as

n -1

SU=DTRLY Y=L,
= =1
YUmar = 3 [:“l + 2[3[
n \ -1
ZI’I’. Z“l,[.,—f-l
0 = =] =1 hld
20101 N I o
where
I"[ = I)l:

Fi=P— Py fori> 1

M=S B

=1

The conclusions drawn from Equation (5.17) wre sennnmarized as:

e The deflection of the central cantilever (mirror plate) of o CIC structure
is the accumulation of the deflection of all the surrounding cantilevers, 'The
vertical displacements of any two successive cantilevers are alwayvs in opposite
directions making the aceumulation not necessarily act in favour of inereasing
displacement magnitude. For the rotation angle. however, all the cantilevers
contribute to the accumulation in the same direction. 'Fhis property makes

the CIC structure extremely effective in enhancing the deflection angle.

e The total deflection is proportional to the Lorentz force generated within
each cantilever and therefore the magnetic field intensity 3 and the input

current /..

e The moment generated at the central cantilever My = [ L is cascaded

to the outer cantilever through the cantilevers in between. The moment is
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cnlarged at cach stage. For example. the acting moment at the third stage.
the bottom cantilever in Fignre 5.12, is larger than Ay by (P — L, As
a consequence, the maximum moment occurs at the fised ends of the outer
cantilever suspensions, and so do the highest stresses and strains. Thus they

are the best locations to place the piezoresistive sensors.

e Ducto the effect of the deflection accumulation and the moment enlargement.
the CIC structures dramatically improve the deflection magnitude over the
simple cantilever structnre under the same operating conditions. The more

cmbedded cantilevers there are, the more the attainable angular deflection.

Using the geometrie dimensions shown in Figure 5.11. it is possible to estimate the
deflection of this particular device., If the eleetrical current flowing through the

coil 1, = 10 m A and the external magnetic field B = 0.1 7.
Py=1x 107N, P=228x107"N. and Py =284 x 107"\
Ly = 180 ppm. Ly =208 pomm. and Lz = 236 pm

As the suspension width w = 12 jon, the moment of inertia for the structure is
I = 3.9557 x 12 = 47.4684 [

Iuserting above values into Equation (5.16) obtains

Ymar = 0.3835 ym
0 = 6.5501 x 10~° [rad] = 0.3753°
Notice that the central cantilever is identical to the structure discussed before as

an cxample of a single cantilever structure, and thus ihe triple CIC design has

enhanced the deflection by more than ten times.
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5.2.4 Experiments and Analysis

The magnetically activated mirror devices were fabricated using the CNOS 1.2
trm double metal process offered by Northern Telecon, The free standing CHC
cantilevers were released by postprocessing etching performed at the Alberta M

crociectronic Centre,

Two tyvpes of CIC devices were made. Figure 5,10 shows the triple CIC deviee
where three active cantilevers have been embedded. The double CTC deviee s
similar to the triple except it has one less embedded cantilever The experimental
setup to perform the measurements on the CIC devices is similar to that shown
in Figure 5.4 except the chip with the deviees is placed in between the two poles
of a permanent magnet. The magnetic field has a measured value of 01271 Tor
all the measurements and it is in the direction indicated in Figure 5000 A bheamn
from a heliuvm-neon laser is focused onto the center of the cantilever niirvor and
the reflected beam falls on an opaque sereen or a photo-detector. The angle of the
cantilever is determined by the position of the reflected laser beam and the peom
etry of the system aud the time of mirror movement is measured by monitoring,
the movement of the laser beam. DC and square wave AC cnrrents are applied 1o

determine the static and dynamic response of the deviees,

Mirror Deflection

To activate the mirror deflection. high current (nsually higher than 10 mA) is
necessary and thus Joule heating on the suspensions cannot be avoided. Figure
5.13 plots the average temperature increase of the support arms of a triple C1€°
cantilever against the input current. An input current of 20 mA will heat the
support arms to approximately 150°C' above the roomn temperature. ‘Thus the

mirror deflection is activated not only by the Lorentz foree but by the thermal
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Figanre 5.13: Temperature increase of support arms versus the input current.

multi-morph effect (see discussions in Section 5.1.4). To extract the magnetic
effeet. the measurement on the two reflected beam positions produced by the same
current llowing in opposite directions is used 1o determine the cantilever deflection.
The thermally activated deflection depends only on the dissipated electrical energy

but not the currend direction.

Figure 5.1:1 displays the tilt of the two types of devices as a function of DC cur-
rent, where the tilt represents the total angular displacement by reversing the DC
current. The deflection for both devices is linear with respect to the current as
predicted by the analytic estimations in the previous sections. Fou the triple CIC
structure, the measured deflection at I, = 10m.A is about 0.5°. haif the value of
the tilt shown in the plot. The analytic model predicts a deflection of 0.3753° at

B = 0.1T. Consider the stronger magnetic field in the experiment (B = 0.12T"),
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the model estimates a deflection of 0.3753 x (0.12/0.1) = 0.45°. Measurement er-
rors. thin filin material property approximations and the model erudity contribute

to the 10% inconsistency.

Response Time Measurement

The response time of a deflectable mirror is a crucial parameter for many prac-
tical applications, such as the applications in projective display systems. optical
switches. and optical shutters. Accurate measurement of the velocity profile of
the mirror dnring its deflection is verv difficult. However. the simple experiment
discussed in this section reveals fairly well the response time and the dynamic

response of the device.

The experimental setup is similar to that used to measure the static deflection.
except that the reflected laser beam falls on a photodiode rather than the opaque
screen. The object of the experiment is to measure the switching speed of the
reflected laser beam. The photodetector is positioned so that the edge of the re-
flected laser beam. as shown in Figure 5.15. will be moving inside the detector
diaphragm region. A« a consequence. the radiation flux passing through the di-
aphragm. and hence the detector output, will depend on the position of the light
spot. For the situation drawn in Figure 5.15, the mirror in the up position allows
maximnm amount of radiation to fall on the detector while the mirror in down
position minimizes the detector output signal. Although the relationship between
the light spot displacement and the photodiode signal is nonlinear, the measure-

ment is a good indication of the performance of the devices in the time domain as

long as their variations are monotonic.

The mirror was driven by a square wave AC current of 6.7 mA. The output signal

of the photodetector was sampled and collected using a digital oscilloscope. The
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Figure 5.15: Photodetector arrangement for mirror response time measurciment.,

upper oscilloscope trace in Figure 5.16 displays the detector signal at a driving
frequency of 102 Hz. while the lower trace indicates the driving enrrent. After the
current switches direction. oscillations are excited and then damped. Eventually

the mirror plate settles after about 2.5 ms.

Figure 5.17 shows the signal on a shorter time scale. 'The measured response time
during which the mirror swings from the still stage to its first oscillating peak
is about 28 ps. The movement of the mirror can be regarded as damped free-
vibration response of the CIC structure. For a system having a single degree of

freedom. the equation governing the free-vibrating motion is formulated as {95):
g g g g

dPy(t) | dy(t)
mer YOy

+hyy=0 - (5.18)

where m. ¢. and k& are the effective mass. damping constant and stiffness of the
svstem respectively: y(i) denotes the displacement at time {. The general solution

for Equation (5.18) is

y(t) = Ge™ (5.19)
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Figure 5.16: Photodetector output (upper trace) as mirror is excited by an AC

square wave current at 102 Hz (lower trace).
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Figure 5.17: Close-up look of Figure 5.16.
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where s satisfies

St —stuw2=0 (5.20)
m
with
wi = k (5.21)
o m

wp. the resonant frequency, is the circular frequency at which the system will

oscillate without damping.

If damping is present in the system,

1
¢ c \2 3
& = ___.i —;‘_*2 3-22
) 2m [(2777) U} ( )
and thie damping ratio € is defined as:
£= < (5.23)
277?&4)()
For an underdamped system (§ < 1),
s = —fwo +iwp (5.24)
where
1
wp = wo (1 — €?)? (5.25)
Thus the solution for Equation (5.18) is
y(t) = e $“*'(Asinwpt + B coswpt) (5.206)

where A and B are the constants determined by the initial and boundary condi-

tions.
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It is tempting to obtain the device damping ratio from the response shown in
Figurc 5.17. Reference [95] has given an approximate method using the vibration
amplitudes provided the frec-vibrating motion is a single exponential decaying har-
monic oscillation. as predicted by Equation (5.26). Referring to Figure 5.170 the
enveloping curve imposed ot the responses is. however. non-exponential. proba-
bly due to the beating or interaction between the higher order vibrations [96]. In
addition. the vibration amplitude shown in the measurement is not proportional
to the actual displacements of the structure. Thus determining the damping ratio
using amplitude decay is prone to significant error. However. the damped vibra-
tional frequency can be casily measured using the experimental response. The
measured value of the cvclic frequency fp is 16.875 kHz, which. in combination of
the resonance frequency discussed in the next section, can be used to estimate the

damping ratio €.

Resonant Response

The deflection of an electrostatically actuated device is always a fixed value even
under resonant excitation because its free moving distance is determined by the po-
sitions of the landing electrodes. The electrostatic torque is inversely proportional
to the square of the electrode separation [74]. so a usable electrostatic torque often
implies limited electrode separation and hence limited deflection. Unlike electro-
statically actuated mirror device, a magnetic CIC structure has the potential to be
activated at its resonant frequency to achieve large deflection, since its free moving
distance is only constrained by the geometry of the etched cavity, which can readily
be made quite large. The frequency response around the resonance was measured
using the same experimental setup as for the static deflection measurement. Squarc
wave AC currents were applied to excite the oscillation. The reflected beam was

fan-shaped and the spread angle and hence the mirror deflection varied with the
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Figure 5.18: Triple CIC structure frequency response.

frequency and the magnitude of the input current.

Figure 5.18 plots the variation of the tilt of the triple structure mirror against the
driving frequency at different magnitudes of AC current. The measured resonant
frequency fy is approximately 17 kHz. Using Equation (5.25) and the value of
fp obtained from the previous section, the damping ratio £ of the structure is
calculated as 0.12. The measured maximum deflections are about 10°, 16 and 20°
for the currents of 4 mA. 6 mA, and 8 mA respectively. At 10 mA, the mirror
plate strikes the bottom of the etched pit. which has depth of 50 pym, limiting
its deflection to 25°. The measured ¢ {v-tor of the striucture is approximately
35. Figure 5.19 shows the response for a double cantilever structure which has &

resonant frequency of 25.3 kHz and a @ of 90.

The triple CIC device has been operated at resonance under driving current of 8§
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mA continuously for 17 days (2.5 » 10'° oscillations). No visible structure defects

and no change in the deflection characteristics were observed afterward.

The device is rich in resonant frequencies. For another triple-CIC structure, Table
5.2 lists some of them. Both sinusoidal and square-wave AC currents of I,,,s =
8.0 A were used to drive ihc device. No sinusoidal resonances were observed
below 13.2 kHz, while the square wave excitation produces several. which are

presurnably due to the high order components carried by the AC square wave.

T'he small resonances near 34.6 kHz labeled orthogona! indicates an oscillation that
was in the direction orthogonal to all the other resonances, and represents a lateral
oscillation. This may due to the slight asymmetry in the metal leads of the device:
the metall to metal2 via is on the arm of the cantilever (see Figure 5.11) rather
than at the end of the cantilever, producing a center of mass of the device that is
slightly off the gecometric line of symmetry. Slight mis-alignment of the external

magnetic field with the CIC structure may also contributes to the phenomenon.

Another interesting phenomenon is a dip in the average temperature of the support
arms when the device is at its resonance. It has been observed that the average
temperature of the support arms of a triple CIC structure, as it was driven through
resonance by an AC square-wave current of 10 mA, decreased by apwroximately
0.5°C" at resonance. Figure 5.20 displays the temperature variation of the support
arms versus the driven frequency. The temperature values were obtained by mea-
suring the resistance of the aluminum coil using a DMM, which would average out
any A( signals associated with large oscillations, such as piezoresistance and back
emf >ffects. At resonance. the mirror plate acts like an electrical fan due to the
large magnitude of its deflection and it pushes the ambient air much faster and

cools down the device.
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Table 5.2: Frequency response of a triple-CIC structure (/,,,s = 8.0 m.A4).

Square-wave AC excitation Sinusoidal AC excitation
Frequency (kHz) | Deflection (°) | }requency (kHz) | Deflection (°)
2.23 "~ 4.57
3.20 6.09
4.45 4.57
5.23 9.09
7.30 3.05
13.20 10.57 13.23 9.83
15.90 26.57 16.03 20.81
34.60 (orthogonal) 34.34 (orthogonal)
36.50 7.59 36.46 6.09
580 3.81 56.78 3.81

5.2.5 Potential Applications

The novel design and actuation techniques of the CIC structures extend their ap-
plications bevond the areas covered by the conventional deflectable mirror devices.

Those possible applications are summarized in the following;:

e Resonator sensor. The resonant frequency of the structure is sensitive to a
variety of measurands. such as ambient temperature and pressure and mass of
the moving structure. Thus the CIC device can be designed as a temperature
or pressure sensor. The sub-nanogram mass sensor discussed in Section 5.1.1
can be replaced by CIC device to eliminate the need for the vibrating table.
Inside a thin film deposition chamber. CIC perhaps could be used as an

in-situ monitor for the film thickness.
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e Large spread-angle optical scanner. Large tilt (move than 22) has been
achieved as the CIC structure is excited at its vesonant frequency. 'The
device can be used as a miniature optical scanner, a key component in the

single detector imaging systems and the single light source display systems,

e Micre-speakers. The motion of deflecting platform can be used to generate
an acoustic wave. The operating principle of the magnetic actuation can be

adopted to build miniature speakers on the silicon micro-chips.

e Magnetic field sensor. The bending force of the CIC" structure is a function
of the external magnetic field. Thus the deflection could probably he used

to measure the magnetic field intensity.

e Thin film property extraction. The performance of the CIC structures de-
pends on the mechanical properties of the materials forming the structures.
Elaborate design and careful analysis will enable one to obtain the mechan-

ical properties of the thin films, such as Young's modulus and the density.

It should be noted that the applications mentioned above are only several prelim-
inary predictions. This is by no means a complete list for the applications of the
CIC structure. On the other hand, the feasibility of magnetic actuation for some

of the applications listed here needs further investigation.



Chapter 6

Conclusions and Outlook

6.1 Summary of Contributions

Merger of the bulk micromachining technology and the standard CCMOS process
has introduced an inexpensive and yet powerful approach for microfabrication of
micromechanical structures. The success in the construction of several functional
microsensor and microactuator structures has prompted many research groups to
investigate the performance, characterization and optimization of the CMOS mi-
cromechanical devices. Meanwhile, eflorts have been made to expand the applica-
tion arcas covered by the CMOS micromachining techniques by building different
structures with new operating principles and new functions. In this regard. the
work presented in this thesis contains two major parts: the characterization testing
and performance improvement on the existing thermally sensitive structures and

the development of a novel magnetically activated device.
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6.1.1 Thermally Sensitive Structures

As the first generation of CMOS micromachined devices, thermally sensitive strue-
tures have many potential applications in the ficld of sensing and actuating, ranging

from a sensor for gas flow or pressure to a radiation emitter.

For this type of device. thermal isolation and therefore its thermal sensitivity is
an important parameter essential for fundamental device operavion.  Using the
temperature coefficient of resistance ('TCR) of the polysilicon layver otfered by the
CMOS process. thermal sensitivity ol a structure can be casily caleulated by mea-
suring the I-V characteristics of the device. The thermal sensitivity of a suspended
bridge structure has been tested at ambient pressures of one and zero (nominal)
atmospheres. It was found that for this particular device, its thermal sensitivity in
vacuum will be ten times as high as at one atmosphere. implying that some 90% of
the heat loss is by conduction through the gas. Thus for some applications require
ing high thermal sensitivity, such as a radiation sensor, the ambient gas should be
eliminated. Thermal sensitivity can also be enhanced by modifving the physical
structure of device. For example, replacing the aluminum wire with relatively low
thermally conductive polysilicon or increasing the eflective length of the support
arms or doing both will decrease the heat leakage from the suspended structure

and hence improve its thermal sensitivity.

Another important characteristic for thermally sensitive structures is their response
time. Due to the miniature mass it carries, a microdevice subject to an external
excitation can respond faster than its larger counterparts. Under excitation by
both a constant current (CC) and constant power (CP) step, the time-varying re-
sponses of a microvridge structure at ambient pressures of 1 atmosphere and 1071
Torr have been examined carefully by monitoring the resistance of an embedderd

polysilicon resistor. Excitations of various step amplitudes were applied. The aver-
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age temperature of the device increased exponentially with time: the inverse time
constant varied with the square of the current step amplitude but was constant
with power step amplitnde. Generally. device response is much faster at one at-
mosphere than in vacuum for both types of excitation. For the device under test.
the typical values of its time constant under the CC excitation range from 2.49 ms
to 14.19 ms at one atmosphere and 12.35 ms to 16.91 ms in a vacuum. Its response
time under the CP excitation is about 1.03 ms at one atmosphere and 11.56 ms
in a vacuum. An analytic model for the CC excitation has been developed and
its predictions ave consistent with the observations of the experiment. Thermal
response time and thermal sensitivity are interconnected for a particular device:

improving one of these properties degrades the other.

6.1.2 Magnetically Actuated Device

Although there are many research activities going on for the development of dy-
namic (movable) :nicromachined structures, very little progress has been made to
date in this area using CMOS micromachining technolegy. Almost all the dynamic
devices fabricated in CMOS are driven by the forces introduced by the thermal ex-
pansion coffect [15. 17, 59. 89. 90]. Their performance is greatly limited by the heat
transfer mechanism of the structures. The work in this thesis breaks new ground
by presenting the method of magnetic actuation in the construction of the CMOS
dynamic devices for the first time. The Lorentz force, generated by the interaction
between the current flowing through the structure and an external magnetic field.
has excellent controllability with respect to its magnitude, direction and response

speed. High quality movable devices are expected to be realized using magnetic

actuation.

A deflectable mirror device is developed to demonstrate the operating principles of
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magnetic actuation. The most challenging aspect of this work invelves achieving
a usable mirror deflection with reasonable current and magnetic field intensity:
the analytic model indicates that. for a simple cantilever structure (Fignre 5.7).
the mirror deflection angle is about 0.033° with the input current of 10 m:A\ and
the external magnetic field of 0.1 T. To enhance the deflection. a cantilever-in-
cantilever (CIC') structure is developed. The metall and metal? lavers of the
CMOS process are used to conduct current around the structure so that the Lorent:
forces on the ends of the cantilevers apply a couple resulting in a tilt of the mirror
plate. Analytic calculations have pointed out that the deflection angle of the mirror
plate is the accumulation of the tilts of all the surrounding cantilevers. The more
embedded cantilevers there are. the more the angular deflection. For a triple C1C
structure (containing three active cauiilevers). the deflection angle of the central
cantilever is more than 10 times as large as that of one simple cantilever if the

operating conditions and the structure dimensions are the same.

Triple and double CIC' structures with a mirror plate as the central cantilever have
been fabricated using the CMOS 1.2 jn process offered by Northern ‘Telecom.
Both sta’ic and dynamic response of the devices were measured using a method
of optical reflection. The measured static response shows a good agreement witls
the predictions of the analytic model. About 2.6” of the mirror tilt has been
obtained for the triple CIC' device under a current of 26 mA and a magnetic field
of 0.12 T. The measured response time of the triple Cl1C device is approximately
28 pus. The frequency responses of the devices were also measured. The triple
CIC device has a resonant frequency of 17 kllz and the double 25.3 kHz, The
maximum tilt at the resonance is approximately 25 for the triple CIC and 18°
for the double. The measured (Q factors for the triple and double CIC structures
are 35 and 90 respectively. The triple CIC device has been operated at resonance

under a driving current of 8 mA continuously for 17 days (2.5 » 10" oscillations).
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No visible structural defects and no change: in the deflection characteristics were

observed afterward.

The novel design and activation technique makes the CIC structure an impor-
tant entry into the field of CMOS micromachined dynamic devices. This work
has demonstrated the succeésful fabrication of deflectable devices. using the the
standard CMOS process, capable of a highly controllable deflection angle in either
direction, a large deflection angle, especially at resonance, a fast time response,

and excellent mechanical stability.

6.2 TFuture Work

Although the standard CMOS micromachining technology has existed for almost
a decade. it seems apparent that the commercialization of this technology is still
at the preliminary stage. A main reason, in author’s opinion. is the contradictory
needs and interests between MEMS research groups and the standard 1C process
developers. For example, the T'CR of the polysilicon resistor of the ('MOS process
has been minimized to improve the perfermance stability of the 1C' under a harsh
operating environment. A sensor designer would like a high TCR to enhance the
sensitivity. In this regard, ma; etically actuated devices are more attractive than
the thermally sensitive structures. For a dynamic structure driven by Lorentz
forces. the mechanical properties of the thin films. the reduction of the residual
stresses. and the current capability of the metal leads will be the key factors de-
termining the performance of the device. All of these are well within the interests

of an 1C process developer.

The drawback of magnetic actuation is the need for a strong external magnetic

field. There are at least two possible approaches to this problem:
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1. Reduce the free space of the magnet. The free space between the two poles of
the magnet used in the experiment is about 35 mm. The necessary free space
should be big enough to contain a die v-hich is approximately 3 x 3 nman? in

size. It is usually much easier to generate a strong magnetic field in a small

free space.

2. Optimize the structure performance. None of the {abricated devices is de-
signed for optimum performance and a number of obvious improvements
could be incorporated to make the deflection larger. As indicated by the
analysis in Chapter 5. embedding more active cantilevers or reducing the
thickness of the support arms or doing both would dramatically enhance the

deflection.

Magnetically actuated devices have also offered an excellent opportunity to inves-
tigate the piczoresistive characteristics of the polysilicon resistor. In combination
with the optical reflection method, one would be able to determine the statie de-
flection, the response time and the frequency response by measuring the resistance
of the polysilicon resistor embedded in the structures. Those measurements would

provide the basis for the applications as resonator sensors.
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