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SUMMARY

This research explores a novetsitu technique for monitoring film thickness in the
reactive etching process that incorporates a miaohned sensor. The sensor correlates film
thickness with changes in resonant frequency tbatirs in the micromachined platform during
etching. The sensor consists of a platform thauspended over drive and sense electrodes on
the surface of the substrate. As material is etdn@ah the platform, its resonant vibrational
frequency shifts by an amount that is proporticimathe amount of material etched, allowing
etch rate to be inferred.

This RIE monitoring methodology exploits the acayraf resonant micromechanical
structures, whereby shifts in the fundamental rasbfrequency measure a physical parameter.
A majority of these systems require free-standirggimanical movement and utilize a sacrificial
layer process as the key technique to develop afehse the structure on a substrate. A
sacrificial layer technique that incorporates a temperature sacrificial polymer was utilized to
develop and release the suspended RIE sensor wgtilent performance and is capable of
fabricating other low cost, high performance arlthbée suspended MEMS devices.

The integration of sensors and electronic cirguite a dominant trend in the
semiconductor industry, and much work and resehashbeen devoted to this effort. The RIE
sensor relies on capacitive transduction to detewll capacitance changes and the resulting
change in resonant frequency during the RIE proc@$e RIE sensor’s overall performance is
limited by the interface circuit, and integrationttwthe proper circuit allows the RIE sensor to

function as a highly sensitive measure of etch dueng the RIE process. A capacitive

Xi



feedback charge amplifier interface circuit, whemf@ured with the RIE senor at the input
achieves very low noise sensing of capacitance ggsarand offers the potential for wide
dynamic range and high sensitivity. As an applicavehicle, process control was demonstrated
in the PlasmaTherm SLR series RIE system locatethén Georgia Tech Microelectronics
Research Center.

The integration of the RIE sensor with the chagglifier interface circuitry provides an
accurate cost effective alternative to direct in-sneasurements of substrate conditions, and is
expected to further facilitate more sophisticatetE Borocess monitoring instrumentation

subsystems.
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CHAPTER 1

1.1 INTRODUCTION

State-of-the-art integrated circuits cutieemploy upwards of 60 million transistors, six
layers of metal, and operate at clock frequencies & GHz. As device dimensions continue to
shrink and the speed of computing and communicstisystems increases, the effect of
fluctuations in the manufacturing process becomiéisal. Achieving tight specifications, given
the continuing trend toward even further miniatatian, represents a major challenge in process

control, an issue of critical importance to the semductor industry [1].

Semiconductor fabrication consists of headr of processing steps, including cleaning
routines, oxidation, diffusion, photolithographytcling and deposition. Process steps are
typically performed in sequence, and yield loss roegur at every step. Maintaining product
guality requires the control of thousands of vdgaland requires not only advances in device
fabrication process, but also advances in processitating and control. Improved process
monitoring and control method ensures device mantwfability, minimizes parameter
deviations and increases yields. Monitoring proceasables from pre- and post-process
measurements as well as real time measurementkedhalprocess to remain “centered” within

the desired manufacturing tolerance [2—4].



1.2 SEMICONDUCTOR PROCESS CONTROL

Traditionally, control of semiconductor pesses has been addressed in an aggregate
manner by statistical process control (SPC) tealesq[5]. SPC is performed off-line and
measurements are obtained after several batcheafefs are processed. SPC reliesepsitu
measurements and information on the status of tfervand the equipment. This introduces a
delay in determining whether out of tolerance ctiadiexists and the corrective measurements
that should be initiated. The delay inherent in S#@ the lack of on-line sensing and closed-
loop corrective action in this approach allows egéavolume of defective materials to be

processed before they are detected, resultingymfgiant waste and low yield [6].

1.2.11n-situ Process Control

It has been reported that device requirementsalmidation processes are forcing the
transition toin-situ sensing and real time process control protocdierd is an ever-increasing
restriction on material property specificationsttaee permissible in the different component of
thin films, being used to build ultra large scatgegrated (USLI) devices {8]. As device
geometries continue to shrink, the window on alloleaprocess variations for producing
materials with acceptable electrical propertiessgeven smaller. This requires that all
fabrication processes - and especially the etclgsses used to form and pattern thin films -
adopt even more restrictive process control limitise required degree of control for device
fabrication can only be achieved by usingsitu sensing to provide data for real-time feedback

control [2-7].

It is anticipated that in the future, there wik an increase in the level of chemical



complexity of the thin film processes used in devfabrication. This is partly due to new
technology demands, changes in the basic matexgal in the construction of advanced devices,
and the use of novel poly- and organic chemicats raaterials. These types of material will
undoubtedly have rich gas phase chemistries thainfluence both the process and the film’'s
material properties, requiring even tighter contchiring the device fabrication process.
Ultimately many processes will be forced to migrateards much higher-pressures or plasma-
enhanced reaction protocols to achieve producti@iity devices. It is believed that acceptable
yields in device fabrication, when using these clexpnaterials, will only be achieved with
improved understanding of the plasma chemistridgslewemploying advanced monitoring and

controlling approaches for the depositions andietcprocesses [2—7].

1.2.2 Advanced Process Control

Advanced process control (APC), particularly trericsm offline to inline toin-situ
techniques enables a richer more powerful spectiupmocess control strategies [8]. Advances
in APC have been driven primarily by successesuin-to-run (R2R) control and in fault
detection and classification (FDC). APC has dernratesd major value to the semiconductor
industry and has been adopted by most manufacticeseme extent, since its introduction into

the 1994 International Technology Roadmap for Sendactors [4-7].

Sensors and associated metrology to support APGunaaable today for key process
areas such as chemical mechanical planarizationP)Ckhemical vapor deposition (CVD) and
lithography [940]. A comprehensive APC manufacturing strategy isysata reality, nor is a

portfolio of sensors and metrology tools to suppornplete factory-wide deployment, given the



changes in materials, processes, and device stegotxpected for future technology needs. The
benefits already realized from APC are driving depment of new sensor technologies and
associated control software, which will allow comipensive solutions to be realized in the near

future [4-8].

APC comprises two different areas. The first inesl course corrections aimed at
adjustments of process parameters in order to cosape for systematic drifts in equipment and
process behavior. In this instance, inline metrplayemployed for feedback or feed-forward
control, either on a wafer-to-wafer or batch-tochabasis to maintain product quality in the
presence of process variation and to reduce wds&al time control, based on in situ and real
time sensors during the process requires furtheeldpment of more process specific sensors
with sufficient metrology precision. Fault managem) the second APC area, is directed at
rapid identification and response to equipment lgmols. In-situ and real-time sensors are used
to identify common equipment faults, initiate repaiand reduce product scrap [10,11].
Additional benefit is envisioned as sensor and ohefyy data are combined with information,
enabling more sophisticated classification of maeutle fault sources, along with fault
prognosis and maintenance rescheduling consistitly everall tool and factory efficiency.
Building on the confidence for R2R and FDC, whitecarporating real time control, is an

ongoing challenge for the industry.

Today, integrated metrology is prevalent only in EMfilm thickness), but it is
beginning to appear in etch and lithography praegsdn-line metrology will improve
throughput, reduce cycle time, allow for increasathpling (number of wafer as well as points
per wafer), and reduce control feed forward andlbeek lag times. Difficult challenges must be

overcome before integrated metrology is accepted targe scale. These challenges are in the



areas of: 1) performance and cost metrics for nated metrology, which must be comparable
for stand-alone metrology; 2) impact on tool thropgt, which should approach zero; 3)
integration; 4) data management; 5) setup (inclyidiaibration and training) and configuration
time and management; 6) cost and difficulty of ietpan tool up-time, and 7) accuracy

equivalence with stand alone metrology [7-11].

1.3IN-SITU SENSOR TECHNOLOGY

Real-timein-situ sensors, if quantitative and precise, will addh® capability for real-
time course correction that compensates for skeontstrandom process variability. This will also
enable a true real-time APC, in which in situ segsand real-time response drive both course
correction and fault detection at the tool leviglhtening unit process variability and enhancing

run-to-run control [5, 10].

In-situ sensors technology remains far from complete. dugrof sensors based on
optical, chemical, and electrical signals from gsses are available, but their development and
demonstration as quantitative metrology technidoegourse correction has been limitedn-
situ sensors that measure across-wafer uniformity amtical profiles are necessaryn- situ
sensors where possible, should be accompaniedligregnt designs that enable control action
that directly compensate for non-uniformities. Whih-situ real time sensors are broadly
deployed for detection and response to key failnogles, they have yet to be coordinated and
integrated to enable causal identification of meubtle failure modes. This is an important
challenge given the economic consequences of doentior preventive or emergency

equipment maintenance.



In-situ sensors face additional challenges in the wedltomplex materials, processes,
and device structures anticipated for future tetdmo nodes. Measuring the composition,
thickness, and uniformity of ultrathin gate dietexd or metallic barrier layers presents a
significant challenge, even with the adoption afnaic layer deposition (ALP). Nanoporous
low-x materials, particularly their interfaces with bardayers, present an equal challenge for in
situ sensors. In-situ chemical identification isrgmasingly critical where surface chemistry plays

a key role in product quality.

1.4IN-SITU PLASMA SENSORS

Semiconductor manufacturers rely on process comiethods and analysis of tool sensor
outputs to improve yields, increase tool produtfivend reduce manufacturing costs. The
behavior of process tool, specifically plasma etfobls, is difficult to control because small
variations in the equipment and process setup eae lan unpredictable impact on the etch
quality. The quality of the etch process is driv@nthe condition of the plasma and many

parameters have a small margin of deviation befmlels decline.

Sensor based technologies for real-time monitoeng detection of the RIE etching
process are being explored. Challenges exisefrtime sensing systems, given the wealth of
data provided by RIE plasma etch tools, and bectuseutput signals change continuously
during the etch process. Real-time sensing syséeeng/pically sensitive to secondary variables
such as temperature, in addition to the primaryamater for which the sensor was intended.
Since virtually all such parameters is eventualiycpssed by computer, the final sensor output

signal, ideally, should be in a digital format, that any secondary-variable sensitivity (e.g., to



temperature) is eliminated along with any nonlirtggroblems. Finally, there should be some
way of checking the sensor in its operating sysiesee if the device is still giving correct data
(the device should be self-testing over at leapodion of its operating range). Controlling
critical plasma etching process and plasma equiporethe basis of devices that are not testable
is clearly undesirable. Thus, a well developedtuestte noninvasive plasma sensor and its

interface circuitry performs an essential rolery aomplete real-time sensing system.

A novel, nonintrusive plasma impedance sensor vweorted, that measures the
fundamental and harmonic voltage and phase of #déo#frequency power in the plasma
chamber [17]. The data acquired from the sensoviges information that can be used for
process control. A real-time controller checks daga against a fault library, and adjusts the
plasma index based on the variations. In genetan a fault is detected, it is not necessarily
the parameter control device but the chamber sy#tamis determined to be the source of the
problem. This sensor is reportedly immune to slréfhd deterioration in the sensor parameters

caused by plasma chamber environment.

The specialized nature of the different types laEma sensors under development, and
complexity ofin-situ plasma process control makes cost-effective dpwedmt and fabrication
an issue for low to moderate volume applicationighHreliability and stability in the real
operating environment are critical requirementstii@se types of sensors, and questions of cost,
reliability, and performance go beyond the basitsee element itself. These requirements are
difficult to achieve and continued developmentaguired for many of these applications and

Sensors.



1.5 INTEGRATED SENSORS

The integration of sensors with electronic integfecircuitry, into more sophisticated
instrumentation subsystem, is very important anthareasing trend. However, the advantages
of integrating the sensors as part of a smart sgnsiodule containing additional electronics
makes sense only if it buys increased system pedoce. Therefore, the sensor must be
considered as a system element in order to justdéking it smart. The integrated “smart”

sensors can provide compensation, linearizatioosviy communication and other functions.

Integrated sensors typically produce outputs eitendown to the microvolt range, and
can resolve changes in resistance or capacitanoglladhms or femtofarads, or less. From a
systems point of view, it is preferable to dealhwstgnals in the range of tenths of volts to volts,
which are robust in the face of environmental fextsuch as humidity and electromagnetic
noise. The need for amplification and multipleximigh sensors is the current principal driver of
sensor-circuit integration, and such circuitry bagn added either in monolithic or hybrid form
to a great many devices. Sensor readout itsalsbecoming an important research focus, with
traditional difference amplifiers, capacitive okatibrs, and switched-capacitor integrators being
joined with efforts involving force-balanced feedkachemes or the use of tunneling or atomic

force feedback to detect microstructure motion wittreme sensitivity.

Thus, the interface circuitry performs an essénpia in any complete system. However,
the technology levels needed to focus on sensouitintegration are clearly very high. New
integration schemes give rise to new application @oductive solutions. The possible future
advances will further the development of real timeegrated sensors for controlling critical
semiconductor processes and equipment. Applicatielated to plasma etch community include

high-k dielectric and source-drain etch endpoirtiedion, process gas purity monitoring, radical

8



density measurements in the plasma chamber andsiemisnonitoring. Beyond that, the
emergence of micro-actuators "instruments on a"ghipmises the ability to exert significant

measures of control and information gathering.

1.6 THESIS ORGANIZATION

This thesis deals with the design, fabrication agalization of an integrated resonant
sensor forin-situ monitoring of the RIE process. Due to the largenher of RIE etch rate
monitoring principles and techniques, an overvieivttos area is presented in Chapter 2.
Chapter 3 discusses surface micromachining techgolehich is the key technology to
achieving the sensor being developed forithatu RIE process monitoring application. The
second part of this chapter focuses on the mechlaanal electrical behavior of the resonant RIE
sensor structure. The RIE sensor’s overall perdoce is limited by the interface circuit, and
integration with the proper circuit allows the RHensor to function as a highly sensitive
measure of etch rate during the RIE process. Thillihg block for the capacitive feedback
charge amplifier interface circuit is discussedGhapter 4. In Chapter 5 finite element
simulations are introduced in order to verify théERsensor design and theoretical model
presented in Chapter 3. Chapter 6 focuses orattrecétion process of the RIE sensor which is
a structured sequence of thin film deposition, plitography, and selectively etching using
surface machined techniques. The performance sinand electrical measurement of the RIE
sensor is presented in Chapter 7. This work focaseslectrostatic excitation and capacitive
detection of the RIE sensor and the measurememp setd results are presented in Chapter 8.

Finally, the dissertation ends with suggestiondditure work and conclusions.



CHAPTER 2

2.1 ETCH PROCESSES

To develop functional devices, structures or fest(e.g., gates, interconnects, and vias)
on the wafer substrate, it is necessary to eteh, @electively remove) materials using imaged
photoresist as a masking template. The patterrbeastched directly into the substrate or into
thin films previously deposited, which may be usesda mask for subsequent etches. For a
successful etch, there must be sufficient selégti@tch-rate ratio) between the material being

etched and the masking material.

In general, there are two classes of etching e (1) wet etching, where the material
is dissolved when immersed in a chemical soluteond (2) dry etching where the material is
sputtered or dissolved using reactive ions or avgpase etchant. Distinctions are made on the
basis of isotropy, etch medium, and selectivitytlod etch to the other materials. Isotropic
etchants etch uniformly in all directions, resujtim rounded cross-sectional features. By
contrast, anisotropic etchants etch in some doacpreferentially over others, resulting in
trenches or cavities delineated by flat and wefirdel surfaces (illustrated in Figure 2.1). The

etch medium (wet versus dry) plays a role in salga suitable etch method.
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2.1.1 Wet Etching

Wet etching in aqueous solutions is the simplehnelogy and offers the advantage of
low-cost batch fabrication (e.g., 25 to 300-nm wafers etched simultaneously) and can be
either of the isotropic or anisotropic type. Wethig works very well for etching thin films on

substrates, and can also be used to etch the astabisself.

Wet etch Plasma (dry) etch

ISOUroge

(111)

Anisotropic

Figure 2.1: Cross-sectional trench profiles resulting frometiént etch methods [18].

The most common group of silicon isotropic wetatuts is HNA, also known aso-etch
and poly-etch. This mixture of hydrofluoric (HF), nitric (HN£), and acetic (CECOOH) acids
has been in use since the early days of integiatedits. The etch rate vary from 0.1 to > 100-
pm/min depending on the proportion of the acidsthe mixture. Etch uniformity and

undercutting of the mask layer is normally diffictd control but is improved by agitation during
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etching.

Anisotropic wet etchants are known as orientatiependent etchants (ODESs), because
their etch rates depend on the crystallographiection, allowing the etching to stop on certain
crystal planes in the substrate. Anisotropic wehielg results in three-dimensional faceted

structures formed by intersecting crystallogragiiames (Figure 2.2).

Self-limiting
etches

Figure 2.2:  Anisotropic etching of cavities in (100)-orientaticen [18].

Wet processing is commonly used to remove gold degers from MEMS and
compound semiconductor devices. However, while pvetessing can remove seed layers, it
undercuts the plated gold line (possibly reducisgmechanical integrity), does not remove the
layer uniformly, causes excessive loss of platetameaises environmental and safety issues
related to the use of wet-etch chemistries, arekjgensive. An alternative is to use EDP which

is another selective wet etchant. EDP is extrerhagardous and its vapors are carcinogenic,
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necessitating the use of completely enclosed psoug$acilities.

2.1.2 Electrochemical Etching

The relatively large etch rates of anisotropic etehants (> 0.5um/min) make it difficult
to achieve uniform and controlled etch depths usimgd etching. Some applications, such as
bulk micromachined sensors, demand thin membrangl dimensional thickness and
uniformity of better than 0.2 um. Thickness contah be obtained by using a precisely grown
epitaxial layer and controlling the etch reactioithwan externally applied electrical potential.

This method is referred to as electrochemicalietc(ECE). An n-type epitaxial layer is
grown on a p-type wafer forming a p-n junction didtiat allows electrical conduction only if
the p-type side is at a voltage above the n-typaring ECE, the applied potential is such that
the p-n junction is reverse biased, and the p-gyestrate is electrically floated, so it is etched.
The etch reaction terminates when the p-type saflests completely removed, leaving a layer of
n-type material with precise thickness. In one eplanof a standard electrochemical process,
sodium hydroxide reacts with the tungsten, etchirggtungsten away. Precise etch relies on a

fast electronic current shutoff device that sengasn the etching process is complete [19].

2.1.3 Plasma Etching

Over the last several decades, plasma assisted &tching has emerged as an
indispensable tool for the manufacture of microetetc circuits, replacing traditional wet

chemistry for etching and pattern transfer. Pkassma partially ionized gas mixture consisting
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of ions, free radicals, neutral byproducts, andiph®. There are two key mechanisms in plasma
processing: a physical mechanism performed by mmbardment and a chemical mechanism

performed by free radicals and byproducts.

Plasma etching involves the generation of cheiyicehctive neutrals (e.gE, Cl), and
ions (e.g.,.SEY) that are accelerated under the effect of an ridefield towards the substrate.
The reactive species (neutrals and ions) are foroyeithe collision of molecules in the reactant
gas (e.g.SF,, CF,, Cl,, NF;).with electrons excited by the RF electric fidRlasma etching using
various gas species, such @5,F,, is a relatively fast process, with etch ratesh@norder of 20
nm/min. When the etch process is purely chemicalygred by reactions of neutrals with the
substrate, it is referred to as plasma etching.Wbwe bombardment of the wafer substrate plays

arole in the chemical etch reaction, the procesisan referred to as reactive ion etching (RIE).

In RIE, ion (e.g.SE}) motion towards the substrate is nearly vertieddich gives RIE
vertical anisotropy. Asymmetric electrodes and ldvamber pressuré Pa) are characteristic
of RIE operation. Inductively coupled plasma taacion etching (ICP-RIE) provides greater
excitation to the electron cloud by means of aremwlly applied RF electromagnetic field.
Inductively coupled plasma (ICP) increases the itieiod ions and neutrals resulting in higher

etch rates.

Vapor phase etching is another dry etching methedich utilizes less complex
equipment required for RIE. The wafer to be etcisgolaced inside a chamber, in which one or
more gases are introduced. The etched materigsslded at the surface in a chemical reaction
with the gas molecules. The two most common vap@ase etching technologies are silicon
dioxide etching using hydrogen fluoridéK) and silicon etching using xenon difluoridéef-,),
both of which are isotropic in nature. Care mustaken in the design of a vapor phase process
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to not have bi-products form in the chemical reacthat condense on the surface and interfere

with the etching process.

Plasma-assisted “dry” etching, has allowed fag groduction of smaller and more
complex devices, improved the capabilities of pmg fine line geometries, enabled more
devices per single chip, and is used in many tdolgres. It is most critical in ultra large scale
integrated (ULSI) circuit fabrication and is useanmy times during the processing of a single
wafer. Other areas that rely heavily on plasmassssi etching include micro-electrical-
mechanical (MEMS) structure fabrication, many shedanano-science processes, micro-optical
and photonic activities and numerous other matgmniatessing where near room temperature
chemical reactions are required. Plasma “dry” iatghs an enabling technology with clear
advantages when compared to wet etching, withxtbepgion of the expense associated with dry

etching equipment and operation costs{18].

The remainder of this chapter focuses on RIE,ctiveent methods for RIE monitoring
and a novel in situ method of monitoring the RIBgass using a micromachined MEMS device

will be discussed in subsequent chapters.

2.2 REACTIVE ION ETCHING

Device specialization in the IC industry and iragiag complexity of device integration
to keep pace with Moore’s law are changing plasiohirg. Applications are becoming more
diverse and specific to each customer. The focusois, more than ever, on a fundamental
understanding of etch mechanisms and its applicatigprocess development. Each etch step has

to be characterized not only by its etch charasties like etch rate, profile, selectivity and
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uniformity across wafer, but also by its fundaméptaperties such as sidewall passivation layer
composition and thickness, chamber wall depositmmposition, depth of the etch front mixing
layer, microloading, macroloading and final linegedoughness generated by the sequence of
process steps. A better understanding of the widgretch mechanisms allows one to choose

the best opportunity for process optimization floy aew structure.

RIE has emerged as a critical process step inugtmoh of integrated circuits. RIE
offers high etch directionality, enabling accunpédtern transfer not obtainable with wet etching.
The physical and chemical mechanisms involved iB Rie complex due to the nature of the
physics and chemistry of plasma environment. Agxample, consider the chemical reactions

that occur wheisio, is etched in chloroform plasma [20]:

4CF, + 35i0 — 2C0 + 2C0, + 3SiF,
2CF, + 5i0, — CO + COF, + SiF,
2CF;, + 35i0, — 0, + 2C0, + 3SiF,
2CF;, + 25i0, — COF, + CO + 0, + 2SiF,
2CHF; + 5i0, — 2C0 + H, + SiF,
2CF, + 5i0, — 2C0 + SiF,

The quality of the etch is characterized by itshetate, anisotropy, selectivity and
uniformity. Etch rate is the quantity of materr@moved from the substrate per unit time/
Selectivity is a relative measure of the etchingsaf the plasma. Anisotropy is the ability to
etch vertically while minimizing horizontal etchirand etch undercut. Uniformity implies a
constant etch rate across the wafer surface arah ismportant parameter for single wafer

processors. As devices approach the 65- and 4%tesign rules, maintaining good etch

selectivity betweensSi, Si0,, Si;N, and other films will become increasingly criticed the
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integrity of the finished product.

Etching certain films, such as silicon nitridgi; N,) films on semiconductor wafers is
and will continue to be an essential part of mitroonics manufacturing for the foreseeable
future. The properties ¢fi; N, are desirable for a variety of well- known reasonsluding its
ease of deposition, etch-masking properties, aatalgy. The stability ofSi; N, films allows the
material to be used for such elements as gate ispaeeh and CMP stops, antireflective

coatings, barriers, and hard masks{23].

RIE is a proven method foli; N, etching in addition to popular wet etching. Usgas
species such a&H, F, produce etch rates on the order of 20 nm/min. IRiE& the advantage of
isotropy (it produces nearly vertical etch profjletiowever, the selectivity is generally inferior
to that of wet etching [2323]. The RIE process generally creates a passiv@olymer to
reduce lateral etching, which requires a wet clearemove the polymer. The high energies of
RIE plasma etching can increase local temperatwassuming thermal budget, and cause

device damage from the impact of high-energy padior charging [2426].

A special subclass of RIE which continues to gmapidly in popularity is deep RIE
(DRIE). DRIE evolved in the 1990s from the need én etch process capable of vertically
etching high-aspect-ratio trenches at rates latger the 0.1 to 0.pm/mn typical of traditional
plasma and RIE etchers. In this process, etchhdegt hundreds of microns can be achieved
with almost vertical sidewalls. The primary teclowy) is based on the so-called "Bosch
process”, named after the German company RobedhBaghkich filed the original patent, where
two different gas compositions are alternated enréactor. The first gas composition creates a
polymer on the surface of the substrate, and tbernsegas composition etches the substrate (see
Figure 2.3).
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The etch step has both vertical and isotropic agtter, resulting in a slight mask
undercut, as a result, etching aspect ratid®ab 1 can be achieved. The process can easily be
used to etch completely through a silicon substiate etch rates are 3-4 times higher than wet
etching. A limitation of DRIE is the dependencetioé etch rates on the aspect ratio (ratio of
height to width) of the trenches. The effect i®kn as lag or aspect-ratio-dependent etching
(ARDE). Process development is required for eacbknpattern and depth to optimize for low

ARDE [18].

Mask

V4 § ..V
i

Etch

Silicon

Deposit polymmer

Etch

Figure 2.3:  Profile of a DRIE trench using the Bosch proce$}.[1
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Bosch deep silicon etching is widely used on itideccoupled plasma equipment. Most
inductive plasma sources in the field consist @od of one or several turns wound around a
dielectric vessel, which is powered by radio fretgpyeto generate a high density plasma. A
major drawback of this kind of plasma source idiftsted uniformity, which lowers the yield in

critical MEMS applications.

With RIE, the plasma is generated by the appboatf a RF power source across two
electrodes (Figure 2.4) separated in a reactivée@as chemical mixture of electrons, ions, and
free radicals which produce the distinct plasmavgldnitially, the plasma consists of an equal
number of positive and negative charges. Deplaifdhe charges in the plasma due to diffusion
results in a layer of surface charge at the boyndathe plasma. Positive ions are accelerated
within the chamber environment and aid in the eiglgrocess. The ion bombardment energy is
controlled by the plasma potential. This quanstgifficult to monitor and quantify. Instead,

the DC potential of the electrodes is measured.

The wafer substrate on the lower electrode is sa@do the reactive neutrals and charge
species. These species combine with the substitirial and create volatile products that etch
the wafer. Since electrons are more mobile thrad,ia DC self bias voltage develops across the
electrodes during the etch process to achieve #oessary current continuity. The self bias
voltage accelerates ions towards the wafer surfabere they are react, cause various
compounds to be desorbed, aid in the formatiorobfrpers and help to facilitate the anisotropic
etching. Etching can be attributed to two digtimechanisms: chemical etching cause by free

radicals and physical etching cause by ion bombandm
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Figure 2.4: Typical parallel-plate reactive ion etching system.

Despite its widespread use in the semiconductamfaaturing industry, process control
techniques for RIE are inhibited by the inadequa€yexisting process sensor technology.
Although real-time monitoring techniques exist tbe regulation of process conditions such as
gas flow, RF power, and chamber pressure, extateps monitoring methods are unable to

provide direct, real-time measurements of the detaéer state during the etch [27-30].
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2.3 RIE PROCESS CONTROL

Real-time process monitoring and diagnosis of RIEessential for process control.
Ideally, semiconductor manufacturers would like monitor the RIE procesm-situ ad use
process control methods and tool sensor analysisritvol outputs such as etch rate, uniformity,
and anisotropy directly. These parameters araatrtacthe fabrication process because they can
be directly correlated with process vyield. In awbdit process monitoring increases tool

productivity and reduce manufacturing costs.

The behavior of RIE plasma etch tools is difficdadtcontrol because small variations in
equipment and process setup can have an unprddictapact on etch quality. Many
parameters have a very small margin of deviatiatP4x before yields decline. Historically,
methods to control etch processes have relied @hokhne metrology and short-loop test
wafers. While these methods have been used &xtdetocess chamber faults, they are slow
and sometimes provide an unrealistic picture o eltamber behavior [20-32]. Determining
the root cause of chamber faults has relied onneegiexperience and interpretations of tool

data—clearly not the most efficient way to detew eemedy tool faults.

Given the wealth of data provided by RIE plasnt ébols, more-sophisticated methods
for process control are needed. However, a complety ofin-situ technologies to measure the
plasma etch parameters is not available. Conwealtitechniques for RIE process monitoring
are typically performed off-line through pre- andspprocess measurements. The techniques
may be characterized as either direct, implying i@ measurements are made on the wafer
surface; or indirect, implying that measurements degtermined from the plasma properties or

process environment.
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2.4 EXISTING METHODS OF RIE MONITORING

Among the few existing in-situ monitoring technéguare optical emission spectroscopy
(OES), residual gas analysis (RGA), and interfetoynéMore recently acoustic composition
measurements and ellipsometry techniques have &gaored. The following is a review of

existing methods and emerging techniques for RIBitaong and control.

2.4.1 Optical Emission Spectroscopy

Optical emission spectroscopy (OES) has been lesttal as a powerful and versatile
method forin-situ monitoring and endpoint detection in plasma etghi®ES is based on
monitoring the light emitted from the plasma durithg wafer processing and is used to gain
information about the state of the tool and thecess. It exploits the fact that the excited plasma
emits light at discrete wavelengths, which are att@ristic of the chemical species present in
the plasma. The intensity of light at a particmeavelength is generally proportional to both the

concentration of the associated chemical speci@srendegree of plasma excitation 35].

An OES system consist of a viewport to the plashr@mber, an optical coupling system,
an optical detector incorporating some means datsg the wavelengths of interest, and a
computer or processor to acquire and analyze tleetrsth image. The viewport is either a
window in the reactor or a direct optical feed-thgb into the chamber. The OES requires a
direct view of the position of the plasma immedtdhove the wafer, but not the wafer itself, so
the placement of the viewport can be restrictiveultraviolet wavelengths are to be monitored,

the window must be of fused silica and not ordinglass.

A number of OES sensor systems are commerciallifable and most plasma tool come
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with their own on-board OES system. The typicalfigamation is shown in Figure 2.5. There
are several types of optical detectors for OESesyst Simple systems use fixed bandpass filters
for wavelength discrimination. The light that iagsed by the filter is converted to an electrical
signal either by a photodiode or by a photomukipliube (PMT). The advantages of these
systems are low cost and high optical throughpiisadvantages are the limited spectral
information and mechanical complexity involved imaoging the wavelength being monitored

[30-35].

Monochromator

Fiber optic
coupler

Reactor Data acquisition computer

N

Figure 2.5:  An optical emission spectroscopy sensor configonati
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More flexibility is afforded by OES systems thatcorporate a monochromator. A
monochromator consists of a narrow entrance sliiffeaction grating, and an exit slit. Light
falling on the grating is dispersed into a spectrurhe light is reimaged onto another slit, which
provides wavelength discrimination. The throughptie monochromator is much lower than
that of a bandpass filter; hence PMTs are normadld for light detection in these systems. A
variant of the monochromator is the spectrographuses a fixed grating, and a solid state
detector array instead of an exit slit and PMT.e Hdvantage is that many wavelengths can be
monitored at once. This is significant for sitoas where information has to be based on an

entire spectral scan, not from only a single sp¢gieak [33 —35].

OES is a bulk measure of the optical radiatiorthef plasma species. Since emissions
come from reactants and products, OES measurementaost often used to obtain the average
optical intensity at a particular wavelength abtwewafer. By setting an optical spectrometer to
monitor the intensity at a wavelength associatat wiparticular reactant or by-product species,

OES serves as an effective etch endpoint detegerd4].

The fundamental principle behind endpoint detect®that the etch proceeds from one
layer (the primary layer being etched) to the ulyiley layer (the substrate), the gas phase
composition of the plasma changes. For examplenvdiehingTi/Al/TiN stack on an oxide
substrate withCl-containing chemistry, there is significant deces@s theAl product species
with a corresponding increase in t@kreactant species, as the etch transitions frontotitie Al
to theTiN and oxide layers. Monitoring of the 261-mkh emission line intensity will show a
decrease during the time when thefilm disappears. Beside the endpoint indicatihich is
by far the most commonly generated information fbis data, the slope of the endpoint signal

(at the endpoint) can be used as an indicator ef rtbnuniformity of the etch process.
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Despite its popularity and utility, the applicatyilof OES measurements for direct
observation of wafer state and/or real-time conteshains a challenge. This is because light
generated by the plasma is rich in emissions franyrspecies that cover a wide spectral range.
For some etch chemistries, it is difficult to sepgara characteristic line from the intensity
background, evident from Figure 2.6. Nevertheléssre has been recent progress in using
newer generation OES tools that have higher spewdsolution and higher sensitivity to

estimate in situ wafer condition during etching{38].

2.4.2 Mass Spectroscopy/Residual Gas Analysis
In addition to the optical methods previously didxed, gases can also be analyzed by
mass spectroscopy of the molecular species and ftegmented parts. Then-situ mass

spectrometric sensor for gas analysis is commaomby as residual gas analyzer.

By far, the most widely used application of RGAssemiconductor manufacturing is for
maintenance and troubleshooting of process todBAdRare routinely used for leak checking,
testing for gas contamination or moisture, andtéot qualification. In other applications, RGA
are used to establish a correlation between thervwpfality and measure contamination in the
process chamber. Recently, RGAs have been used-u monitoring to reduce wafer-to-
wafer variability. To be most effective, RGAs hate be able to directly monitor both tool

baseline pressure and process chemistries in atnasive way [36].
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Figure 2.6: Complex emission wavelength identification [35].

Conventional RGAs operate by sampling the gasastefest through an orifice between
the container for the gases (e.g., the RIE proogsshamber or exhaust duct) and the residual
gas analyzer (shown in Figure 2.7). In a coneeat RGA, the pressure must be reduced
below typical processing chamber pressures prioiotozation. This requires differential
pumping and sampling of the process gases, makingentional RGAs a relatively bulky and
expensive package [36]. The three basic compooieat quadrupole mass spectrometer gas

analyzer are the ionizer, the mass filter, anci#tector.

During operation, beams of positive ions that haagsses corresponding to the original
molecules pass from the source to the mass analybhere they are separated into the
appropriate mass charge groups. This is achieyatidbapplication of an electric or magnetic

field or a combination of the two. These ions thien projected to a detector, or screen. Ideally,
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the ions travel from the source to the detectoheut suffering any collision with any other ions
or molecules. Determination of the gas constisiebased on the atomic mass of ions incident
on the deflector. For example, a mass line at 1 Hhdvould imply a chamber mixture of

hydrogen and oxygen respectively.

Filament A
Focusing aperiure

lens
II II I | Quadrupole rods | ]/
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lon box

Figure 2.7:  Quadrupole residual gas analyzer [37].

The RIE chamber is continuously depleted of gamchk during the etch, the RIE
chamber will consist of a mixture of process gdbasresults from the etch. Towards the end of
the etch, the gas in the chamber will resemblemitdure prior to etching. By analyzing the

residual gases it is possible to detect when tlbb ptocess is complete. As amsitu
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monitoring technique, RGA is considered indirecicsi it monitors process conditions that are

related to the substrate etch [38—42].

Most RGAs function best when sensor elements qgrerated at pressures below
1075 torr, because this permits direct ionization of gas&en from the process chamber [37].
At high operating temperature, the RGA filamenttsatrongly with the ambient process gases.
This leads to different failure mechanism dependinghe pressure and chemical nature of these
gases. Certain types of filaments are volatilexitizing atmospheres (i.e., tungsten filament in
oxygen), other volatile in reducing atmosphere.,(iiedium filament in hydrogen). Corrosive

gases, such as chlorine and fluorine, reduce fiutifetime drastically.

Since both the process tool and the RGA are vaaewites, the integrity of the pressure
connections between the devices are critical. Tinece of the sensor should be in good
pneumatic communication with the gases to be medsuCare must be taken to avoid
condensation in the RGA of species from the proogbgch may require that the sensor and its
mounting hardware be heated externally. Tempemt@a® high as150°C are common.
Additionally, quadrupole RGAs operate internallyvary high RF voltages and therefore may
radiate in the RIE process chamber or to the amioetside the chamber. Higher temperatures
may require separating the process system fronsehsor, which may deteriorate the system

performance and add to the cost [36—42].

Compared to other techniques used for in-situ todng, RGAs are very bulky and
require a relatively large work space for mountinglthough new miniature RGA technologies
have addressed the size issue, they are stiltdliffto mount and restrict access to the process
chamber, and their small size imposes limits orir thkility to separate species with different

mass/charge ratios. RGAs generate large amouBDadata (mass, pressure, time) in a very
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short time. This data from RGAs and other equigmgperating data are transmitted on
command line by serial link, making efficient udettee data by the tool controller and viability

as a truly integrated in-situ sensor a major chgke

2.4.3 Ellipsometry

Ellipsometric measurement of film thickness isdsh®n the change in polarization of
light after reflection from a dielectric on the wafsurface. If the optical constant of the
dielectric are known, the thickness can be detezthimsing a model of the optical structure of
the dielectric film on a silicon wafer. A briefsgdussion of elliptically polarized light and the
phenomena of reflection and refraction facilitates discussion of ellipsometry. In Figure 2.8,
a beam of light is incident on a sample at somérarly angle of incidenced);. At the boundary
of the medium, part of the light will be reflected angled, while the other part will be
transmitted through the sample at ang@le, Snell's law requires that all three beams binén
plane of incidence. The plane of incidence israfias that plane which contains the input

beam, the output beam, and the direction normtildsample surface.

The transmission and reflection measurements aedbe intensity ratios, T and R,
respectively, over a given range of wavelengtiisandR are defined as the ratio of the light
intensity being transmittef or reflected,. over the incident light intensity on the sample, as

shown in the following,

_ I
T = . (2.1)
I
R = 5 (2.2)

29



Figure 2.8: Incident, reflected, and transmitted light on thefev surface.

Ellipsometry measures the change in polarizatiateof light reflected from the surface
of a sample. The measured values are expressg¢d asdA. These values are related to the

ratio of Fresnel reflection coefficient®, andR; for p and s-polarized light, respectively,

tan(y) et = I;—p (2.3)

Because ellipsometry measures the ratio of twoeglit can be highly accurate and very

reproducible. From Eq. (2.3), the ratio is seebd@ complex number. Thus it contains “phase”
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information inA, which makes the measurement very sensitive.

Ellipsometric measurements are sensitive to tkeegmce of thin films and to changes in
their thickness. Measurements are highly accuaatereproducible (even in low light levels).
No reference samples are needed, and the measuremart susceptible to scatter, lamp or
purge fluctuation. Additionally, the surfaces lgemeasured may be immersed in any optically
transparent medium. In microelectronics, ellipsagndtas been established as a direct film
thickness measurement method because it is noruddge and non-invasive. Ellipsometry
offers good resolution, increased sensitivity, esgly to ultrathin films (<10nm), and provides

two values at each wavelength (more informatioruasample) [44-45].

Ellipsometry is adaptable to both deposition atwth @rocessing and has prospectser
situ film thickness measurements. Although the priregpbf ellipsometry are well established,
the technique was impractical for adaptive proaassrol until the development of both fast

acquisition techniques and inexpensive data process

Data acquisition (fory and A) versus wavelength and angle of incidence haven bee
facilitated with the advent of fast inexpensive puters. To implement an adaptive control
scheme, optical models are built that describestraple structure using as much information
about the sample as possible. It is important toaat for all layers in the sample structure.

This can be accomplished by means of “spectrosteflipsometry.

In this technique, theoretical data from the adtimmodel that corresponds to the
experimental data is generated and compared wperarental data. Unknown parameters in
the optical model, such as thin film thickness ptiaal constants or both, are varied to try and
produce a "best fit" to experimental data. Regoesalgorithms are used to vary unknown
parameters and minimize the difference betweergémerated and experimental data. Physical
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parameters of the sample such as film thicknessicabpconstants, composition, surface

roughness, etc. are obtained once a good "fitiéekperimental data is achieved [44].

Ellipsometers are frequently used off-line fonfithickness measurements. The use of
spectral ellipsometers fon-situ monitoring and control has been limited by the afghe units.
An additional constraint has been the complexitythef integration of the optics into standard
processing tools. The cost issue has slowly imgutotrough the development of lower cost
ellipsometers. As processing complexity and theiiant cost of misprocessing wafer continue
to increase, spectral ellipsometers may find mgueodunity for traction into processing tools

for in-situ monitoring and control.

In one example [45], am-situ ellipsometer was used to provide real-time thiskne
measurements and control of process end-pointglptasma etching d&fi0,. Thickness values
were obtained at intervals of 0.15 seconds. Thdeowas etched and the ellipsometer was able
to control the etch stop to the desired thicknds3 & In another example, the useinfsitu
ellipsometry at a wavelength of 1300 nm for etcptdemeasurement and endpoint detection
during RIE of InGaAs(P)/InP heterostructures wasorteed [43]. Etch depth monitoring and
endpoint detection was performed to as lowddsim. The method was also used for in-situ

measurement of the wafer temperature during thenasexposure.

2.4.5 Laser Interferometry

Among the techniques commonly employed to morihieretch rates of polyimide films
are laser interferometry, profilometry of a patedtretch step, and measurement of weight loss
with time. Laser interferometry (Figure 2.9) offdlsee advantage ai-situ, nearly real-time
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detection of etching rates. The laser interferomgiees direct etch rate measurements at the

wafer surface by exploiting interference patterhsionochromatic light rays.
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Figure 2.9: Schematic of a laser interferometry apparatus t@ed-situ measurement of

polyimide etch rates [46].

When monochromatic light is reflected from thentreurface and underlying interface,
the incident light is partially reflected and palily transmitted by the ambient surface and film.
The reflected intensity is a periodic function bétfilm’s thickness and may be appropriately
modeled by a sinusoid. The etch rate is directhpprtional to the frequency of the periodic

signal, according to [46]:
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§ = iA[4(n? — sin?®)]~1/2 (2.4)

whered is the change in film thickness foperiodic oscillation) is the wavelength of the laser,
n is the index of refraction of the film being etdhand® is the angle of incidence of the laser
beam as measured from normal to the surface. >angle, at normal incidencé,= i1/2n,
for PMDA-ODA polyimide,n is about 1.76 at 632.8m, which is the primary wavelength

emitted by an He-Ne laser [46].

Commercially available laser interferometry can used to monitor etching rates of
smooth, partially transparent thin film on smooéflecting substrates. The "single beam" or
“‘double beam” laser interferometer is recommended if-situ rate/depth measurements.
Interferometers are often used in the "reflectammele”, where they monitor changes in the
surface reflection. It can also be used in théetfierometric mode", where interference signals
from two interfaces (e.g., the top of a transpatayer and its bottom or the bottom of an etch

and the coated substrate backside) are used.

The “single beam” laser interferometer is capalble-situ etch rate monitoring and etch
endpoint tracing within the layer once etch rate baen established. The standard wavelength
for laser interferometry is 675 nm. However, fartain 11lI-V applications (e.g. InP-related
materials), 905 nm is often more suitable, sineeitidex contrast between InP-related materials
is greater (and absorption is lower) at 905nm. 0& 8m laser endpoint system with high gain

amplification of endpoint signal is available maiemanding endpoint applications.

Although interferometry works well for endpointtdetion, it is limited since it covers

only a small spot on the surface of the wafer [4B-4This technique also only works for
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translucent films. Alignment, calibration, and maog of the interferometer are also concerns
and require frequent maintenance. The interferometest be mounted directly above the
sample which might be infeasible for some RIE agunfations. Additionally, interferometers,
like RGAs, are relatively expensive.

New techniques for monitoring RIE are emergintn one approach a CCD camera and
an optical band pass filter are used to image @femand monitor the interference of the plasma
emission from a thin film on the wafer surface dgrthe etch. Spatial and temporal variations
from the etch can be determined from the CCD imagke acquired data is processed and can
be incorporated into a control loop. The initigpication of this technique is in run-by-run
control of the RIE etch endpoint based on acrodemmaetrics [48]. The technique has merit
but, hardware alignment and data filtering mightstoain this application for RIE systems that
require this equipment to be mounted on the tah®thamber.

Equipment leader Applied Materials offers a state the art in-situ OES and
interferometric endpoint (IEP) detection solutioithatheir EyeD product (Figure 2.10). The
EyeD is mounted over the RIE chamber and monitoesetching process. The EyeD system
software allows the user to choose between eittterferometer EyeD-IEP endpoint, or optical
emission endpoint EyeD-OES.

The EyeD device uses thin film interferometry tetett approaching gate oxide
interfaces, enables in situ measurement of nithdekness, enables depth control for hard mask
STI structures, and depth control for trench DRA&tass applications. The EyeD software
provides data over the entire spectrum from 20@@6nm. The user typically defines the
spectral range and chooses the wavelength to mpaitd in some configuration, the user can

choose one or at most two wavelengths to monitanduhe etch [49].
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Figure 2.10: EyeD Single-endpoint in-situ metrology data system.

The EyeD product is simple to use and does notinredenowledge about film stack,
pattern density, or the material optical properti€ome shortcomings of the product are: the
setup can be complicated, the structure on therwafest produce reflected light spectrum that
has enough features to ensure stable and accesatksy variations in film thickness and etch
rate will cause a distortion of the IEP traces; aeférence spectrum taken from bare silicon

wafers is required.

Identification of etchant species by wavelengtha idifficult process. Species are grouped by
etchant species (e.d-, Cl, HBr, etc) and etch byproduct species (eSf=x, SCIx, etc), with
relative intensities. More prominent species regjfuirther comparison and characterization of
unknown species [33-B6 The availability of the molecular and atomic ssmn database is

considered inadequate. Some spectral data isablailfrom literature that includes data
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collected from multiple sources. Commercially #afslie spectral libraries are available but
range in prices ($100s - $1K). The informationttlsacontained in these libraries tend to
duplicate data that is readily available from ottlatabases (e.g. NIST), or in some cases require

additional propriety interfaces [408].

2.4.6 Acoustic Time Domain Reflectometry

Acoustic time domain reflectometry (TDR) has beeweloped as a novel technique for
thickness measurement. Acoustic TDR offers thigyabo make direct wafer measurements of
opaque films deposited on wafers. Acoustic reftectioefficient phase measurements also allow

opaque film measurements with the benefit of whtskside measurements.

The basic setup for acoustic TDR is shown in FegRirll and consists of a pulse-echo
set-up in which a short longitudinal acoustic puls@enerated by an0 transducer, and the
reflected echoes from the sapphire-metal and n@timterfaces are analyzed. The thicknéss,

of the metal film is determined be measuring theetseparationt between the reflected pulses,

d= %VOAt (2.5)

whereV, is the acoustic propagation velocity in the méiah. Another technique is in-situ
acoustic reflection coefficient phase measuremevtisye the same basic configuration in Figure
2.10, except the contact is made from the backdidiee wafer, and there is no contact with the

film being deposited.
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Figure 2.11: Basic diagram of acoustic TDR [20]

This film measurement technique has the advargaeing able to monitor metal films.
A disadvantage is that only thickness informatiam ®e extracted from the reflected acoustic
pulses, unlike optical techniques where severatadtarizing parameters such as temperature

and index or refraction can be determined fronrédfiected signal [50].

Although generally not recognized, the compositibra known mixture of gases can be
determined be measuring the speed of sound initkten@. Very high sensitivity1 ppm) and
consistent accuracy is available with acoustic gasposition measurements. There are no
components that wear and the energy levels impaotede chamber gases are low and do not
induce any unintended reactions. This feature makes technique ideal monitoring for

chemical vapor deposition and reactive ion etclpragesses [5®3].
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The speed of sound, in a pure gas is related to the gas’s fundamehé&tmodynamic

property as follows,

¢ = JyRT/M (2.6)

wherey, is the specific heat rati®, the universal gas constafitjs the temperature in Kelvin,

andM is the molecular weight.

Two distinct gas composite measurement devicesdbas this fundamental thermal
principle have been devised [52]. The first impéei@tion measures the transit time for an
ultrasonic (~15 kHz) pulse through the gas. The time-of-flight onlguges a high resolution
timer to measure the time between when a secorse milgenerated, and its arrival at a receiver

a distancelL, away.

The second implementation measures the resorequdncy of the chamber filled with
the target gas mixture (Figure 2.12). A precisetyitrolled frequency generator is used to
stimulate the gas at one end of the chamber, anohténsity of the transmitted sound is measure
at another end. The acoustic gas composition chésnleagth is fixed, and its temperature is
carefully controlled. Hence the speed of soundis related to the resonant frequenEy,as
C = 2FL, wherel is the effective distance between the sendingrandiving elements. It is
possible to resolve a gas resonant frequency.e¥ample the process gas in RIE chamber that
enters the acoustic gas composition chamber,amdftine the speed of sound of the gas to less

than 1 part in 50,000 using the resonant technique.

A typical installation of an acoustic compositimeasuring and control system will have
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little effect on the gas supply dynamics of the Riecess chamber, as either implementation
adds little volumg< 25cm?) to the RIE gas delivery system. The sensitivityhis technique

is strongly influenced by the difference in masdween the species and the range of
composition of interest. The technique is mostséee for low concentrations (less than 5

mol%) of high molecular weight species. Acoustelgsis is stable and reproducible over long
periods of operation, and is further improved wihtine calibration of the measurement device

[52].
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2.4.7 Emerging Software Techniques

During RIE processes where the material beingeetéd a significant percentage of the
wafer surface area (e.g., metal etch), there &gelchange in the plasma chemistry when this
material is etched off. Hence the etch rates isentontrollable and endpoint signal is very
strong and easily detected. The latest challengeRi& monitoring is low-exposed areas
endpoint detection, such as oxide etch in contat#shwhere the exposed area of the oxide is
less than 1% of the wafer area. This type of Ri&cessing creates a very small chemistry
change at the etch endpoint, which generates a s®ll change in the emission signal
intensity. A novel software method for detectthg small chemistry changes based on single

wavelength endpoint curves or on full spectral lagse neural networks.

The shape of the typical single wavelength endpminve is a natural by-product of the
processing tool and process chamber conditionse RIE process exhibits a statistical variation
derived from the numerous preceding processesaffet the state of the wafer supplied to the
tool, which presents a challenge for both etch catgrol and endpoint detection. It is difficult
to devise a practical control algorithm that isqu@ enough to recognize the endpoint, but also
general enough to understand the pattern varialfibich is a consequence of the tool change
and product mix). This challenge can require lepgmpirical evaluation of numerous etch rate
data files in an attempt to achieve the correcipegcwhich accurately and reliably identifies

endpoint for the full suite of endpoint patternia#ion [28-30, 54-56].

One approach to this problem is a neural netwaded etch rate and endpoint detection
algorithm [28-30, 54]. It utilizes a fast training neural netkwgattern recognition algorithm
scheme to determine the endpoint signature. ¥rnfi&ditional feed forward neural networks,

which require many pattern samples to build ancéffe network, the methodology employed
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with this approach minimizes the number of represgere sample data files required for training

to typically less than 10. The following threeysprocedure outlines the technique.
1. Acquire representative data files exhibitiniglhrange of endpoints patterns (new
patterns can be later introduced into the dada set
2. Tag the endpoint patterns in the collected filets (i.e., identify the region in each
data set that contains the endpoint).
3. Train the network an automatic procedure completed in a few minutes.

This technology has been successfully demonst@ateldused in etching oxide with as low as
0.1% open area. The ultimate limits for any spec#pplication are tied to a number of
variables. These include the type of tool, precesgtical detector, and appropriate selection of

emission wavelength(s) being monitored.
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2.5 SUMMARY

Several methods exist for etching. The qualitythef etch is characterized by its etch
rate, anisotropy, selectivity and uniformity. RhBs the advantage of high etch directionality,
enabling accurate pattern transfer not obtainalitle wet etching. Despite its widespread use,
the RIE process mechanism is complex and diffitcaltmonitor and quantify. Real-time
monitoring enables the RIE process to remain “cedtewithin the desired manufacturing
tolerance. Precision matching of chamber conditimnalso required to meet the increasing
demands in process repeatability, partly due to temhinology demands, changes in the basic
material used in the construction of advanced @sviand the use of novel poly- and organic
chemicals and materials. These types of mateask trich gas phase chemistries that will
influence both the RIE process and the film's materoperties, requiring even tighter control
during the device fabrication process. The reguidegree of control for RIE can only be

achieved by using in situ sensing to provide datadal time feedback control.

Research has intensified to meet the new chalengeRIE to improve the level of
fundamental understanding of the plasma chemistrynEw emerging structures when using

these complex materials, while employing advanceditaring and controlling approaches.

This thesis will develop a micromachined resorserisor that may be placed into the
RIE chamber as an alternative to provide dirediin-measurements of the substrate conditions.
This approach will advance the current state-ofatielue to: 1) non-invasive sensing capability
based on microsensor technology; and 2) a simgliietection scheme that relies on the

correlation between resonance frequency and timetfiickness on the surface of the substrate.
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CHAPTER 3

3.1 MICROELECTROMECHANICAL SYSTEMS

The invention of the monolithic integrated circ(li€) by Jack Kirby and Robert Noyce
in 1958 forever changed the way electronic systerese designed. This groundbreaking
technology placed previously separated transistessstors, capacitors and all the connecting
wiring onto a single crystal (or 'chip’) made ofmseonductor material. IC technologies are
usually tailored to digital or analog designs. Trend toward system-on-chip (SoC) solutions
makes off-chip components undesirable becauseeaf ithpact on production quality, cost and
size [1, 57, 6%164]. Microelectromechanical systems (MEMS) is eanerging technology
which uses the tools and techniques that were dpegdlfor the integrated circuit industry to
build and integrate many microscopic machines agt frequency components on-chip, that
have traditionally been implemented off-chip.

The integration of miniature electromechanical niae$, sensors, actuators, and
electronics occurs on a common substrate througirorf@brication technology. While the
electronics are fabricated using IC process se@#en(e.g., CMOS processes), the
micromechanical components are fabricated usingpatitsie "micromachining” processes that
selectively etch away parts of the silicon waferamd new structural layers to form the
mechanical and electromechanical devices. The pealer of this technology is that many
machines can be built at the same time acrosauttiece of the wafer, with no assembly required
[57—-60].

There is great a diversity of MEMS types and dewelent, primarily driven by existing
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and potential high-volume applications in autometimedical, commercial, and consumer
products, where the requirements are typically fwderate performance at very low cost.
Accelerometers, pressure sensors and ink-jet psiate the most manufactured MEMS devices.
However, these tiny machines are quickly findingittway into a variety of commercial and
defense applications, such as miniature inertighsueement units, biochemical analysis on a
chip, optical displays, and micro-probes for neuealording. Current and continued success of
MEMS stems from the promise of better performatm&, manufacturing cost, and the capacity
for integration with electronic circuits. IntegrdtdMEMS circuits typically cost less. For
example Analog Devices’ MEMS accelerometer whiclused extensively in airbag systems,
sells for about $3-$5 a unit compared to a $10@@lacometer from a competing technology.

The smaller size and reduced mass of MEMS strestalso allows for higher operating
frequencies and lower power consumption. Thesegsties make MEMS ideal for portable
and remote applications. MEMS-based pressure sgnssed for monitoring truck tire pressure
in order to extend tire life, and optical gratindsveloped for heads-up color displays are
examples of the applicability of MEMS. The alyilib use the same manufacturing technology
to integrate MEMS and electronic systems adds anotimension of utility. Single chip
systems of electronics and mechanical sensorseang developed and envisioned for a variety
of applications [62-64]. Two examples are the Bekastruments micro-mirror projection
system that is controlled by on-chip RAM cells @ahd Analog Devices’ ADXL202 integrated
MEMS accelerometer, which achieves sufficientlythagcuracy a requirement for vehicle and
personal navigational systems.

This thesis will develop a micromachined sensongi$EMS technology. The sensor

may be inserted into an RIE process chamber as@made cost effective alternative to direet
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situ measurements of substrate conditions. MEMS tdolggois the key to achieving the
required functionality and performance of the RIEnsor. The device uses a surface
micromachined platform that correlates film thicksevith changes in resonant frequency that
occurs in the micromachined platform during etchiraysing a capacitance change with respect
to an underlying micromachined electrode. Highsgesity is obtained in the device through
improved performance with enhanced Q-factors, béttering and lower activation power, with
the potential for integration with electronics.

In this chapter, conventional MEMS micromachinimggesses are reviewed, along with
their potential for MEMS implementation. Some ibddEMS structures, specifically MEMS
resonators, are described in detail. These deweploy a miniature beam driven into
mechanical resonance by applying on them mechaficaés at specific frequencies. The
resonant frequency is a sensitive measure of stoainis relatively insensitive to temperature or
to the electrical properties of the device. Thechamical complexity and very small size

required is made possible only by advances in ME&t&nology.

3.2 BULK AND SURFACE MICROMACHINING

Micromachining refers to the fabrication of 3D MBEMstructures with the aid of
advanced lithography and etching techniques. Litholgy patterns the structures, whereas
etching removes the selective portion of the sabestof thin film already deposited. In general,
the micromachining process either can use the mhter form microstructures by etching
directly into the material or can use structurargeial layers to produce the same.

Bulk micromachining is a fabrication technique @hibuilds mechanical elements by
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starting with a silicon wafer, and then etching gwemwanted parts, leaving the mechanical
devices. Typically, the wafer is photo patternedl @ahe materials are removed by different
etching techniques (described in Chapter 2). Thisairelatively simple and inexpensive
fabrication technology, and it is well suited tgplgations that do not require much complexity
and are price-sensitive.

Surface micromachining creates micromechanicalcgires from deposited thin films
typically composed of materials such as low-pressinemical-vapor-deposition polycrystalline
silicon, silicon nitride, and silicon dioxides. ha@ films are sequentially deposited and selectively
removed to build or “machine” three-dimensional egrated circuits structures. Surface
micromachining requires more fabrication steps thalk micromachining, and hence is more
expensive. Surface micromachining is suitable dpplications requiring more complicated
devices, sophisticated elements, and mechanicelfifunality..

Bulk and surface micromachining have sub-processesommon.  Both methods
employ photolithography, oxidation, diffusion am@hiimplantation techniques. There utilize
some of the same common materials, like polysiliddnAu, Ti. However the processes differ
in many ways, like in the use of anisotropic etd¢baanodic and fusion bonding, etch stops, use
of Si <100> as a starting material, double-sideatessing and electrochemical etching in bulk
micromachining, and the use of dry etching in pattey and isotropic etchants in release steps
in surface micromachining.

Today, almost all pressure sensors are built wbtilk micromachining. Bulk
micromachined pressure sensors offer several aglyasiover traditional pressure sensors. They
cost less, are highly reliable, manufacturable, #rete is very good repeatability between

devices. All new cars on the market today have re¢vmicromachined pressure sensors,
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typically used to measure manifold pressure inghgine [65-66]. The small size and high
reliability of micromachined pressure sensors makem ideal for a variety of medical
applications as well [57-64].

While bulk micromachined silicon diaphragm presssensors have been commonplace
for many years, recent developments are resultingignificantly smaller and potentially less
expensive devices. These devices are more suitédrlelow-to-moderate performance
applications, where cost and perhaps size areayritsuch as disposable medical sensors and
consumer products. One technique developed aUtheersity of Wisconsin uses thin film
polysilicon for the sensor diaphragm [67]. Bee@atise polysilicon diaphragm is only about
one-tenth the thickness of conventional siliconspuee sensor diaphragms, the polysilicon
devices are correspondingly smaller. Another teghen employs high temperature fusion
bonding of silicon wafers to form inward tapering@vities under single crystal silicon
diaphragms [68]. This technique can also resuthuth smaller sensor dies than standard bulk
micromachining techniques. These devices are usetkdical catheters, where size and cost are
critical.

Surface micromachining is a relatively simple noethas compared to bulk
micromachining. Surface micromachining fabricatiprocess began in the 1960’s, and has
rapidly expanded over the past few decades. “Ppdication of surface micromachining to
batch fabrication in MEMS device was first demoatdd with a resonant gate transistor device
by Nathanson and Wickstrom in 1965 [58]. Sincenthmany other mechanical and optical
components and devices composed of microscale rfeoyealts like pistons, spring and gears

have been developed.
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3.3 MICROMECHANICAL RESONATORS

Micromechanical resonators are structures thathmamsed for filtering of frequency
synthesis applications, due to their high levelf@guency selectivity. Every mechanical
structure, such as a beam or a disk, has sevatalah modes of resonance. At macroscale,
these occur at very low frequencies — typically éowhan a few kilo-hertz. By shrinking the
dimension into microscale, higher resonance fregesncan be attained. The mechanical
structures are excited into resonance by applyingeahanical force at specific frequencies,
known as the resonant frequencies.

To provide the mechanical forces necessary tedhe MEMS structure into resonance,
transducers are used to convert energy in one dotoaanother. Many different types of
transducers exist. Usually an electrical signaprisduced as a result of the presence of the
measurand. This electrical signal can then be fieddie.g., amplified, filtered) in order to meet
further requirements. As an example, Figure 3idws the functional block diagram of a
MEMS resonator actuated by an electrostatic traresdu A voltage source applied to the input
of the resonator, converts it to the mechanicalaomas a force, which stimulates the resonant
structure by inducing displacement. This filtetd the force by attenuating components that are
not at the structure’s resonant frequenfy, The time derivative of the displacement is sens
by the transducer and converted back into thergdattiomain as an output current.

MEMS resonators utilizing other types of tramsitbn mechanisms that operate on
different physical types exist, but their generaick diagram remains the same. For example,
piezoelectric crystals which rely on physical stess displacement MEMS sensing device
having a capacitance transduction element, and etiagrield resonators based on the

magnetostriction (change of the length of a magndétar in a longitudinal field), or
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magnetoelastic (change of Young's modulus of feagmatic materials) effects exist [68-74].
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Figure 3.1: Functional block diagram of an electrostaticallyjuated MEM resonator [63].

3.3.1 Resonant Frequency MEMS Systems

Resonant frequency MEMS systems have generatech nmierest in the physical
measurement and the pharmaceutical industry dtleebtonumerous areas of application. They
have been used as filters for signal processinghasmiical and biological sensors, as mass flow
sensors, and as pressure sensors [68 - 74]. Ihoedhere has been much work published on
the characterization and fabrication techniqueabege resonant frequency MEMS systems.

The resonant behavior (eigenfrequencies and eegtors) of the MEMS system is
defined by its geometry and mechanical propertid$he characteristics associated with the
resonant behavior are the resonant frequency, tgqualtor, vibrational amplitude and phase.

The resonant MEMS system relies on a shift inutsdmental mechanical resonant frequency
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mode to measure a variety of physical parameterstsinsurrounding environment. The
conversion from the measured quantity to the chahge frequency can be accomplished by the
means of change in stress, mass, etc. of the resona general, a resonant frequency MEMS
structure consist of a thin film plate that hasiaroactuator to drive the plate into resonance and
a microsensor to determine the resonant frequehthecstructure.

The simplest and most often used resonator stegtre the beam, the bridge, and the
diaphragm, which are illustrated in Figure 3.2.eTeam, for instance, may vibrate in a flexural,
longitudinal or in a torsionahode as illustrated in Figure 3.3. More complexatires can be
envisioned, and when realized, can be used to eehaspecific mode of vibration or to increase

the intrinsic Q-factor.

Beam Bridge Diaphragm

Figure 3.2:  Basic mechanical resonator structures
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Figure 3.3:  Cantilever beams in flexural, torsional and londihal vibration modes

Clamped-clamped MEMS resonators has been demtatsingth frequencies of 8 MHz,
and have the distinction of being able to attairgdastiffness-to-mass ratios [63]. Large
stiffness enables large dynamic range and powedlingn which was an important design
consideration for developing the resonant sensortli@ in-situ RIE process monitoring
application. One drawback of the clamped-clampgablogy is that attaining high resonance
frequencies would entail scaling down their dimensi This would result in very small sizes
and difficulty in achieving a consistent set of fus@roperties (e.g., Q, dynamic range, power

handling) that would meet the need of RIE etch nadaitoring applications.

3.3.2 Resonant MEMS Sensors

MEMS sensor technology is already well advanceakgdly based on silicon
microfabrication and considerable commercial appic. Resonant MEMS sensors have

established themselves in the marketplace, usualppplications that require high accuracy.
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The key advantage is that the output is essentdidiital, and therefore easy to interface to
systems without the added measurement error agstordth analog to digital conversion.

Other benefits are that the measurement princgplesually based on mechanical properties of
materials rather than electronic properties, amdahcan be shown to offer sensors with good

stable performance [78-83].

The most popular and dominant resonant sensheipressure sensor [68-73]. An early
pressure sensor (shown in Figure 3.4(a)) was nraded beam which is attached at both ends to
a pressure sensitive diaphragm and pillars. Tlaenbis driven into resonance optically and the
two supporting pillars move as a result of the efgfon of the diaphragm, which generates stress
in the beam and influence the vibrational frequentie resonant accelerometer (Figure 3.4 (b))
is another popular resonant device which is in dlgmand and used in large quantities in the

automotive industry.

Figure 3.4: Resonant sensorst) Pressure sensor; b) Accelerometer
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Chemical sensors have gained interest continuanstgveral fields, such as homeland
security, to detect biohazard and explosive mdsefi].  With the increasing demand, there
are many active research projects on chemical seissed on micro/nano fabrication [74-78].
The devices detect changes in material propertiel as resistivity, permeability, and loaded
mass, when volatile analyte is absorbed. One pleaaof a resonant chemical MEM sensor is a
micro-cantilever that is coated with a material ethihas an affinity for a specific type of
material. If that material is present in the eamment, the molecules will be absorbed on the
cantilever causing a change in the effective més#seodevice, resulting in a shift in the resonant
frequency. If the substance is not present, thssnof the cantilever remains unchanged along
with its resonant frequency.

Capacitive micromachined ultrasonic transducefdTs) have also been investigated
as flexural mode resonators. In one example, alesi@IUT cell comprised of a circular
membrane is actuated by electrostatic force. Dugh# vacuum sealed cavity under the
membrane, the CMUT dissipates energy only on ode ef the membrane exposed to air.
Thus, the CMUT achieves a higher quality factomntki@at of resonant structures exposed to air
from all sides. In addition, multiple membranes eveonnected in parallel to achieve design

flexibility and robustness [81].

3.4. Q-FACTOR CHARACTERIZATION

The quality factor of MEMS resonators is an impattfigure of merit for improving
frequency noise, and hence resolution, especialysklective filtering applications where

resonant frequency is determined based on maswpafithe device. The quality factor (Q) of
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a MEMS resonator is a metric that characterizekeitsl of selectivity in the frequency domain

and is defined as

few (3.1)

wherefgy, is the3dB bandwidthf, the center frequency at resonance.

A high Q-factor is important for the electrostatlg actuated RIE sensor because it
simplifies the feed-back control electronics, miizies the perturbing effect of the drive
electronics, and gives a high resolution. It afeplies a very low mechanical coupling, which

gives high accuracy and long term stability. He physical domain, quality factor is defined as

[63]:

Q= AEzrored
AEjpss (3.2)

whereEg;req 1S the stored energy in the resonating structackEs, is the energy dissipated
during the single resonating cycle. Thus to mazarthe Q-factor, all sources of energy losses
must be minimized. In the case of the RIE senmsaximizing the device’s Q-factor is related to
increasing its stiffness (the stored energy) andimizing the damping mechanisms (energy
loss). The Q-factor for the RIE sensor in airedetined from the frequency spectrumas12

(Figure 3.5).

The Q-factor is inversely proportional to the rafeenergy dissipation. For a vibrating
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MEMS structure, several loss mechanisms are presamth as air loss, support loss,

thermoelastic (TED) and surface loss. It candiemated theoretically using the following [63]:

_E i 1 + 1 + 1 + 1
Q Qair Q&upport QrED Qothers

(3.3)

where Qqir, Qsupport» @rep are the air damping, support loss and thermoelésss Q-factors

respectively. The Q-factor of all other energyskss (e.g. surface loss) is denotedby,ers-
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Figure 3.5:  Frequency spectrum of the RIE sensor wifeieapproximately 36 kHz and
the Q-factor is 12
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When the MEMS resonator structure vibrates, isigemted energy to the surrounding
media (e.g., RIE process chamber). The two nuas Inechanisms are air loss and support loss,
because the effects of all other losses are minitypically in the range of f0to 1. The
Qir loss is the most dominant Q-factor for flexuraldaoresonators. Based on analytical
fluidic solutions,Q,;, of a vibrating cantilever with thickneds, and density can be calculated

as [63]:

_ 2mfhp DCE
arr ZEE'?. P (3.4)

where P is the pressure of air afg, is the acoustic impedance of air. The acoustedance
of air (Z,;-) at room temperature is about 420 Pa-s/m, assuthengcoustic impedance is

resistive. Based on (3.4),;-/f depends on the MEMS resonator design parameters as

@ _ 2mhp
f Zﬂir (35)

For the RIE MEMS sensor composedéd um thick polyimide beam, witlp = 1400 kg/m?3
andf = 35.3kHz the air damping@,;, ~ 4.8.
As the RIE sensor vibrates, energy is transfetoethe substrate support in the form of

acoustic wavesQg,,por: Can be expressed as follows

3
Qeupport = Y (E) (3.6)
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wherey is proportionality constant. The relation isigdor both clamped-free and clamped-
clamped MEMS resonatorklao et. al., analytically calculateds,,,,,¢ for a clamped-clamped

beam structure, in [63] as follows

3

L
Quuppare= 0638 5) -

To illustrate, the micromachined RIE sensor witheas ratio,(L/h) of 108, corresponding to a
platform lengthL = 700 um and thicknessh = 6.5um, has aQsppore 10SS = 796,847.
Considering only the contribution from both the @amping and the support contact dissipation,
the overall quality factor for the RIE sensor datis 1/Q = 1/Qqir + 1/Qsuppore @and the
overall Q-factor is~ 4.8.

In a vacuum, the contribution due to air dampisigiégligible, and the contact support
loss dominates the Q-factor. Therefore, insideRHe chamber where the pressure is less than

atmospheric pressure, and the sensor is expectgzbtate with higher Q-factors.

3.5 THE RIE RESONANT SENSOR

A schematic of the RIE sensor forsitu etch rate monitoring is shown in Figure 3.6.
The sensor is composed of a micromachined platfeitm length L, width W, and thicknesé,
(700um x 140um X 6.5um), and is made up of layers of polyimide and goldhwoung’s
modulus E and mass densjty The platform is anchored to the substrate asppesnded by a

gap d, (4um) over drive and sense electrodes with width. WI'he sensor is driven into
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resonance electstatically as material is etched frohe platform. As the mass loading of ti
platform decreases, its resonant vibrational fraqueshifts by an amount proportional to
amount of material remainin: The shift in resonance is detected by monitoriregdhange i
impedance between theivke electrodes and the platforr The micromachined platforr
presents a high acoustic impedance at the poiattathment to thsubstrate, whicimeans that
very little acoustic energwill propagate through the platforim the anchors/substrate, ani a

result, maintain a high @ctor

Sense electrode - gap = d

Figure 3.6: Perspective view cmicromachined resonant RIE ser
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3.5.1 Theory of Operation

In operation, a dc voltagi, and an input ac voltage; applied across the capacitor,
C = gA/d,, defined by the areal{,W,) of overlap between the beam and the bottom

electrodes, induce an electrostatic fofcen the platform, given by

Pax ! (3.7)

that cause it to vibrate vertically exhibiting depementx;. In this expression, the derivative
dC /ox represents the change in electrode-to-platfornacitgnce per unit displacement of the

platform and is given by:

ac _ WpWe

dx dz (3.8)

Where d,, is the unbiased platform-to-electrode gap. Thepldeement of the platform in

response to; induces a capacitive current given by

z Pax " az (3.9)

and is largest when the excitation frequency iseltw the mechanical resonance frequency of
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the platform.

The RIE sensor structure is not readily describgdhe simple parallel plate capacitor
configuration. A natural consequence of surfaceramachining fabrication techniques
(patterning and stacking of layers), is that thevambe part of the RIE sensor (the platform)
consists of thin films of flexible materials, floag above the electrodes and clamped on both
sides. A more accurate description requires teerthof the bending of plates and beams when

subjected to a certain load.

3.5.2 Vibrational Analysis
The equation of motion that describes the smdledigon of the platform can generally

be described by the 1-D homogeneous Euler-Bernegllation [60]:

El 3*w(x,t) N }15‘2 w(;f, t) —0
dx* gt (3.10)

With apparent Young’'s modulu, A is the cross-sectional ardas the moment of inertia an
is the material density. The apparent Young's maslis a function of the Poisson’s ratio
when the platform widthl/ is much larger that the platform thickneas, For the RIE sensor

W > h and the apparent Young's modulliss E/(1 — v?).
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The moment of moment of inertia of the sensor ptatfis given as:

0 -h/2 (3.11)

Assuming harmonic solution, the separation of \deis technique may be used to isolate the

time and space parts of Equation 3.10. Separafioariables yields:

E1d*w(x)/ox* .
——————— = wy = const.

pA  w(x) (3.12)

The general solution of the DE has four roots angiven as:

A A A A
w(x) = C,cos [—x] + C, sin [—x] + Cycosh [—x] + C,sinh [—x]
L L L L (3.13)

The dimensionless parameteresults from

(,1)4 _ pAw?

L El (3.14)

We can find the constants by applying the followingundary conditions for the clamped-

clamped beam:
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w(0)= w'(0)=w(l)= w'(L)=0 (3.15)

The value ofl,, that satisfies the characteristic equatiars,A cosh 1 may be determined from a
trigonometric table. For the RIE senstr = 4.730 for the fundamental mode of vibration
(which is of primary interest). The other mode @safor a clamped-clamped beam atg =

7.853 andl; = 11.0. We can now write the general expresfothe resonance frequencies of

the RIE sensor platform [60]:

(3.16)

To illustrate, for the RIE sensor with Young's mbgt E = 8.3GPa, densityp = 1400 kg /m3,
Poisson’s rativ = 0.34, lengthL = 700um and platform thickness = 6.5um. The calculated
fundamental resonance frequengy= 35.3kHz. Estimates of the first three resonance

frequencies are summarized in Table 3.1.

Table 3.1:  Calculated resonance frequencies of the RIE sensor

Maode Resonance Frequency
Ay =473 1 = 35.3kHz=.
A, = 7.853 f2=97.4kHz=.

Az =11 f3=191.2kH=.
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The physical model presented above describes hethetationship between the reson
frequency and the RIE sensor platform, and the\behaf the RIE sensor The various modes
of the platform's vibration are more sensitive triation in the platfrm’s height than the
platform’s length (Figure 3.7). In operation, tRé& sensor’s platform is coated with mate
that is etched. As the height of the platform I(dag film thickness) decreases, the resol

frequency decreases by amount thas proportionato the amount of material etch
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Figure 3.7: Resonancé&equency of the RIE sensor as a function of tlaf@tm height an:

length
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3.5.3 Electrical Circuit Model

The RIE sensor can be treated as an electrodatiteven one-port resonator, shown in
Figure 3.8. In this configuration, the polarizativoltage, V,,, and the ac signab;, are
superimposed at the drive electrodes. The regutiactrostatic force will cause the beam to
vibrate.  The resonance of the platform will bélected in the curreni(t), and at resonance,

the impedance of the air gap changes.

Sense electrode

Figure 3.8: The RIE sensor configured as an electrostatic onergsonator

The electrical circuit model is carried out witiethelp of electromechanical analogies
shown in Table 3.2. The analogies enable a patik ba the mechanical world where the

physical realization of the device lies.
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Table 3.2:  Mechanical-to-Electrical Current Analogy [68]

Mechanical Variable Electrical Variable

Force, f

Damping, ¢
Stiffness ™, k!
Mass, m

Velocity, v

Resistance, A
Capacitance, C
Inductance, L
Voltage, V
Current, /

In the vicinity of the fundamental mode of resor@ntie dynamic small signal behavior of the

RIE sensor can be represented by a simplified e¢gnv circuit shown in Figure 3.9.

Istatic
Co
Vin @— Imotional
R
LY L
| — VWV
Leff Ceff Rmotional

lout

Figure 3.9:  Equivalent circuit model for RIE sensor excite@®aé port
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The static capacitancg&, represents the capacitance of the air gap. RhionaiLlessCess
series branch represents the motional behaviorca$sd with the fundamental mode. In
developing the electrical model, the effects of #lectrical bias on the platform must be

considered.

The “pull-in” voltageV,,, is defined as the largest polarizing voltage (&) that can be

applied to the RIE sensor before the platform paés. It is given by:

1 |En3d3
Ve ® 348 —

(3.17)

Here,E,d, h are the Young's modulus, air gap, and platfornckhéss, respectively, arg is

the permittivity of free space. For the RIE sensite calculated pull-in voltag&, = 31V.

The resonance frequency of the RIE sensor istafieoy the DC offset “bias” voltage.
As the polarization “bias” voltage increase, thsoreant frequency decreases (Figure 3.10).

This relationship is described by:

| 2
w, ¥ w, ||1 —0.29 (FF_)
N

pl

(3.18)
wherew, is the fundamental resonance frequency derivedqusly.
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Figure 3.10: The resonance frequency dependence on the appligidsivoltage/,

The bias voltage plays a crucial part in the asialpf resonant behavior of the RIE
sensor. In the first place, it determines howsnasffness and damping are to be translated in
the equivalent lumped elements,fr, Corr and Rpyorionai: @nd is essential for the coupling
between the electric and mechanical domain. Ségoids easy to understand that tuning the

bias voltage will affect the resonance frequency.

Note that this equivalent circuit applies onlytha¢ fundamental resonance mode, and
contributions of higher order resonances are assuragligible. Higher resonance modes can
be incorporated by adding appropriate RLC branahesrallel to the first one, which introduces

more impedance than the first mode.
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The capacitive circuit element, is defined as:

(?’)2
s WLV,
Nﬂz g L

Corr ™ 0.
eff d 0 2
—=
(‘1’1} (3.19)
and the inductanck, ;¢ is expressed as
L= 1
sff 2
Ws5Carr (3.20)

The motional resistanck,,,:i,na 1S related to the mechanical Q-factor of the dtmecand is

expressed as

1
R

motional —

Cse2sCars (3.21)

It should be noted thml = 1/,/LeffCeff and aIS(Q = wlLeff/Rmotional [75]
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It is desirable to reduce the motional resistannd increase the electromechanical
coupling between the RIE sensor’s platform and elestrodes. Two ways to increase the
coupling factor are to increase the applied bidsage and increase the coupling capacitance.
The coupling capacitance can be increased by denethe gap spacing. In operation, as the
RIE sensor platform is etched the mass loadingedses and gap between the platform and
electrodes increases which reduces the couplingctapce. The implications and effect of the

wider gap can also be seen by examining the mdti@séstances. Table 3.3 summarizes the

calculated effective gap impedance values withimgrgap spacing.

Table 3.3:  Calculated equivalent circuit and effective impsakavalues for the RIE sensor

with varying gap width. The Q-factor is estimatdL.000 and the DC bias is 10 volts

Gap Width (um) Cyo (PF) Rpotional (1) | Copp (FF) | Lgr (H)
4.0 0.217 967,958 4.81 4510
3.5 0.247 846,023 5.53 3934
3.0 0.289 725,710 6.44 3366
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3.6 SUMMARY

As described above, there are many significaneldgwments under way for improved
sensors and sensors for new variables, with neuctsties and operating principles, with
improved performance, and reduced cost. The dpmmanature of MEMS fabrication
processes makes cost-effective fabrication an issuéow to moderate volume applications.
High reliability and stability in the real operagienvironment are critical requirements for many
sensors. These requirements are difficult to aehiend continued development is required for
many applications and products.

MEMS technology is the key to achieving the sermong developed for the-situ RIE
process monitoring application. The device usesudase micromachined platform that
correlates film thickness with changes in resorigquency that occurs in the micromachined
platform during etching. The vibrational and eleat behavior of the clamped-clamped
structure was investigated, which is the basi©ieRIE sensor functionality and performance.

A high Q-factor is important for the electrostatlg actuated RIE sensor because it
simplifies the feed-back control electronics. T@dactor for the RIE sensor in air, determined
from the frequency spectrum is 12. In a vacuum, the contribution due to air dampisig
negligible, and therefore, inside the RIE chamb&emg the pressure is less than atmospheric
pressure, and the sensor is expected to operdtdiglier Q-factors.

The RIE sensor is composed of a micromachinedophatthat is suspended above the
drive and sense electrodes on the surface of thetrate. The physical model presented
describes both the relationship between the resenfiequency and the RIE sensor platform,
and the behavior of the RIE sensor. The varioogesn of the platform's vibration are more

sensitive to variations in the platform’s heigl. operation, the RIE sensor’s platform is coated
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with material that is etched. The resonant freqyatecreases by an amount that is proportional

to the amount of material etched, allowing etck tatbe inferred.
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CHAPTER 4

4.1 CAPACITIVE SENSING

The physical structure of the capacitive RIE sensiascribed in the Chapter 3, is
relatively simple. However, the simple paralleltpl@quation for capacitance only provides a
crude estimate of the expected capacitance chanigeasuring capacitance changes with the
RIE sensor relies on capacitive transduction, wisabne of the most important and widely used
techniques, in micro systems. The capacitancegdsaare extremely small (in the range of
femto- to atto farads), and the parasitic capacéatogether with the RIE sensor capacitance,
are usually larger than the varying capacitancbetsensed. Small capacitance changes, along
with the additional noise from the RIE process chammakesn-situ film thickness monitoring
challenging. The technique nevertheless, providgmgegise way of sensing the changes in

capacitance and resonant frequency that occumsglatching.

In general, the sensor’s overall performancdtendimited by the interface circuit. The
main challenge of the interface circuit is to setis® small capacitance variance with huge
parasitic capacitances. The variety of differgpes of interface circuits include the impedance
bridge, the charge amplifier (often used with p&eotric devices), charge balance techniques,
and various oscillator configurations. These dtscare shown in Figure 4.1. There are also a
variety of commercially available ICs that can lsedito measure capacitance changes of a few

femtofarads in stray capacitance up to several teahpicofarads.
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The impedance bridge uses a high-frequency (Hé&)la®r which drives an RC bridge.
The bridge contains the sensor and a referencecitapa As soon as there is an imbalance in
the bridge due to a change in the sensor capaeitasc output occurs. This bridge
configuration is very simple, but has a limited dgmc range. Such a measurement setup is
very sensitive to parasitic effects, which are afsv@resent in capacitive micro-mechanical
structures. Moreover, these parasitic capacitoige qpften have a comparable value to the

sensing capacitor, making read-out difficult.

| —T v, reset
1 C, C1|:‘ 4 . Vs o JJ__I
i 0]
TH o B A Y
| ' e - C
—= | — u =
a) impedance bridge 1 - Yo

I+_h = - l ~.- |
— A i j‘ c) charge amplifier

e 2
CSI Vee

T o Cs— C,
b)relaxation oscillator Cr

Figure 4.1:  Circuits that can be used to interface with theac#pve RIE sensor

74



The RIE sensor is similar in operation to a vdaatapacitor and can also be used to
control the frequency of a relaxation oscillatdihe oscillation period for example in a Schmitt
trigger oscillator is determined by the chargingndi of the measured capacitor. Since the
oscillator links the time varying capacitance watlirequency output, it is quite attractive to use
if A/D conversion or a digital output is needed. heT simplicity of this type of circuit
configuration is routinely implemented using CMO&chnology for applications requiring

capacitive read-out of mechanical sensors.
DC and AC-operated charge amplifiers can alsoseel to measure capacitance changes.

The schematic shown in Figure 4.2 is a practicpctive sensing circuit.

'seu-'.-:nr
Fbias. G | -
oo N F

w 4 Fout

= I

Figure 4.2: Charge amplifier capacitive sensing circuit confagion [90].

Capacitance to voltage conversion is achieved uaicgpacitive feedback loop. A sinusoidal
bias voltage applied to the RIE sensor capacit@iggor Will cause a sinusoidal current. The

parasitic capacitance from the floating node taigbis modeled by & The feedback capacitor
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G, converts the capacitive current into a voltagectvhis proportional to the value of the RIE

sensor capacitance [84]. If one assumes an ageamp characteristic the output signal is

I

Vr.:-ut = - SEE.!SG?' Vbiﬂs
! (4.1)

The response is a linear function of RIE sensoaciégnce. In the RIE monitoring application,
we are concerned in the change of the sensing itapee rather than the absolute value.

Figure 4.3 shows the small-signal model of theuwirin Figure 4.2 above. The
amplifier is modeled as a first order system bytthesconductance,£and output impedance,

Ro. The sensing amplifier is followed by an outputfer with load capacitance, C

- !

Csensor
. Pad _
Vbias © il Ve |-
Co=— GmVtg o Vout
Ro——C
- 0—
~ L T

Figure 4.3: The small-signal model of the capacitive sensimgudt [90].
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The DC output voltage can be expressed as [90]:

v - _ Vbi&scsans::-r + Q

o Crt Cr/ Ay (4.2)

Where Q is the charge on the floating nodg,= G,R, andCr = Csensor + Cy + Cr. By
tuning the charge on the floating node, the DClle¥é/,,,; can be adjusted to the mid-rail and
the output dynamic range can be rail-to-rail. hiére is some variance .., and assuming
the amplifier gain is high enougﬂ:ﬂv > CT/Cf), the output voltage variance of the RIE sensor

capacitance can be expressed as

AV, = ——22Z.AC

out C FENSoT

4 (4.3)

It can be seen from (4.2) and (4.3) that this @iramplifies the changes in sensor capacitance
while decreasing constant capacitances at theirftpatode by the amplifier gain.  The
amplitude of the output signal will be proportiotalthe variance of .., With the transducer
gain of — V};4:/C¢. The circuit can achieve high sensitivity by cbiog a large value dfy;4

and a small value df;.

The capacitive feedback charge amplifier topolbgy been used for decades. However,
when it is used in capacitive sensing applicatidasge resistors or switches are inserted to
provide the DC path for the floating node. The #ddal component deteriorates the
performance of the charge amplifier and consumesenmower. Recent advances in

programming and adapting floating gate circuitg, dgample the auto-zeroing floating gate
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amplifier (AFGA) [78-80] capacitive sensing interface, provide high aign-noise (SNR) with
very low power consumption.

The floating node or floating gate was previousliroduced in the discussion of the
capacitive charge amplifier sensing circuit. THeEGH is an example of a large class of adaptive
floating-gate MOS circuits. These circuits usenling and hot-electron injection to adapt the
charge on floating gates to return the circuit tbageline condition on a slow time scale. In
Section 4.2, the discussion will explore floatirgas before continuing with further analysis of

the capacitive sensing interface circuit in Sectdh

4.2 FLOATING-GATE CIRCUITS

Floating-gate devices, circuits and systems utifliaating-gate MOS transistors circuits
and are found in many common devices, including 8RR, EEPROMSs, and flash memories. A
floating gate is a polysilicon gate of a MOS tratwi that is surrounded by SiGCharge on the
floating gate is stored permanently, providing agkterm memory, because it is completely
surrounded by a high quality insulator. The chaogethe floating gate can be modified by
applying a large voltage charge, by projection & light source on the chip, or by adding
electrons using hot electron injection. The fregport of floating-gate devices was in 1967 and
the technology has matured significantly since ten floating gate devices are now found in
every personal computer today {856].

Floating-gate devices and circuits are divided ithiree major application areas. They
are used: 1) as analog memory elements; 2) as phiapacitive based circuits; and 3) as

adaptive circuit elements. Floating-gate technpliegised to eliminate off-chip biasing voltages
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in analog and mixed mode VLSI systems by providwvigtages on-chip with array of
programmable floating-gate voltages. In a CMOSlieation, ultraviolet light was applied to a
floating-gate device to tune the threshold voltegeoptimal performance [8589].

A floating gate occurs when there is no dc patla fixed potential. The floating-gate
voltage can modulate a channel between a sourcedemid and can therefore be used in
computation. Capacitive coupling into the floatiggte becomes an effective gate for the
transistor, where the gate strength depends ooah&citor size. The floating gate can compute
a range of translinear functions by capacitive tiogp into floating gate devices with an
exponential current-voltage relationship.

Floating gate circuits have an inherent abilityattapt to outgoing and incoming signals
by continuously enabling various programming medms. The development of single
floating gate FETs that emulate the computationdl @adaptive properties of biological synoptic
elements was motivated by floating gates adaptropgsties. A spectrum of continuous-time
adaptation dynamics of floating gates and methodsake advantage of these floating gate
devices was illustrated by Hasler [890]. Reports on systems using floating gate adapti
systems include schemes for adaptive gain corredtio photovoltaic camera systems and

methods for weighing different frequency bands vamtfalog weights stored on floating gates.

One example of a continuously adapting floatingegaFET circuit is the autozeroing
floating gate amplifier (AFGA). The AFGA is a lhiggain amplifier with two key features due
to the use of floating gate MOSFETS: (1) capacitmsd in ways resistors are traditionally used
in discrete amplifiers; and (2) hot-electron injentand electron tunneling used to generate

small continuous currents.

79



Figure 4.4 shows the AFGA, for which the open-laampplifier consists of a pFET input

transistor and an nFET current source.
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Figure 4.4: An autozeroing floating-gate amplifier (AFGA) thages tunneling and
pFET hot-electron injection [88].

The AFGA uses tunneling and pFET hot-electronciingam to adaptively set its DC
operating point. The complementary tunneling antdhectron injection processes adjust the
floating gate charge so that the amplifier outpoitage returns to steady-state on a slow time
scale. The bias curretdis set by the nFET current source. Since the outppacitances are
charged or discharged by currents on the scal&,athe cutoff frequency will be directly

dependent on the bias current. Furthermore, withacéve feedback, the input signal is
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amplified by a closed-loop gain approximately eqoali/C,, and for usual operating conditions

the AFGA's open-loop gain also is large (~ 100@) aearly constant [88].

Figure 4.5 shows the response of the autozerdoagirig gate amplifier to a 1-Hz sine
wave superimposed on an input pulse. If the imhainges on a time-scale that is much shorter
than the adaptation, then the output is an amgliersion of the input signal. The amplifier
adapts to the pulse input after an initial transihile preserving the 1-Hz sine wave. The

AFGA has a closed-loop gain of 11.2 and a low fezmy cutoff at 100 MHz [90].

ol W o

4 .
Za3st | §
g U
g} JL Output
gL U

2.5F mﬁ d 4

2 :Ahm Wﬂnnmmwlrmm_ WA%WWM::\E:“WFJ

1.5F Viun = 40,15V, Vdd = 10.6 V 1
0 5 10 15 20 25 30 35 40 45 50

Time (seconds)

Figure 4.5: Response of the AFGA to a 1-Hz sine wave superieghos a 19-s

voltage pulse [90]
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The combination of electron tunneling and pFET-dlettron injection applies the
appropriate negative feedback to stabilize the wutpltage. If the output voltage is below its
equilibrium value, then the injection current exdgéhe tunneling current, decreasing the charge
on the floating gate. That, in turn, increases ab&ut voltage back toward its equilibrium
value. If the output voltage is above its equilioni value, then the tunneling current exceeds the

injection current, increasing the charge on thatfita gate, which decreases the output [90].

At high frequencies, the autozeroing floating gateplifier is a low-pass filter. In this
regime, the tunneling and injection currents argligible. At extremely high frequencies, the
transistor channel currents are negligible compé#oeithe capacitive currents. The behavior of
the AFGA results from the floating gate voltagetlseg back to its equilibrium condition. The

AFGA frequency response was derived in [84] amglven for all frequencies as

Vour () Cy 1— 735

214 15+ ":1_5
: (4.4)

where the time constants,, = C,C,U;/kC,I, is the time constant that marks the onset of
capacitive feedthrough. The high-frequency timestant cut-offz, = (C;C, — C3)Ur/kC,I;
and 7, the low-frequency cutoff, is equal ©,V;,;/I;,no. The AFGA has four operating
regimes based on the operating frequency behawdngjther a high-pass filter, as a low-pass

filter, an amplifier and at the highest operatinggliency in a capacitive feedthrough manner.

The AFGA is stable and its noise performance msilar in thermal characteristics to

standard MOS amplifiers. The tunneling and injecttdo not add noise to the amplifier, and
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when the appropriate feedback is applied to thatiftg gate, no additional control circuitry is

required.

The schematic in Figure 4.6 is of an integrate®-aeroing capacitive sensing amplifier,
where the tunneling junction and an indirect in@ettp-MOS transistor are integrated with the
amplifier. A comparator is used to provide thaidrvoltage of the injection transistor so that
the injection current can be adjusted to balandetlo® tunneling and leakage current. The
output adapts to the changes on the floating nodthat it can return to the mid of the rail

slowly.
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Figure 4.6: Integrated auto-zeroing capacitive sensing ampliée].
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This adaptation scheme was used with a capagitigeomachined ultrasonic transducer
(CMUT) in [90]. Comparison of the noise spectrunthwthe CMUT sensor showed no
significant degradation in the noise performance ttuthe tunneling and injection mechanism.
Additionally, the power consumption from the congiar and the injection transistor is in the
MW range. Unlike many charge amplifier circuitsene output noise and SNR is set by the load
capacitancekT /C thermal noise), this scheme allows for lower dra&pacitance for a given
noise floor. Improving the linear range of thisgifirer, simultaneously improves the SNR of

the amplifier.

4.3 CHARGE AMPLIFIER NOISE ANALYSIS

The output-referred noise power for the capacitivarge amplifier circuit in Section 4.1

can be calculated from its small signal model foisa analysis as shown in Figure 4.7.

VOUT

Sensor - |

C

Figure 4.7:  The small-signal model of (Figure 4.3) for noisalgsis [90]
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In terms of the amplifier output current noigethe thermal noise component can be modeled as

[90]:
L_z2 o
= —n
ﬂ-f K q I'gm (45)

wherex is the subthreshold slope coefficient of the tistos, n is the effective number of noisy
transistors,q is the charge of an electrodj; is the thermal voltage, ang,, is the

transconductance of the transistors. The tatfgdud voltage noise power can be expressed as

anI- . Csansor + Cw

-
& j—

out.total — 2K CL(-.}- (46)

The expression for the SNR is given as

SNR = B'IT"'Irl" . [ucsansor' + CW-JCL
Kng Cs (4.7)

Based on (4.7), increasing, improves to the linear range of the capacitivessgnamplifier,
while increasing’,, or C, affects the dynamic range. By using a floatingenn the capacitor
feedback amplifier scheme, the circuit is more gimesand the SNR is improved by the product

of the load and the sum of the input and paras#pacitors.
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The gain of the amplifier and the bandwidth of ¢tiveuit are both infinite. In reality, the
amplifier has a finite gain, and to save power,dperating frequency is within the range of the
bandwidth. The dynamic range of a circuit is aoraf the maximum possible linear output
swing AVynmax) 10 the total output-noise power. The expressmmthe dynamic range is

given byAV,,: max Which is defined as [90]

Cl'-
ﬂvﬂur,mﬂx = C_ ﬂ"T’f!i:w,:wru-z:r
i (4.8)

whereCr = Csensor + Cy + Cr. The dynamic range varies inversely with therefore a high-
gain amplifier will have a larger dynamic rangerthaill a low-gain amplifier for the same

values ofCg,, 50 aNdC,,.

4.4 EXCITATION AND DETECTION

The RIE sensor has to be brought into vibratiod #e vibration has to be detected, so
the choice of excitation and detection techniquefigreat importance. In this case, the RIE
sensor is excited electrostatically and the resomaondition is detected by monitoring the
displacement current that results from the air ggpacitance change between the electrodes and
the vibrating structure.

Several other detection techniques are availabl@ fvhich one can choose, including
interferometry and reflectometry. A brief destiop is given and illustrated in Figure 4.8
below:
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Figure 4.8: Different vibration detection schemes: a) capaeitly) dielectric, c) piezoelectri

d) piezoresistive, d) optical, €) magn

1) Capacitive detection. This technique requires two electrodes arrangeddse proximit to
the vibrating structure. If the structure moves, the capacitanceamyes, which is detect
electrically. It is a very attractive method because it providedinear output when tr

vibrational amplitude is small and not sensitiveexternal conditions su as, temperature
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changes. However, the air gap situated betwesnibrating structure and electrodes provides

a large damping force on the sensor and decreasgsality factor.

2) Dielectric detection. This technique uses a sandwich structure congisti a thin dielectric
layer between an upper and lower electrode. Theemewt of the structure will change the
thickness of the dielectric layer, which in turraolges the capacitance. Since the permeability of
a dielectric material is usually temperature depandhis technique cannot be used if the device

should operate in a wide temperature range.

3) Piezoelectric detection. A piezoelectric material, like single crystalliggiartz, has built-in
dipole charges. When it is exposed to stresgléwrical characteristic of the material changes,
which can be utilized for vibration detection pusps. Unfortunately, silicon is not
piezoelectric, so a layer of another piezoeleatraterial should be deposited on the resonator.
An often used, highly piezoresistive material isCZrbut it is not a standard material in IC

fabrication technology.

4) Piezoresistive detection. Integrated resistors can be used also for vimatietection since
their resistivity changes due to the presence m&sstin a material.  An advantage of this
technique is that it is quite easy to fabricaterdgsistors using standard IC processing steps and
silicon has large piezoelectric coefficients. Theaim drawback of this method is large

temperature sensitivity of the resistors.

5) Optical detection. There are two main types of optical detectiorhtégues: interferometric
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and amplitude modulation. The amplitude modulatmethod is simpler, but less sensitive.
Optical detection techniques are mostly used inatibn characterisation setups because they are
quite bulky. The main advantage of this techniguthat it does not influence or degrade the

vibration. However, this setup is difficult to igi@te on a silicon chip.

6) Magnetic detection. The vibration of a conductor in a magnetic fieickates an induced
voltage. This can be used for vibration detectpomposes. Despite the simplicity of this
technique, it is quite rarely selected. This likegly be attributed to the small output voltageaif

weak magnetic field is present.

Electrostatic excitation and capacitive detecpoesents many advantages, among them
low power consumption and IC compatible technologyAlthough the other techniques are
more sensitive, the possibility of integration witlontrol electronics makes the capacitive
detection technique very attractive to use. Tdgeacitive interface sensing circuit is very well
suited to the RIE etch rate application becausenvthere is no external electric field, the RIE
sensor will not vibrate due to the lack of exciatithus the corresponding capacitance change
will also be zero. The insensitivity of the cagi@e sensing method to temperature changes is
also a very positive feature. The one disadvantagbat this type of detection provides a

nonlinear response at large vibrational amplitudes.

The force that the capacitive excitation methoduMdocapply to the RIE sensor was

derived in [68] and is given by
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dc

1 .
Forive = = (Vpe — v,.)° —
Drive 2 ( oe yrzc:] Ax (49)

whereC is the capacitanc®pc is the DC bias across the excitation gapapés the AC voltage
across the excitation gap. It is important to nibtat when the RIE sensor is capacitively
actuated, both an AC and a DC voltage are applidksuming the AC voltage can be

represented as a time varying functian,. (= V,. cos wt), the drive force is given by [68]:

i,V V. ac
Fopive = > Ve + f— 2V, V- cos(ewt) + ;c cos(2wt) P

(4.10)

From this expansion it can be seen that with ndieggypC voltage, the output force would only
be a component of the input signal. To obtainrgddorce at the fundamental frequency of
actuation, a large DC voltage in conjunction witemaall AC signal is applied. In addition, if
the input signal frequency is at the natural resngdrequency of the platform, the output signal

will be magnified by the quality factor of the R#€nsor.

4.5 INTEGRATED RIE SENSOR AND INTERFACE CIRCUIT

The change in capacitance of the RIE sensor ectllyrrelated to the output voltage of
the charge amplifier. A model was developed t@atigate whether the small scale deflections
of the RIE sensor platform, and the small curreghas that are used to locate the resonant
condition, will be properly sensed and amplifiedtbg charge amplifier circuit. The integrated
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charge amplifier circuit with the RIE sensor at thput (Figure 4.9), was modeled using NI-

Multisim electronic schematic capture and simulagpoogram.
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Figure 4.9:  NI-Multism model of integrated RIE sensor and gaesamplifier circuit.

The RIE sensor is replaced with its equivalerduit and nominal impedance values that

was discussed and calculated in Chapter 3. Htie shpacitanc€, represents the capacitance

of the air gap.

The& otionaiLerr Cepy SETiES branch represents the motional behavidheof

platform associated with the fundamental mode.e Ikl741 series operational amplifier is an
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ideal op-amp, and is used to approximate the beha¥ithe charge amplifier interface circuit.
If one assumes an ideal op-amp characteristic xpeated voltage response of the integrated

charge amplifier capacitive sensing circuit thelfofes (4.1).

Figure 4.10 shows the response of the integratadge amplifier interface circuit to a
1V,1kHz sine wave, offset bg.3V that is superimposed on an input of the RIE sens®he

output voltage at the charge amplifier interfagewt is 1.2Vrms, and the output frequency is

24.4kHz.
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) . —— (Ot
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Figure 4.10: Voltage waveforms of integrated RIE sensor andgdamplifier circuit.
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From the voltage waveform it appears that the umigntegrated RIE sensor
implementation results are consistent with whaixgected from this charge amplifier interface

circuit. The results of the transient analysisugations are summarized in Table 4.1.

Table 4.1:  Integrated RIE sensor and charge amplifier cirsmitulated results.

Circuit Parameters Value
Vac 1V, 1kHz=
Viias 3.3V
Co 220fF
Cr 800fF
Cwr 11pF
Cr 400mF
Vour Calculated (4.1) 0.907Vrms
Simulated Results Value
Vour 1.29Vrms
Tout 25.3mArms
Vsensor 300mVrms
Isensor 1.11nArms
Output Frequency 24.4kHz
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4.6 SUMMARY

The integration of sensors and electronic cirguite a dominant trend in the
semiconductor industry, and much work and resehashbeen devoted to this effort. The RIE
sensor relies on capacitive transduction to detewll capacitance changes and the resulting
change in resonant frequency during the RIE procBss RIE sensor’s overall performance is
limited by the interface circuit, and integrationttwthe proper circuit allows the RIE sensor to
function as a highly sensitive measure of etchdateng the RIE process.

A capacitive feedback charge amplifier circuit,amrconfigured with the RIE senor at the
input, achieves high sensitivity of capacitancenges by choosing a large value ofigf,; and
a small value ofy. By using a floating node in the capacitor fesek amplifier scheme, the
circuit is more sensitive and the SNR is improvgdhe product of the load and the sum of the
input and parasitic capacitors. The charge amplihterface circuit offers the potential for
wide dynamic range, high sensitivity, and high Biigb along with an output for easy interface

to digital circuitry.
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CHAPTER 5

5.1 RESEARCH CONTRIBUTIONS

This research explores the design, operation,datioin and integration of a novielsitu
RIE etch rate monitoring and endpoint detectiontesys that incorporates an integrated
micromachined sensor. This approach will advaneectirrent state-of-the-art due to: 1) non-
invasive sensing capability based on microsenssmi@ogy; 2) a simplified endpoint detection
scheme that relies on the correlation between srsmEnfrequency and the film thickness on the
surface of the substrate; 3) dynamic feedbackrebwiuring RIE and results in sharp and
reliable endpoint; 4) advances RIE monitoring amgnostics by giving process engineers
more repeatable and flexible control over endpoirdad 5) a shortened process development

cycle that eliminates under-etching and reduce-et&ring to increase yield.

5.2 RIE SENSOR DESIGN CONSIDERATIONS

The micromachined sensor will be placed in an RI&en to monitor key figures of
merit in-situ. One of the greatest benefits of micromachininth& the fabrication process can
be made compatible with standard IC processing.hslieical structures can thus be integrated
with support electronics to yield a "smart sensdttiis is the approach envisioned for RIE
monitoring and control.

Figure 5.1 shows the micromachined sensor, wiidhe prototype designed at Georgia

95



Tech to assess RIE etch rate [20]. During opamatihe MEMS platform is coated with the
same material to be etched from the substrate astigned above drive and sense electrodes.
As etching proceeds, the sensor is excited intonasce. As the mass loading of the platform
decreases during etching, its resonant vibratitmegluency shifts by an amount proportional to

the amount of material remaining, allowing etcterat be inferred.

Dirive electrode

Sense electrode

Figure 5.1: Prototype RIE sensor showing the platform suspengedelectrodes [20].

The sensor consists of three major parts: theedehectrodes, sense electrodes, and
vibrating platform. The drive electrode was destyrseich that the end of the electrode is
precisely centered beneath the platform. Thiery important because the location of the drive
electrode will impact the mode being excited. c8iwe are only interested in the fundamental
mode, centering the drive electrode relative to glaform is optimal. The sense electrode
should be in close proximity of the drive electrpdet not touching as coupling between the two

electrodes will adversely affect the performancdhaf sensor.  The platform has maximum
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displacement at its center, where the capacitahaage is the greatest. This implies that not
only should the sense electrode be placed neayetiter of the platform, but the platform should
be long compared to the width of the sense eleetroé consequence of a platform that is too

long is bending or buckling during operation.

The mechanical Q-factor is an important parameténe design and operation of sensor.
The platform should be designed such that the Bbiglkgfactor can be achieved, thereby
minimizing air damping and internal stress. Thé& Rensor stability and performance is then
almost entirely dependent on the mechanical prgsedf the elements. Proper placement of
these elements ensures that the RIE sensor, witleirprocess chamber, will have sufficient

excitation and detection efficiency.

5.3 SENSITIVITY

Mechanical resonance obtained through electrostaititation and capacitive detection
has implications to the overall design and fabricabf the RIE sensor. Recall that the RIE
sensor is based on the doubly clamped beam destgiopsly described in Chapter 3. In the
middle of the sensor’s platform, at the point ofxmaum deflection, where the capacitance
change is greatest, the potential energyediials the total energy of vibration. The platfas
subject to a bending moment and axial force, and ebrates it also achieves its maximum

kinetic energy, Eduring the cycle.

The conservation of energy law gives another Wgethod, in addition to the general
equations reported in Chapter 3 for determining fih& resonant frequency? = E,/E,.

Generally, a parameter can perturb the kineticher gotential energy of the RIE sensor. The
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sensitivity is defined as the fractional changeh@ unperturbed resonant frequeney, due to
an incremental change in the parameter. The RHSoseis sensitive to potential energy
perturbations (e.g. mass loading of the platfoiany the mode of vibration will be altered by the

applied load.

Manipulation of the resonant frequency equatiomivéd using the conservation of
energy law yields the function for determining gensitivity of the RIE sensor. The relation

derived in [92] is given as:

(5.3)

The RIE sensor platform is composed of a metalzegimide layer, with effective Young's
modulus,E and moment of inertia, = Wh3/12, L,h andW, are the length, thickness and

width of the platform respectively.

Simulating the sensitivity of the RIE sensor, daraction of the length and width, using
the relation (5.3) produces the surface in Figuta 5The plot indicates a decrease in the
sensitivity with increase in width. The sensitividf/the RIE sensor will also increase if the gap
capacitance decreases, but unfortunately, thisiatseases the nonlinearity. One can conclude
that trade-offs exists between the large sengitaitd the small nonlinearity error requirements.
The only parameter which increases the sensitanty does not increase the nonlinearity error is
the length of the platform. Unfortunately, thisrgaeter cannot be increased without limit,

because large value would degrade some other iamgamiechanical parameter such as degree
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of freedom and degrade the suppression of the hagder modes.

Sensitivity
P
!

Vo el B
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Width {ur) 1010 Length (i)

Figure 5.2:  Sensitivity of the RIE sensor as a function of ldregth and width
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5.4 FINITE ELEMENT ANALYSIS

The design of the RIE sensor was further analyaed optimized by finite element
analysis (FEA). This computer-based numerical teglen for calculating the strength and
behavior of engineering structures was conduct@atgudNSYS 7.0. With the ANSYS model,
we were able to simulate deflection, stress, vibnaand other phenomena. The MEMS structure
was deformed and examined to establish the rektiprbetween applied loads and deflections.
A static ANSYS simulation of the RIE sensor yieldedundamental frequency of 40.7 kHz,
which is within the desired range. We were alsie #0 verify the expected correlation between

the platform height and its resonant frequency.

Steady state, transient and random vibration hehavas also analyzed to study the
effects caused by the applied load to the serBoundary conditions were employed to indicate
where the structure was constrained and restriagginst movement or in the case of our

symmetric RIE structure when only a portion of $easor needed to be modeled.

The RIE sensor is composed of a polyimide platf@G@ um long and 140 pm wide that
extends 4 um above drive and sense electrodes.thiidkmess of the polyimide platform is 6.5
pm. On top of the polyimide platform is a layergold that is 0.5 um thick. The platform was
modeled as a uniform beam with both ends clampeéddsaspended above a ground plane. The

ANSYS parameters are given in Table 5.1 below.
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Table 5.1:  ANSYS parameters for RIE sensor model

ANSYS Parameter Value
Platform length 700um
Platform width 140um

Platform thickness 6.5um
air gap 4um
Polyvimide Young' sModulus B8.3GFa
Polyimide density 1400 kg/m?
Poissonratio 0.34
Gold Young' sModulus 78GPa
Gold density 19300 kg/m?
Element Type Beam 3
2D Quad 4 node plane 42
3D Brick 8 node solid 45
Coupled field element TRANS 126

The sensor was first modeled and meshed usin® &@ment type, and then extruded
into the 3-D model shown in Figure 5.3. We obtditiee profile of the first three mode shapes
and resonant frequencies and found that the fundiaamel harmonics were within the expected
range. The mode shapes are illustrated in Figuweand the results are summarized in Table

5.2.

Figure 5.3:  3-D meshed model of RIE sensor
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Table 5.2:  RIE sensor resonance frequencies

Harmonics| Resonance Frequency

fa 40.7 kHz
Iz 110.9 kHz
Iz 217.5 kHz

Figure 5.4: RIE sensor mode shapes for first 3 harmonics
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5.4.1 Harmonic Analysis

The harmonic analysis gives us the ability to mtethe sustained dynamic behavior of
the RIE sensor enabling us to verify whether orthetsensor design will successfully overcome
resonance, fatigue, and other harmful effects otdd vibrations. We used the mode
superposition method that uses the natural freqesamnd mode shapes to compute the response

to a sinusoidally varying forcing function.

10 11 1 13 14 1§ 1le 17 18 1% 20

Figure 5.5: RIE sensor modeled using the elastic beam element

To confirm the expected response of the sensoe]extrostatic force was applied. The
application of a range of voltages between 10-10swaused the platform to deflect. The
resonance frequency and displacements varied Wéhapplication of the load. As already
noted, the resonance frequency is a function ofrpation voltage, and decreases with
increasing voltage. Increasing the voltage ceeadarger electrostatic force between the
platform and the electrodes and causes the beatefliect. Figure 5.6 show that the platform
had its maximum deflection at the center, as exgkaetith a maximum displacement of 0.03216

pm.
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Figure 5.6: RIE sensor displacement plot show maximumdisplacement of 0.0: um

Changes in the mass loadiof the platformand changes in film thickness that occ
during etchingare simulated by varying the height of the platl. Thisproduces a change in
the capacitance between the platform and electrwhich resultsn the change in the reson:
frequency of the structure.The gap capacitandacreases as material is etched since the
reduced bending in the middle of the beam duegmwn weight. When the height of th
platform increased, the resonant frequency shofteé right on the frecency spectrum and vic

versa.

The frequency spectra in Figures and 5.8 (for two caseg)lustrate how changing tr
height of the platform fron3.Eum to 7um affected the resonarfioeguency. The 3.5um thick
platform has a resonan@equency of 20.45 kt, andthe resonance frequency \ 35.65 kHz

for a 7 um thick platform.
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Figure 5.7: Resonance frequency+ 20.45 kHz when the platform height = 3.5 pm.
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Figure 5.8: Resonancé&equencyf; = 35.65 kHz when the platform height = 7 um.
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Doubling the thickness of the platform does notiseaa doubling of the resonance
frequency. The thickness variation however, haguadratic and interaction effect on the
resonance frequency. Based on the results osithelation, a direct correlation of platform
height (film thickness) and resonant frequency vugent, potentially providing the desired

mechanism of the RIE sensor for real-time monigohthe wafer state during etching.

5.4.2 Coupled Field Analysis

The RIE sensor’s platform is modeled as a 3-D b#aahis positioned 4um above the
drive and sense electrodes, represented by thedy@ane. An applied voltage coupled to the
beam causes the beam to deflect and change themlvetween the beam and the ground plane

(Figure 5.9).
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Figure 5.9: Coupled electrostatic beam above ground plane

A plot of the air gap capacitance versus appligds” voltage provides insight into the
stability of the sensor. Figure 5.10 shows thatdbheice appears to be well behaved, since it

exhibits a nearly linear dependence on the applmthge for voltages below approximately
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40V. The variance in the capacitance represenetiects of the mass loading of the RIE sensor
platform. As the mass loading decreases durinbiredc the gap between the platform and
electrodes increases which reduces the couplingcgtapce. Recall also that the resonance
frequency of the RIE sensor is affected by the iadplbias” voltage. As the applied voltage

increase, the resonant frequency decreases.
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Figure 5.10: RIE sensor applied voltage vs. capacitance
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5.5 SUMMARY

Preliminary design of a MEMS sensor for RIE monitg has been conducted and
verified using Matlab and ANSYS. The simulatioasymportant for the practical realization of
the RIE sensor and results confirmed the theoleticglel. Using the general theory describing
the model of the vibration of the clamp-clampedige, the range of the resonance frequency
was obtained which is important for the signal déba cicuit and the range of sensitivity. One
can conclude from these results that trade-offsilshioe made between the large sensitivity and
the small nonlinearity error requirements. Theygohrameter which increases the sensitivity
and does not increase the nonlinearity error idehgth of the platform (L). There may also be

potential advantages in minimizing the platform tidr varying the platform height.

Overall, the sensor design appears to be feasilblee relationship between the height of
the platform and resonant frequency has been edtall Optimization of the design will result
in the best properties for the minimum cost andaotpfuture fabrication processes. The
successful development of this sensor could leadgraficant productivity enhancements in the

RIE process.
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CHAPTER 6

6.1 DEVICE FABRICATION

This research utilizes MEMS development technigoeesed on a number of tools and
methodologies that are used to fabricate extrem@igll mechanical devices and electronics on
the same chip: “integrated microsystems”, with digiens in the micrometer scale. A
significant part of the technology has been adoptau integrated circuit (IC) technology. For
instance, almost all devices are fabricated oeailiwafers, the structures are realized in thin
films materials, and they are patterned using ghibbtgraphic methods. There are, however,
several processes that are not derived from ICntdolgy. The three basic building blocks in
MEMS technology are thin film deposition of matésjamask patterning on top of the films by
photolithographic imaging, and selectively etchafighe thin films.

The RIE sensor fabrication process is a structsemflience of these basic operations
using surface micromachined technology. As preslipumentioned, the advantage of using
surface micromachined technology is that thin lay&rstructural and sacrificial material can be
deposited and patterned inexpensively to createniceo mechanical sensor. The RIE sensor
consists of three major parts: the drive electrtitie sense electrode, and the platform itself. The
sensor was designed such that the electrodes ecisgly centered beneath the platform, which
is important because the location of the drivetedgle will impact the mode being excited. The
platform has maximum displacement at its centeere/the capacitance change is greatest. As a

result, the electrodes are placed in close proyimitt isolated from the platform by utilizing a
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sacrificial layer. At the end of processing, treerdficial material is removed, yielding the

completed RIE sensor that is then integrated wéebtenics.

6.2 RIE SENSOR LAYOUT

The RIE sensor requires a mask to be made for pattarning step of the process. A
mask is a two-dimensional design representation Wik be patterned and etched into the
substrate. Bulk machining typically requires a mmam number of masks, usually only one or
two.. Surface micromachining can require as mangZasnasks to produce a complex MEMS
device that may have complicated patterns suctpiaals jagged edges, and other structures.
Additionally, small design features make MEMS madskign more challenging and requires an
in-depth understanding of mask making process,ghtfmtgraphy and exposure tools.

Figure 6.1 shows the mask data preparation pathelea the CAD layout tool ( such as
AutoCAD, Cadence, or others) and the GDSII, or DFmat required by the mask supplier
located Georgia Institute of Technology Microelenics Research Center. Clear and opaque
pattern (on quartz or glass) masks are created fitoenlayout data, including the data
preparation. The mask plates are made in two eéiffetypes: dark field and clear field which
represents the pattern on the mask. The fabricghimtess sequence, exposure tools and
materials determines which mask field type is ugedquare pattern on the dark field mask will
result in a black square pattern with all otheaaransparent. This pattern will be transparent to
light and other area will be opaque. Photoemuld®ra material that acts as an opaque

(nontransparent to UV radiation) part of the maskotoemulsion is inferior to chrome, also
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used for the same purpose, due to lower opticasite(thicker film needed to block off UV

radiation) and grainy structure (not as sharp edgeas the case of chrome).

CAD Teol CAD Tool GDSII/DXF

GDS!I Mask
Q Translator = DXF o

Export Format Supplier

Figure 6.1: RIE sensor mask preparation flow

Four masks plates were used in the fabricationge® of the RIE sensor. Mask 1 (Figure
6.2(a)) defines the drive and sense electrode, Ma$ligure 6.2(b)) defines the sacrificial layer
and air gap below the platform. Mask 3 (Figure §Rand Mask 4 (Figure 6.2(d)) define the
platform and the vias for electrical testing. Thasks described above were made using

emulsion plating on glass.

The sacrificial layer process, however, requirésome-on-quartz for Mask 2. The
exposure requirements, resolution and depth ofsfamfulight passing through the sacrificial
material are tightly controlled with Mask 2. Blagkartz plates are supplied by mask vendors
and chromium can be deposited and patterned usirggraulsion maskplate. The details of the

chromium-quartz Mask 2 process sequence are dedaibfollows:
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1. Deposit chromium (1000 A) by e-beam evaporatiom ¢hé quartz substrate.

2. Spin coat with photoresist. Resist may be eithaitp@ or negative acting. Soft-bake in
an oven or hot plate.

3. Expose the chrome-on-quartz mask.

4. Develop and rinse mask.

5. Etch chromium in chrome etch and rinse.

6. Strip resist in solvent, rinse and dry mask 2.

~

Inspect for defects, features and placement.

If the mask is not properly developed, the chrosneemoved and the process is repeated.

6.3 SUBSTRATE PREPARATION

The substrate for the RIE sensor is an undope@><40silicon wafer. If doped silicon
wafers are used, this may create electrical cheniatits that may compromise the performance
of the sensor. The wafers are first cleaned usmB@A cleaning step that is performed before
the high temperature processing begins. It involles removal of organic and ionic
contaminants, as well as the removal of the thidelayer that is present on the wafers.

After cleaning the wafers, they are dried in puaigogen and loaded in the plasma
enhanced chemical vapor deposition (PECVD) macfunexide growth. The PECVD system
reacts gases SiH2% in N,) and NO, in a RF induced plasma to deposit the fairlyhkggality
oxide film on the wafer substrate. An alternativeusing PECVD is thermal oxide growth at

high temperatures from (800°C - 1200°C) using eigi&Vet" or "Dry" growth method.
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Wet oxidation uses hydrogen/oxygen steam to aatel®exide growth and can produce a
thick oxide 2,000-24,000A. As the oxide growse tate of growth slows down, because as
more oxide is present on the surface of the silitotakes longer for the oxygen atoms to
penetrate the wafer surface and combine with silemms to form more SO Any additional
oxide must be grown at elevated temperatures. yPoidation produces a more uniform and
denser thermal oxide with even higher dielectrierggth than wet oxide. The major difference
in the growth of wet and dry oxide is the growtkeraDry oxide grows much slower than wet
oxide and for this reason dry oxides normally doexweed 1000A in thickness.

The PECVD oxide deposition rate at 250 °C is 58niA and the process took
approximately 20 minutes to deposit 1pm of oxidéhe thickness of the oxide was measured
and verified, with a Plas-Mos ellipsometer, andvis approximately 9800A and the wafer
substrate appeared pink with a blue-green tinte Whfers were then placed in a properly sealed
container in preparation for the first metal deponsithat defined the drive and sense electrodes

of the RIE sensaor.

6.4 PROCESS SEQUENCE

The first metal layer evaporated on the substsatiéanium (Ti). The wafer was placed in
substrate holder and loaded into the electron b@abeam) evaporator once the chamber was
unloaded and vented. The chamber was closed anpquliomtil the pressure reaches 5%16rr.

At this pressure, 200A of Ti was deposited. ThéaVer serves as an adhesion layer. A 4000A
gold layer was deposited. When patterned, thierlayill serves as the sense and drive

electrodes.
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Figure 6.2: Masks used to fabricate the RIE sensor: (a) Mad#fihes drive and sense
electrode, (b) Mask 2 defines sacrificial laye), Ntask 3 defines the platform and (d) Mask 4

defines the vias for electrical testing.
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The gold deposition rate is slow, and care mustaken to monitor the gold target as
insufficient amounts of gold and improper positigiof the gun will overheat the crucible and
cause damage to the e-beam equipment. The depositi@ varies based on the chamber
pressure, but took approximately 25 minutes at Bxbér to achieve this thickness.

Once the wafers are removed from the e-beam chanthey were taken to the
photolithography bay. HMDS primes the wafer ptiotthe application of the photoresist. The
primer was allowed to dwell on the wafer for 10s®ts, and then spun at 3000 rpm with a ramp
rate of 1000 rpm for 30 seconds. Shipley 1813 vpas ©n the wafers using the CEE 100CB
spinner at 4000 rpm for 30 seconds. This prodacplotoresist film thickness of 1.2 — 1.3 um.
The photoresist was soft baked on the hotplat&®@oseconds at 130 and then allowed to cool.

Mask 1 was inserted in the Karl-Suss MA-6 masigrar and the exposure time was
calculated for the current equipment setting. Tkposure dose used for Shipley 1813 is 180
mJ/cnf, and the wafers were exposed from 12 — 16 secantBmW. The wafers were taken to
the fume hood and developed in Shipley MF 319 dpesl for 55 seconds. The wafers were
agitated during the development to prevent photstresside from remaining on the wafer. This
prevented the possibility that the drive and sexsetrodes would electrically short or form an
air-gap capacitance.

After developing the photoresist, the wafers weaed baked at 12% for 5 minutes and
allowed to cool. They were etched in a gold etcli@ft 8111) solution which has an etch rate of
30A/s at room temperature. It took approximatéiyeé minutes to etch the gold film, and the
wafers were then immersed in a titanium etchanfTN)FRto remove the Ti adhesion layer. The
only pattern remaining on the wafer was that of dnee and sense electrodes (Figure 6.3).

The wafer was immersed in a resist stripper tookenprotective photoresist. An AMID
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sequence using acetone, methanol, isoprophanotle-ionized water is an alternative to usi
the resist stripper. The wafers were dried andeaasa to ensure propdevelopment of the

electrodes and then readied for the sacrificialemaltlayer process

Figure 6.3: SEM image of RIE sensor drive and sense elect

Electrical isolation between the electrodes and the platf@naritical. The isolatiol
barrier and resulting air gap is created by utiigia sacrificial layer material and proces:
develop and subsequently release the free starsBngor structure. The saicial layer
material used waghe low temperature Unity 2000P sacrificial polymevhich is ar
experimental material for air gap and protectiveergeat applications The Unity 2000P
polymer contains photoactive compou, and all processing was perforn under yellow light.

The substrate was thoroughly cleaned and dried pri@pplication of Unity 2000P, which
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spun on the substrate to the desired thicknessspimecurve in Figure 6.4 was utilized to attain

sacrificial layer thicknesses between 2-80 microns.
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Figure 6.4:  Unity sacrificial polymer material spin curve

The thickness of the sacrificial layer determinleel space between the platform and the
electrodes, as well as the magnitude of the voltageired to excite the platform. Typically, a
sacrificial layer of 4 um is sufficient. Low tenmpéure Unity (lowest spin curve) was spun

coated on the substrate to achieve a 4 um saatifayier thickness.
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The polymer coated wafer was first dehydratedd@® on the hotplate for 10 minutes to
drive off any residual solvent and provide a tadefsurface. Unity 2000P is sensitive to 248
and 365 nm wavelength. The Karl-Suss mask aligiaer used to expose the samples with 1000
mJ/cnt energy dose through the chrome-quartz mask (MasRBe exposed samples required a
thermal treatment to develop the features in tditire The wafers were placed on a hot plate at
110°C for 15 minutes to dry develop the photo-definedtfires. The wafers were allowed to
cool after the post exposure bake. The substradesacrificial polymer film was rinsed with
isopropyl (IPA) that removed any residue or unergosacrificial polymer material.

Prior to using Unity as a clean-release sacrifilgger, the material had to meet certain
requirements. A photoacid generator (PAG) was paated in the polymer solution in the
composite material. The PAG produces an acid oadimtion to UV light. The sacrificial
material decomposes in a narrower range of temyegtieaving little or no solid residue either
from the polymer or the PAG. The sacrificial matkehas sufficient adhesion to the substrates
and the decomposition temperature of the PAG ishnigher than the process-decomposition
temperature of the material, thus only the UV expogreas were selectively decomposed.

Unity is self-priming, photosensitive, and photfdable, which permits the overcoat
material to function without an additional resisasking step. The material is patterned like
photoresist on | or g-line semiconductor exposwelst There are improvements in the
resolution and adhesion associated with utilizimg semitransparent sacrificial layer material, in
contrast with using other sacrificial materials.plotoresist strip process was unnecessary as the
exposed material is developed by heating the satiesin an oven at 190 to dry develop the
photo defined features. Figure 6.5 shows the peteand cured sacrificial polymer above the

sense and drive electrodes on the surface of thstrsite.
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Figure 6.5:  Unity sacrificial polymer over-coat above drive as&hse electrode

This RIE monitoring methodology exploits the a@ay of resonant micromechanical
structures, whereby shifts in the fundamental rasbfrequency measure a physical parameter.
A majority of these systems require free-standingclmanical movement and utilize the
sacrificial layer process as the key techniqueeteetbp and release the structure on a substrate.
The difficulties inherent in achieving free-stanglimicro-structures with the existing sacrificial
materials are well documented and include leng#podition cycles, slow and expensive release
process using hazardous materials, sacrificiakti@sses limits, and the occurrence of stiction
[92—98]. The latter shown in Figure 6.6 is a well-moproblem, that occurs when the device
is removed from the aqueous solution after wetietchf the underlying sacrificial layer.

Various other materials that are routinely uttizas sacrificial layers to develop
suspended MEMS structures were considered and cethplaroughout the fabrication process.
Metals have traditionally been used as sacrifimakerials. However, metal sacrificial layers

require lengthy deposition cycles to achieve complarthicknesses. A {6 copper sacrificial
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layer requires 5-14 hrs when coated using the C\Mi@an evaporator or DC sputterer. An
additional photoresist process is necessary t@qathe metal prior to the slow and expensive
etch and release process using hazardous materialdetal sacrificial layer materials

significantly increase the number of fabricatioepst and lengthen the process cycle time.

Figure 6.6: SEM images showing RIE sensor damage obsafieddevelopment and

release

In recent years, the trend has been towards prests and polyimide-based sacrificial
materials. Photoresists and polyimide-based saiiifi materials are not inherently
photosensitive, but can be made photodefinable thighaddition of a methacrylate-based photo-
polymerizable additive using an ester. Non-phefioéble self-priming polyimides, such as PI-
2555, can be patterned in conjunction with a pasitiesist to achieve a 3iim polyimide
overcoat layer that serves as a sacrificial layeDue to the precise pattern definition

requirements of single mask processing, the wét pttyimide process has a narrower process
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window and needs to be tightly controlled. Aseault, critical dimension control is difficult.
Cured film thicknesses were limited by resolutieguirements to < @m. The results of the
experimental comparison are summarized in Table6dLillustrate why low temperature Unity
2000P was a better sacrificial material for falir@athe RIE sensor.

The wafers with the sacrificial polymer over-cadiove drive and sense electrode were
then taken to the DC sputterer for a second medaidin layer. The DC sputterer was used to
deposit the conducting layer of the platform. AO&0of Ti and 5000A of copper (Cu) was
deposited directly on top of the sacrificial layerlt is important to sputter these metal films as
sputterer depositions tend to coat all exposedsest E-beam depositions will coat surfaces
facing the evaporation source, but will not coat sides of features that are facing in directions
parallel to the substrate surface. It is possiblhave discontinuity in the metals at the vattic
sides of the sacrificial layer.

Once the Ti-Cu is sputtered on the Unity sacafi¢ayer, it was patterned and exposed
using Mask 3. The layer was etched in a ferrioetié copper etchant (Fefil which was
heated to 45°C. The etch rate varied from 30855 Ferric chloride is a selective etchant that
does not etch gold or titanium, and the wafer wit be adversely affected if it remains in the
etchant too long to ensure that all the coppeensaved. The Ti adhesion layer was removed in
a similar manner as before using the TFTN, etchéet which the wafer was cleaned using an
AMID sequence to remove the resist.

The vibrating platform is composed of the bottoratah layer, an inner dielectric layer,
and an upper metal plate. Pyralin PI-2555 polgianvas used and is a suitable material for the
interlayer dielectric layer because it imidizestéasat lower temperatures.  An adhesion

promoter VM 651 was applied to help improve theesiibn of the polyimide to the metal layer.
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Table 6.1:

Experimental Comparison of Typical Sacrificial leayMaterials

Sacrificial Material Coating Process Development/Release Method
Phatoresist apin Coat aoft Bake: 90 sec / Exposure
21827 Film Thickness: 2 & um MF-319 Developer. 50 sec
Hard hake: 30 min
Resist Strip
Palyimide W1 Primer Palyimide boft Bake: 30 min
Pl-2555 apin Coat Photoresist Overcoat & Soft Bake: 2 min

Film Thickness: 2.5 um

Exposure f MF-319 Developer
Palyimide Cure: 2 hrs
Resist Strip

Plasma-Them RIE
Gases: CFa/ Oy (PR2555)
Etch Rate: 5000 Almin

Silicon Diowade 510,

“addtional photoresist

F'Iasma-Thn_an’n PECYD
Rate: 400 Afmin

Plasma-Themn RIE - Wet Etching
(Gases: CHFs/Cy  HF: NHHFHO
Etch Rate: 400 HF:HMO,

masking step required Almin Etch Rate: 20 Asec

Metals CYC E-Beam Evaporatar Plasma-Themn RIE Wt Etching
Rate: 3 Alsec (A/Cu/Cr) Gases:BCL /Gl HOIHNOZMHF 10 Msec

Aluminum / Copper ! (Al (Al

Chrome CVC DG Sputterer Etch Rate:500-  HyOMHNO, 80 Alsec (Cu)
Rate: 527 Afsec (Al 2000 Amiin HyOMH, 0, 40 Msec (T

“addtional photoresist

821 Msec (Cu)

(ases: Cl/0, (Cr)

masking step required 688 Alsec (Cn) Etch Rate: 100-200

Armin
Unity 2000P Sacnficial apin Coat Goft Bake: 15 min f Exposure &IPA Rinse
Palyrmer Film Thickness: 2 - &0 um Themnal Decarposition: 2 hrs
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P1-2555 was spun on the wafer to achieve a 6.5immthickness. The spin speed and time was
determined by the spin speed curve (Figure 6.2).bake process on a hotplate that cures the
polyimide partially, and leaves the substrate dtipfved.

The polyimide coating after the soft bake has mumn solubility in photoresist. At this
point, the polyimide is normally either, coated gratterned with photoresist, then etched or
allowed to cure in a furnace. Instead, the wafegse taken to the DC sputterer chamber where
a metal layers consisting of 200A of Ti and 5000840 and 1000A of aluminum (Al) were
deposited. The deposited metal films served mialtjpurposes; as a metal mask for the
polyimide, the Ti/Au layer is the upper metal lagéithe platform, and the upper-most Al layer
serves as the “test” metal film that will be etchddring the RIE etch-rate monitoring

experiments.
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Figure 6.7:  Spin speed curve for Pyralin PI-2555

The wafers were coated with photoresist as befodepattered and exposed with Mask 3.
The patterned wafers were placed in aluminum etchallowed by gold etchant (GE8111) and

immersion in titanium etchant. This platform deymtent process can take several hours to
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complete, depending on outcome of each intermediafgs. Some of the issues related to wet
etching have been discussed previously, and indtideon, the potential of chemical handling
hazards and wafer contamination.

The resist was removed and the wafers were thamtto the photolithography bay,
where photoresist was applied. Patterning and®xe of the substrate with Mask 4 defined
the vias in the platform, which are necessary fectdcal testing. A single immersion step
using MF 354 at room temperature for 2 minutes used to develop the photoresist and etch
the polyimide. The developed wafers were rinsed placed on the hotplate to complete the
drying process. An alternative is to use the iReEherm RIE system to etch the polyimide.
Good results were achieved though, when the degelps heated to between°@3nd 25C.
This accelerates the dissolution of the polyimidaijle having minimal effect on the solubility
of the photoresist.

The wafers were then ready to be loaded in theafte at a temperature between ambient
and 100C in preparation for the polyimide cure and alsahermally decompose the sacrificial
material. The oven was heated to 12@ith a 10C/minute ramp and to 18@ with a
1°C/minute ramp. The wafers stayed at ¥8Gor 30 minutes then were heated and held at
250°C for 30 minutes. The wafers were allowed to gedigucool to room temperature after
which they were removed and inspected. The theowmahg process drives out the remaining
solvent in the polyimide and allowed the vibratiptatform to achieve its electrical and
mechanical properties. It decomposes the saalifipplymer material and released the
suspended micromachined RIE resonant sensor (FigW@e  The complete RIE sensor

fabrication process is illustrated in Figure 6.9.
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Figure 6.8: SEM image®f micromachined RIE sensda) Platform after thermal cure a

decomposition, (b) Suspended RIE se.
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Figure 6.9: Complete RIE sensor fabrication process

126



6.5 SUMMARY

This chapter focused on the fabrication processhefRIE sensor which is a
structured sequence of thin film deposition, phttography, and selectively etching using
surface machined techniques. Four masks were ezhaird utilized to develop the RIE sensor’s
three major parts: the drive electrode, the seles#trede, and the platform itself. The isolation
barrier and resulting air gap is created by utiigia sacrificial layer material and process to
develop and subsequently release the free stasdimgpr structure.

In view of the importance of the sacrificial lay@mocess, we demonstrated a sacrificial
layer technique that possess the following attebu{l) the process is simple and reproducible;
(2) the coating process is compatible with dry guepus etching processes; and (3) the release-
stiction problem is alleviated by thermal cure aletomposition of the sacrificial material. In
chapter 7, the application of the sensor will bendestrated including electrical testing and

integration with the capacitive charge amplifieteifiace circuit.
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CHAPTER 7

7.1 RIE SENSOR MEASUREMENT

Chapter 6 described the fabrication process andtifin of the RIE sensor. In this
chapter, the performance analysis and electricalsomement of the sensor will be presented.
As discussed in Chapter 4, there are a number diads for detecting the motion of the RIE
sensor. This work focuses on the capacitive tieteof the RIE sensor movement, as this is the
most amenable to integration with the charge ampldapacitive sensing interface circuit. The
DC voltage applied between the platform and eleetrcombined, with a time varying
capacitance leads, to a current.

The magnitude of this current will depend on thgbtude of oscillation of the platform.
The greater the amplitude of oscillation is, theager the change in capacitané€/fx), and
therefore, the greater the change in output curreBased on the dimensions of the vibrating
platform, the calculated output current for the REhsor is on the order of tens of nanoamps,
assuming the mechanical Q of the platform is 1000.should be noted that a lower Q would
lead to lower oscillation amplitude and less outputrent. Even though the frequency-shifted
RIE sensor output is advantageous for noise immunisignal transmission, such small levels
of output current still require a very sensitivstteetup.

There are two input methods to drive RIE resorsmmtsor. One is to place the RIE
sensor in the chamber and etch the device, whiphegpa physical stimulus to the free-standing
structure. The other is to apply an electricahalgand applied bias voltage to the platform.

There are also two different methods to measureothiput of RIE sensor. One is a direct
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displacement measurement with a laser interferamatel the other is electrical measurement
using test signals. For direct displacement nreasents, an interferometer would have to be
constructed using a laser, beam-splitter, lensyomirand function generator to verify the

movement of the sensor as it is electrostaticadyited. A diagram of this optical testing setup

is shown in Figure 7.1.

HE-Ne laser

Photodetector

RIE Sensor

\ } Data acquisition

computer

Figure 7.1:  An interferometric test setup for measuring th@nasit frequency

The RIE sensor resonating platform is illuminatexn above by a laser, and reflected
light from the both the top surface of the platfoend the substrate are photodetected.

Interferometric techniques are then used to meabareesonant frequency. Though the direct
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measurement with a laser interferometer is straigiward and accurate, aligning it can be a
tedious process taking several hours. Additignétiis technique would not be easily integrated
into a real time monitoring and control scheme.

Applying a physical stimulus to the RIE sensohsas mass loading of the platform, is
better when duplicating the operating behavior. wekeer, an electrical signal as the input
stimulus and electrical output measurement are icgipeé for electrostatic capacitance
measurement testing when cost and speed is a.faéiactrical measurement is also superior in
terms of the repeatability, accuracy and usabilitfhe electrical measurement tests that were
performed helped to further characterize the Riissebehavior. The electrical measurements
were later confirmed using capacitive detectionh@ssensor was brought “on-line” and placed
inside the RIE chamber, where the sensor was etemed the resonance frequency was

monitored.

7.2 ELECTRICAL TESTING

Before placing the sensor in the chamber, a coityirtest was used to verify that the
structure was released correctly and that thegslativas conductive across its surface. Figure
7.2 illustrates the measurement setup for the woityi test experiment, which consists of the
RIE sensor and an Agilent 34401A Digital Multimeteffigure 7.2(a) illustrates the continuity
test that was used for the platform. If the platfavas broken at its support, the current (I) would
not flow between the anchors. Figure 7.2(b) dessrithe second experiment. Here, if the
platform was shorted as a result of residual sa@ifmaterial remaining between the platform

and the drive electrode, current would flow frone tlirive electrode to the platform. The third
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test performed verified that the drive and senscteldes were isolated (Figure 7.2(c)).
Occasionally, the first two tests will be affirmadi but the two electrodes will be shorted. The

RIE sensor passed all three continuity tests.

Platform a

_#,_...-r-""
Drive Electrode
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\-:) Platform

(a) (b)

Sense Elec@‘r

gt

Drive Electrode I

@

(c)

Figure 7.2: Measurement setup for RIE sensor continuity {@$tplatform and drive

electrode test, (b) platform and sense electrosteated (c) drive and sense electrode test.
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7.3 STATIC AND DYNAMIC SENSOR PARAMETERS

The static response and the dynamic response rpemice are two mechanical
characteristic of the RIE sensor. The propertias &he measured in a static analysis are the pull-
in displacement and pull-in voltages. Applying & Doltage to the RIE sensor generates an
electrostatic force between the platform and ebelets, which changes the air gap capacitance
distance between the electrodes.

The static pull-in test measurement was done anthmpedance meter, and as expected,
the capacitance varies nonlinearly with the applietiage (Figure 7.3). There are two reasons
for this nonlinearity: the first is the quadratedationship between electrostatic force and voltage
and the second reason is that the electrostate fdepends on the capacitor gap, which
decreases if a voltage is applied. Because sf the force increases, causing the gap to again
decrease.

The RIE sensor has a measured length of 702unth widl44pum, thickness of 7.13um
and an air gap measuring 4.05 um. The base capeeitalue of the RIE sensor measured 0.203
pF which is slightly different than the calculatealue (approximately 0.22 pF). This could be
caused by fabrication process nonuniformity, whigluses air-gap variation and compressive
stresses in the RIE sensor structure. Howeveexpscted, the capacitance values decrease

rapidly if the pull-in voltage increases becausedansor starts to deflect.
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Figure 7.3:  Electrostatic capacitance of the RIE sensor asetibn of the

applied pull-in voltage

The RIE sensor capacitance measured 0.203 pE agutral position, and consequently
the test setup needed to be capable of measuengadtatic capacitance accurately in the femto
farad range. The most straightforward testingfigomation is a two port measurement setup
(Figure 7.4). In this configuration, AC voltage svapplied at the drive electrode while a DC

bias was applied to the sensor platform. At themaat frequency this AC + DC potential forces
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the platform to oscillate. The net DC bias betwtenelectrode and the platform, combined with

the induced oscillation, resulted in an output entr

Figure 7.4: Measurement test setup for RIE sensor

When a 1 Vrms voltage step input was applied ®oRHE sensor the measured output
voltage is 3.8 mVrms (Figure 7.5). The RIE sermaput consists of an exponential decaying
impulse due to the parasitic capacitang@i@ an exponentially decaying sinusoidal voltage d
to the current. The RIE sensor was designed avitiighest Q possible, so that its output will

persist much longer than the parasitic capacitamutput. The parasitic capacitance however
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adds an undesirable current to the RIE sensoraatalut current,sknse and its parasitic value at
higher operating frequencies will deteriorate tes®r performance over time. It was observed

that oscillations are possible but the currentsgtbe output impedance is very smaB.@ nA).
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Figure 7.5: Response of RIE sensor to a 1Vrms step input #eesared output
voltage is 3.802 mVrms.
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Increasing the amplitude of the AC input signas lelatively little effect on the output
voltage and resulting output current. The RIE semssponse to a 10 Vrms 1kHz AC square
wave is shown in Figure 7.6. The output voltagesuead 27.1 mVrms and the resulting sensor

current is approximately 27.1 nA rms.
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Figure 7.6: The voltage output to a 10Vrms 1 kHz input meag @21 mVrms.
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As discussed earlier, the platform has large matiaesistance, which results in a
mismatch between the source or load impedancehenRIE sensor equivalent circuit. Relying
on such small sensor current to determine the egs@ncondition for etch rate monitoring is not
effective without amplification of the output sidrend the addition of a circuit to compensate
for the impedance mismatch. This impedance midmigtads to input power being reflected.

The voltage reflection coefficient is given by [101

Zsansor - Zin'pur
Z

I =

SENIOT + Zin'pur

(7.1)

where Zensorrepresents the impedance of the platform, apgl:Zhe impedance of the input
source. The motional impedance of the RIE serssapproximately 970K2, and for a 1kHz AC
input signal the reflection coefficient i§ &1).

With large impedance mismatch, most of the poWwat is applied at the drive electrodes
never reaches the platform, which results in ldsst®static force on the platform, minimal
change in air gap capacitance, and lower amplitfdgbration. Increasing the power at the
drive electrodes compensates for this problem ammtaves the RIE sensor sensitivity, but this
also increases the possibility of damage to theasigource and deterioration in the sensor
performance.

Initially, no output transimpedance amplifier weraployed at the sensor output node. So
in order to match the motional resistance of thetfpim to the resistance of the load with

sufficient bandwidth, a series of LC matching netwgowvas needed. The downside was that as
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more components are added to the output signal frelsignal loss became greater. In addition
the useful bandwidth of the LC matching networkited the detectable frequency range of a
signal. For this work, monitoring the fundamentadde which occurs at approximately 40 kHz
is of greatest interest. In this regard, the miadehnd simulations previously conducted proved
to be useful for approximating the RIE sensor rastrfrequency and in designing the LC

matching network (Figure 7.7).
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Figure 7.7: RIE sensor and matching LC network configuration
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When the RIE sensor is subject to a physical stimuts response is often represented by
parameters such as resonance frequency, Q-faohB3dB bandwidth. To obtain time plots of
the resonance frequency, the output of the sensm eonnected directly across the sense
electrode. The signal at the drive electrode wigsebby DC bias voltage and the oscillation
frequency was then measured. We are primarigrésted in monitoring the fundamental mode
and the plot of the normalized frequency responsgecshows that this occurs at 43.2 kHz

(Figure 7.8).
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Figure 7.8:  The normalized frequency response curves of teesBnsor with DC bias
voltage showing a fundamentakf43.2 kHz.
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This frequency compares well with the calculated aimulated frequencies of 37.7kHz
and 41kHz respectively. The discrepancy in theiemlmay be attributed to the stress in the
platform as a result of the air damping as this sugament was made in air at atmospheric
pressure. The value is expected to be within taige when the RIE sensor is brought on-line
and operated in the RIE chamber.

The bandwidth BW was determined (850Hz) from tlegjdiency response plot and with
respect to the mechanical Q-factor in air, it wakwuated using the relation (Q#BW). The

mechanical quality factor in air is 51. The resalts summarized in Table 7.1.

Table 7.1:  Sensor parameters and resonant frequency and Q

length| width | height | air gap| f; fi fi BW | Qfactor
Calculated| Simulated Measured

705 um| 144 ym| 713 ym| &1pm | 37.7kHz | 407kHz | 43.2kHz | 085kHz| 51

The RIE sensor has nominal capacitance of 0:20.22pF. Due to the bending
deformation of the platform in the pm range (andstlsmall surface strains), the capacitance
changes are in the fF range. The RIE sensor rehesapacitive transduction to detect small
capacitance changes and the resulting changeanassfrequency during the RIE process. The

RIE sensor’'s overall performance is limited by theerface circuit, and integration with the
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proper circuit allows the RIE sensor to functioredsighly sensitive measure of etch rate during
the RIE process.

In order to measure these small capacitance chaitgeas necessary to focus on the
parasitic capacitances that are somewhere in tme smder as the capacitance changes to be
measured and thus affects the in situ etch ratesumemnent significantly. To provide the
necessary output resolution and suppress the pareapacitances effectively, the RIE sensor

was configured with a capacitive feedback chargpliéier circuit.

7.4 RIE SENSOR AND CHARGE AMPLIFIER CIRCUIT

The RIE sensor is integrated with electronics dgwedl with respect to the capacitance
change,AC of the RIE sensor. As mentioned earlier, basedapplication complexity and
accuracy of measurement, the capacitive charge iffenpinterface circuit was used. The
preliminary analysis of the electronic amplifieratiit was presented in Chapter 4, and it was
shown that the charge amplifier circuit is suitalite suppressing parasitic capacitances
effectively. The capacitance change is measurexinbination with the reference capacitance,

G, which is in the neighborhood of the RIE sensqacétance.

The charge amplifier interface circuit was fabrgzhin a 0.5 pm two-metal two-poly
CMOS process, which is fully compatible with theER$ensor technology. This is why it is
possible to design, realize and test the builditagks of the sensor separately, before it is
integrated with the charge amplifier chip. The diogy of the TSCXAV CMOS charge
amplifier chip is a cascade operational transcotahee amplifier (OTA) operating in the deep

subthreshold region (Figure 7.9). A tunneling jumttand an indirect injection transistor are
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integrated on chip as floating-node charge adaptatircuitry to avoid large leakage currents.

The circuit parameters are listed in Table 7.2.

vdd_5V_1

bias_OTA_1
Vdd_3V_1 .
. Two_Stage_OutBuf_with_res
|\\
Vref_1 1 P
| Vout_1
AN
OTA_9T_20kHz_with_C
Bias_30kOhm
V_1 [~V Y
Il
]
bias_Buffer_1
1T @
Switch_gate_1 ~

Figure 7.9: T5CXAV CMOS chip charge amplifier sub-circuit
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Table 7.2:  Charge Amplifier Interface Circuit Parameters

CIRCUIT PARPAMETERS
Area 390 x 200 pm?
Power Supply 33V
Amplifier Power Consumption 05w
Open-Loop Gain 80dEB
Bandwidth fgy- (O, = 0.4 pF) 25kHz
Feedback Capacimance Cy 20fF

The RIE sensor was connected to the sensing aempiifterface circuit by soldering
wires from the sense electrodes directly to the padnecting to the capacitive feedback
amplifier. The interface circuit used the auto-megomechanism to stabilize the leaky floating
node voltage and integrated the input charge awes.t The charge amplifier circuit is very
sensitive to the RIE sensor leakage current andidttage output was measured directly from
Vout_1 output pin.

An AC input voltage biased with 10V DC was appltedhe drive electrodes of the RIE
sensor as shown in shown in Figure 7.10. The o¢upuhe RIE sensor is connected to the
charge amplifier circuit, which applies a voltagepsevery half period after a rising or falling
edge of \4ive, and the component due to the parasitic capae@t@neduces to nearly zero. After
the amplifier stage, the difference signal paskesugh a comparator in order to determine the
voltage and current DC offsets of the operatiomapldier. The comparator determines when

the zero crossing occurs and applies a new voktggeto the RIE sensor. The DC offset of the
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processed signal is fed back to the instrumentatmoplifier as zero point reference. Thus an

automatic DC offset compensation is realized.

Frogramming
Circuliry

| |
?hmwh’.rﬂg

Cap

Figure 7.10: The test setup of the RIE sensor and capaciéksisg circuit
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The output voltage waveform of the integrated R#asor and charge amplifier circuit
response to a 5 Vrms 1kHz AC square wave is showfigure 7.11. The RIE sensor voltage
and current was measured at the input of the aieptifage. The voltage measured 8.7 V, which
results in a sensor current of 180 pArms. The duypltage when measured across th€ 50
output impedance measures 1.36 Vrms. The resuittegrated sensor current is approximately
27.2 mArms.

Based on these measurements, the output of thegectemplifier stage, which is
controlled by feedback, largely determines the ntage of its output voltage gain and
facilitates regenerative gain and oscillation. Tigh input impedance from the RIE sensor still
results in a measurable output current with a 53/mput voltage, which is significantly higher

that previous circuit topology because of the DfSetfcompensation.

Vout
Vin )

The RIE sensor and charge amplifier subcircuidgi@ gain factor A 20 X log,, (

of 11.4 dB. The RIE sensor can be realized withhéi gain when operated inside the RIE
chamber, where the pressure is less than atmosphesssure. In addition to operating with
higher Q-factors, the charge amplifier stage ctradll be realized with a higher gain factor and
provide very high sensitivity for capacitive sergsinThis fact accompanies a higher sensitivity

simultaneously.

The response of the amplifier is flat to about XB{r, which is much larger than the
carrier frequency (Figure 7.12). This is more tlaa@equate, since the carrier frequency should
not have a higher frequency than 100 kHz due tordfetively low modulating (resonance)

frequency of the RIE sensor.
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Figure 7.11: The output to a 5.1Vrms square wave input voltagasured 1.367Vrms
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Figure 7.12: Amplitude and phase response of the charge amptifieuit
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7.5 SUMMARY

The performance analysis and electrical measureofethe RIE sensor was presented.
This work focuses on electrostatic excitation aagacitive detection of the RIE sensor. Before
placing the sensor in the chamber, a continuity wess used to verify that the structure was
released correctly. The static response measuraesuits confirmed that the capacitance varies
nonlinearly with the electrostatic force generabgda bias voltage. The electrostatic force was
used to adjust the resonant frequency electrigallgrder to match the driving and detecting
resonant frequency for high sensitivity.

The RIE sensor has large motional resistancestl@@émall output current cannot be
effectively used for in situ etch rate monitoringheut amplification of the output signal and the
addition of a circuit to compensate for the impesamismatch. The RIE sensor’s overall
performance is limited by the interface circuit amdegration with the capacitive charge
amplifier allows the RIE sensor to function as ghly sensitive measure of etch rate during the
RIE process by suppress the parasitic capacitaféestively. The integrated RIE sensor and
charge amplifier interface circuit will be operatedthe PlasmaTherm SLR RIE system and is

expected to facilitate closed-loop feedback corafdhe RIE process.
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CHAPTER 8

8.1 RIE SENSOR FEEDTHROUGH PROBE

The RIE sensor was operated in the PlasmaThermRBER-hamber, where closed-loop
feedback control of the process was demonstratdthe PlasmaTherm equipment is a single-
chamber system with a load lock. It is designdtedetching substrates using the following
gasesCl,, BCls, CCl,F,, Hy, Ar, CF4, andO,. The flow rate for each gas is set by a mass-flow
controller, and the pressure is controlled seplrdig a valve between the chamber and the
pump.

There are four vacuum inlets on the RIE chamb®se,af which will provide access to the
drive and sense electrodes inside the chamber. vatieum channel is terminated by a simple
high-vacuum seal that can be easily removed. Thdses are shielded from the plasma glow
region on the RIE chamber. A feed-through prolas designed to access the RIE sensor, such
that the performance of the RIE chamber would motdmpromised. In this regard, the inlet
valve which currently terminates with a vacuum seas removed and a stainless steel conical
reducer was added. Figure 8.1 shows the attachofiehé vacuum system to the PlasmaTherm
SLR RIE chamber.

The conical reducer was attached to a BNC coas-tle@ugh using stainless steel
vacuum seals. Copper wires covered in ceramic beads connected to the probe. The ceramic
beads were used to insure that air pockets, whigh nesult from using coated wires, would be

eliminated (Figure 8.2). Connectors were then geltlen the ends of the feed-through wires.
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(b)

Figure 8.1: PlasmaTherm SLR RIE chamber sensor feed-througtamjess steel conical

reducer and, b) BNC coax chamber attachment
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Ceramic beads

Figure 8.2: Copper wires covered with ceramic beads to RIE@edrive
and sense electrodes
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8.2 RIE ETCH RATE MONITORING TEST SETUP

The PlasmaTherm RIE chamber was prepared witloradlgh cleaning prior to the RIE
sensor etch rate monitoring test. The cleaning stesured that any residual process gases that
remained in the chamber were removed. Etch rata fsnction of the process chamber
conditions and its history, so the cleaning prosggsificantly reduced the possibility of etchant
gas cross-contamination and other factors that dvinfluence the RIE sensor etching process
and affect the time and outcome of the etch rataitmong test. This also produced more
reproducible results. The RIE chamber was pummeehdand an oxygen cleaning gas flowed
into the chamber at a rate of 8&m while maintaining a vacuum and RF power. Theralea

process for the PlasmaTherm RIE chamber is sumeathiizTable 8.1.

Table 8.1:  PlasmaTherm RIE chamber preparation process

Pressure (mTorr) | Time (s) Gas RF Power (W)

100 3600 0, (30 sccm) 300

The PlasmaTherm SLR RIE system is equipped witlvaa-locking chamber, and
interlocks for handling the etchant gases (e, Ar, Cl,, BCl;, CHCI3) and for automatic
loading and unloading of samples through the slit®. The automatic movement of the
chamber loading arm and loadlocks were disabledr dke duration of the RIE sensor
measurement test. During the RIE etching procamsditions such as, RF power, gas flows,

pressure, and bias are constantly monitored. ®hegauge controller, which monitors out-
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gassing of the etchant gases, was removed, afchitBon was disabled. The RIE sensor feed-
through probe was then coupled to the inlet vakserved for the ion-gauge controller. The
ceramic coated feed-through wires were carefulty treough the ion-gauge valve and up into
the PlasmaTherm RIE process chamber.

After the RIE chamber was properly cleaned, it wasted (which takes 10 to 15
minutes). The RIE sensor was placed on the substading plate, and it was manually moved
into the process chamber. The ceramic coatedtf@edgh probe pads were then secured to the
drive and sense electrodes electrical contact patiskapton tape. The heat-resistant tape is an
ideal adhesive and insulator that can withstandagdel temperatures and it prevented the feed-
through probe copper pads from coming into contatit the plasma. Any exposed copper in
the charge plasma causes electrical arcing, tsggee RIE chamber alarms and eventually
disables the etching process.

The thin layer of aluminum on top of the RIE seanglatform that was etched during the
etch rate monitoring test was measured with an @&iptep Profilometer before the sample was
loaded into the RIE chamber. The thickness of aheninum measured 828A. The RIE
chamber was pumped down<400.3 Torr, and the aluminum etch recipe that was developed f
the etch rate monitoring test was loaded. The §tsp of the aluminum etch recipe was the
chamber pump-down, which was setltx 10~2Torr. The gas stabilization step followed, and
the flow rate for the aluminum etchant gase€l{ and BCl; ) was set. During the gas
stabilization step, the RF power was not appliedire etchant gases were not charged ( no
plasma), and no pre-mature etching of the RIE semsmurred during this step. The third step in
the aluminum recipe was the etch process. ThecR#nber pressure was seBtbmTorr, and

the RF power was activated for 2 minutes. The &tae was determined based on the most
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recent data from the PlasmaTherm RIE log sheetsframd test runs with aluminum coated
samples with the same thickness. The etchansgese purged, and the chamber pressure was
returned to atmospheric pressure and vented irs gkegnd step 5 of the aluminum etch recipe.

The aluminum etch recipe is summarized in Table 8.2

Table 8.2:  RIE sensor aluminum etch recipe

Step Pressure (mTorr) | Time (s) Gas RF Power (W)
Pump loadlock 10 30 - -
Cl, (10sccm)
Gas Stabilazation 30 30 -
BCl; (40 scem)
Cl, (10sccm)
Etch 30 120 125
BCly (40 sccm)
Purge loadlock 10 60 - -
Vent 10 600 - -

In the final experiment, the RIE sensor was etchatth the aluminum etch recipe.
Process control was demonstrated by monitoringrifiesensor current during the excitation of
the plasma and transmitting the resonance infoomabtutside of the PlasmaTherm RIE
chamber. The plasma environment is typically nogsd it is difficult to extract the RIE sensor
signal. The diagram of the etch rate monitoringasueement test setup is shown in Figure 8.3.

The setup consisted of the the micromachined RiSa@e the charge amplifier capacitive-
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sensing T5CXAV chip, the RIE chamber feedthrougbbp, analog and digital 1/O boards, a
GPIB card to interface with the data acquisitiompater, power supplies, and miscellaneous lab

hardware and supplies.

The feedthrough probe connected the RIE sensoe daivd sense electrodes to the
T5CXAV charge amplifier circuit and AC voltage soar Two analog and digital /0O boards
were used to interface with the integrated RIE seasd charge amplifier circuit with the data
acquisition computer and lab equipment. The PCI-B@R/12 board is a high speed 4 channel,
12 bit analog input board with two output channatsl 24 digital 1/0O channels. The PCI-
DDAO08/16 board provides eight channels of 16-balag output and 48-bits of digital /0. The
PCI-488 GPIB board is the interface between thedé@rds and converts the PCI bus into a

control and data acquisition system.

The InstaCal calibration and test software was weembnfigure the three boards which
are shown in Figure 8.4. The MATLAB data acquisititoolbox provided the necessary tools
for controlling and communicating with the data asgion hardware and was used to configure

the external circuit and hardware devices and deda into MATLAB for further analysis.
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Charge amplifier circuit
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Figure 8.3: RIE chamber etch rate measurement setup
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PCI-DAS4020/12 board

PCI-DDA08/16 hoard

PCI-488 GPIB board

Figure 8.4: Analog and Digital I/O and GPIB boards used toriiatee the RIE sensor and

external circuit and measurement equipment
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8.3 INTEGRATED RIE SENSOR MEASUREMENTS

The RIE sensor was driven into resonance and mexasmts were taken while the
PlasmaTherm RIE chamber was pumped down to a peessul0m Torr and prior to
excitation of the plasma. The voltages were measat the RIE sensor output and at the output
pin of the charge amplifier interface circuit asci#bed in Chapter 7.4. The voltage at the RIE
sensor electrode measured 4.423mVrms and 975mVinmes vineasured at the output of the
charge amplifier circuit. The RIE sensor resorfegquency measured 58.5 kHz. The resulting
output voltage waveform and frequency spectrunshosvn in Figure 8.5.

During the gas stabilization stage, the pressuithe chamber was at 30 mTorr and the
etchant gases flowed into the chamber. It wasrobdehat the gas flow affected the RIE sensor
output even though no RF power was applied. Thasored voltages at both the RIE sensor
sense electrode and at the output of the chargéfeempircuit decreased during the gas flow. A
voltage change of 5Qu¥ at the sensor output resulted in a #il/1change at the output of the
charge amplifier interface circuit. The resulte aonsistent with the non-linearity of the charge
amplifier circuit, when the input voltage is smatid results from the voltage-controlled current
source of the transconductance amplifier. The oredswaveform along with the spectrum is

shown in Figure 8.6.
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Figure 8.5: Measured waveform taken atriDorr prior to gas flow and excitation of the
plasma. The RIE sensor resonant frequency meaS8rékHz. The voltage at the RIE sensor

output measured 4.423mVrms and 975mVrms at theubofpthe charge amplifier circuit
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Figure 8.6: Measured waveform taken atr80orr during the etchant gas flow. The RIE
sensor resonant frequency measured 61.89 kHz vdltege at the RIE sensor output measured

4.373mVrms and 964mVrms at the output of the chargglifier circuit

It was observed that the frequency and Q-factetermined from the output spectrum,
also varied during the gas stabilization stagergodhe start of the etching process (Table 8.3).
During the etch process, the RF power was applheldtiae characteristics of the RIE sensor and
voltage waveforms immediately changed (Figure 8.7lhe impedance of the RIE sensor

increased by several orders of magnitude and tresuned voltages were initially out of range.
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There was also significant noise level in the Ritiaraber which further reinforced the necessity

for the capacitive sensing charge amplifier integfaircuit.

L L L I LI [ I UL L LB L LI I [ LU mipy I I | |' LN L rvj

| : : [ I

© | Voltage out of range ]

.

Voltage out of range

fg -
= : ; : j ]

= s ; H-HHHH
w Significant Noise level ! ]
> . . . ]
S |
= ]
= =
msgth - || Unstable - ]
in(Cg) | - N ' Unstalel - 7
n 2 u il shatgled o | o lils o

Time(s)

Figure 8.7: Waveforms observed immediately after RF power ayasied.
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Once the plasma was excited, the etching pro¢aged and the waveform in Figure 8.8
was observed. The resonant frequency changed &b®9 kHz (measured during the gas
stabilization stage) to 61.37 kHz (after the plaswas excited). The RIE sensor resonant

frequency decreased as the aluminum was etchedtfremiatform.
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Figure 8.8: Measured waveform for the RIE sensor during thetation of the plasma. The
RIE sensor resonant frequency measured 61.37 Kitzvdltage at the RIE sensor output

measured 6.2mVrms and 1.29Vrms at the output oftlaege amplifier circuit
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When the resonant frequency was 61.37 kHz, theage$ at the RIE sensor output
measured 6.2mVrms and 1.29Vrms at the output othiaege amplifier circuit. The maximum
measured output voltage at the charge amplifigpuduvas 1.29Vrms. This was equivalent to a
maximum integrated RIE sensor charge-amplifierentrof 1.29uA and power consumption of
1.67pW.

The resonant frequency and output voltages coadita decrease as the aluminum was
etched. Approximately one minute during the etattpess the RIE sensor resonant frequency
measured 57.28 kHz. When the resonant frequeramgheel 57.28 kHz, the output voltage
measured at 910.3mVrms (Figure 8.9).

For the remainder of the (two minutes) etch predame, while the plasma was still
excited, the resonant frequency remained constaf?7.28 kHz and output voltage remained
unchanged at 910.3mVrms. This implied that the tyer of aluminum was completely etched
from the top of the RIE sensor platform when treorant frequency measured 57.28 kHz. This
was later verified after the RIE sensor was remdx@u the process chamber.

The resonant frequency and ouptput voltage rerdaimehanged and at the end of the

etch process, the RF power was turned off and dljgubvoltage decreased significantly.
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Figure 8.9: RIE sensor resonant frequency measured 57.28 kétzagpproximately one
minute. The voltages at the RIE sensor electrodecharge amplifer output measured

2.248mVrms and 910mVrms respectively.
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8.4 RESULTS AND DISCUSSION

Process control was demonstrated by monitoringRHe sensor resonance frequency
during the excitation of the plasma. The plasnsdim the RIE process environment has non-
linear impedance characteristics, and the etchimoggss caused the RIE sensor to resonate at
frequencies that were different than its unbias=bmant frequency. The RIE sensor resonant
frequency measured at different intervals durirggetching process decreased as aluminum was

etched (Figure 8.10).
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Figure 8.10: RIE sensor resonant frequencies measured atehtfertervals during the etching

process
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The RIE plasma environment is noisy so there lgllsome noise error associated with
the RIE sensor resonance frequency measuremehessensor electronics, however, provided a
reasonable immunity to the RIE chamber noise. dlminum layer is completely etched when
the measured resonance frequency remained coastan28 kHz.

It took approximately 65 seconds to etch the ahwmi The etch rate for aluminum was
established from the correlation of the resonaneguiency and thickness of the aluminum layer.
The etch rate was approximatedy04902um/min (Figure 8.11). The RIE sensor utilized
frequency shifts as an output and was extremelgitezn The sensitivity of the integrated RIE
sensor was also determined from the resonant freguand film thickness plots and was
13.62Hz/A.

It is evident that the etch rate monitoring expemtal results confirmed the theoretical
prediction of the correlation between film thickaesd resonant frequency. The reasons for any
deviations from the ideal sensor characteristiculted from the sensor's frequency
transformation principle (physical to electricathe influence of RIE process conditions,

chamber noise and variations in the sensor interféectronics.
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The capacitive charge amplifier sensor electropics/ided a reasonable immunity to
noise and responded more sensitively to variatiorte signal amplitude than to variations in
the signal frequency (Figure 8.12). The measurérsieowed the ability of the RIE sensor in

combination with the charge amplifier interfacecéienics to detect the small current changes

typical for etch rate monitoring.
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Figure 8.12: The integrated RIE sensor sensitivity to smaltenir changes. The sensitivity to
variations in the measured output signal Wa&suV /Hz.
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The performance of the integrated RIE sensor wamackerized by its resonance
frequency, Q-factor, and 3dB bandwidth. The RIEsse Q-factor was function of the chamber
pressure and was calculated from the curves usiegdrmula,Q = f,/Af. The measured
frequency values and Q-factors at vacuum beforeadted the etch process are summarized in

Table 8.3.

Table 8.3:  Measured resonant frequencies and Q-factors fantegrated RIE sensor

Pressure (mTorr) | fy (kHz) | f, (kHz) | Qfactor

10 58.55 123.45 934.1

30 57.28 114.75 762.4

It is clear that the quality factor decreases has gressure in RIE chamber pressure
increases. This behavior is expected since thespre is inversely proportional to the
mechanical quality of the RIE sensor. The ougpgnhal of the amplifier yielded the gain factor
of the RIE sensor. The output signal of the ceamplifier sensor electronics only depended
on the DC offsets and was a linear function of ¢hpacitance change. With respect to the
frequencyf = 57.28 kHz, a total gain factor A = 405.

The output signal and noise spectrum of the iategr RIE sensor was measured (Figure

8.13). -40dB THD was measured which is dominatgdhle second harmonic. The source of
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the distortion may result from the offset of thepdifrer as well as the nonlinearity of the RIE

Sensor.

dB

-20

80

80

100

<120

140

Frequency (Hz)

20000 0000 0000 E0000 100000 120000 140000 160000 180000

-40dB

1

Figure 8.13: The measured output spectrum of the integratedsRisor. -40dB THD was

observed.

It is evident that using the capacitive feedbablrge amplifier to sense capacitance

changes achieved high SNR. The power consumptas law (1.64W) when the measured

output voltage was at a maximum (1.29Vrms). Theimim detectable capacitance variation
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AC derived from Equation 4.3 (repeated again herfeqasmtion 8.1) and the parameters in Table

8.4 was 29.04F .

(8.1)

Table 8.4: RIE sensor Measurements and Performance

Circuit Parameters

Power Supply 33V
Amplifier Power Consumption 1.67uW

Open Loop Gain 52dB

RIE Sensor Bias Voltages 3.3V
Feedback capacitance C¢ 800fF

Measurement Results and Per formance

Aluminum Etch Rate 490.2A/min
RIE Sensor Sensitivity 13.62A/Hz
Sensitivity to Voltage Variations 097uV/Hz
Minimum Voltage Variation AV 0.12mV
Minimum Detectable Capacitance 29aF
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8.5 SUMMARY

The RIE sensor was operated in the PlasmaTherm BLIR system andn-situ
monitoring and control of the RIE etching processwlemonstrated. A feed-through probe was
designed for the RIE chamber to access the RIEosesnsd interface with external charge
amplifier capacitive sensing interface circuit aedt equipment. The measurement setup for
etch rate monitoring was developed such that théopeance of the RIE chamber and RIE
sensor would not be compromised during the plastodation and extraction of the resonance
condition.

The RIE sensor was coated with aluminum and wasepl inside of the RIE chamber
where the etch rate was monitored by measuringetb@nant frequency during the excitation of
the plasma. The plasma environment is typicallisyyoand it is difficult to extract the small
current signal folin-situ process control. Because of the very small cépace changes (fF-
range), it was necessary to integrate the RIE semtlb a charge amplifier sensing circuit that
transformed the capacitance into utilizable eleatrbutput signals. The interface circuit was
highly sensitive and had a large gain.

Due to different etchant gases and plasma promasditions, in combination with the
etching forces, different sensor characteristiceevexpected. The feasibility and robustness of
the integrated RIE sensor was demonstratedtu, and the etch rate for aluminum was
established from the correlation of the resonaneguency and thickness of the aluminum layer.
The performance and resolution of the integrateld 8#nsor was improved. More-consistent
results and better sensor performance can be a&chleymonitoring and controlling the process

parameters, such as etchant gas flow and RF pawigrgdhe plasma etching.
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CHAPTER 9

9.1 CONCLUSION

Semiconductor manufacturers rely on process comiethods and analysis of tool sensor
outputs to improve yields, increase tool produttivand reduce manufacturing costs. RIE has
emerged as a critical process step in the productiontegrated circuits, because it offers high
etch directionality, enabling accurate pattern gfannot obtainable with wet etching and its
importance cannot be over-emphasized. Volume ptamiu often emphasizes etch rates as a
route to lowering costs and increasing throughp@&ignificantly higher production yield can be
achieved for applications in which etch rates aedture profile are of greater importance.
However, increased etch rates are often accompéyiddgher initial capital costs, which must
be considered in the context of market size ancaycs. Because there are always trade-offs
between performance and capital costs, the reqpirecess capability and production volume
must be well matched.

The quality of the etch process is principallyvdn by the condition of the plasma.
Changes in the chemistry resulting from variatiamghe gas-flow rate, the deterioration of
chamber parts, pressure deviations, or power actrelie gaps all affect the plasma and
therefore, etch characteristics. The behaviorlaémpa etch tools is difficult to control because
small variations in equipment and process setup l@re an unpredictable impact on etch
quality. Many parameters have a very small maofjitleviation (<1%) before yields decline.

Historically, methods to control etch processegehalied on end-of-line metrology and

test wafers. While these methods have been osgetéct process chamber faults, they are slow
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and sometimes unable to provide an unrealisticigodf etch chamber behavior. Determining
the root cause of chamber faults has relied on pghmcess engineer's experience and
interpretations of tool data, which are not the tmefficient ways to detect and remedy tool
faults. Given the wealth of data provided by pescéools, more-sophisticated methods have
been developed, which are known collectively asaaded process control (APC). With APC,
engineers can systematically interpret data fromymaol sensors using statistical rules that can
track tool performance and detect fault conditioneeal time. These techniques can be used to
analyze data and faults, defined as statisticalatiens outside the normal limits of variation. A
potential drawback to this method is that the fmlameters in question may not always display
a normal distribution, so that such concepts asageeand standard deviation can only be
approximate. This uncertainty can lead to compsesithat broaden fault limits, reducing
sensitivity, or that allow statistical outlierslie processed, giving rise to false alarms.

In the environment of fast changing and diversgamer requirements, novel approaches
to process monitoring and control have to be foulitle focus of the APC efforts is now, more
than ever, on a fundamental understanding of etebhamisms and its implications to process
development. Each etch step has to be charader@eonly by its etch characteristics, like etch
rate, profile, selectivity, and uniformity acrosafer, but also by its fundamental properties, such
as sidewall layer composition and thickness, chamilad#l deposition composition, depth of the
etch, and line edge roughness generated by theemseguof process steps. A better
understanding of the underlying etch mechanisnwsvalithe process engineer to choose the best
points for process optimization for any new struetu

Highly accurate and repeatablepninvasivein-situ plasma etchmonitoring andcontrol

process sensors are required, and are essentjaloiucing the kinds of yields, product quality,
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and throughput necessary for IC manufacturers moame competitive. Although well-known
monitoring techniques have demonstrated distindbpaance advantages and market penetration, other
lesser-known applications have been successfulels Wwhe monitoring telanique presented here
demonstrates the capability foeal-time, accuratenonitoring of theetch raten the RIE process that

can potentiallymprove process yields amtcrease equipment downtime.

9.2 CONTRIBUTIONS OF THE RESEARCH

This thesis described a unique implementatiomahtegrated micromechanical resonant
sensor fon-situ monitoring and control of the reactive ion etchprgcess. Resonant sensing at
the micromechanical scale allows for the precidea®n of shifts in a physical parameter (the

resonant frequency), and its principles were stuthe both the static and dynamic performance.

1) Finite Element Analysis:  The design of the RIE sensor was verified WAtHSYS. The
simulation was important for the practical reali@atof the RIE sensor and the results of the
simulations confirmed the theoretical model. Téktronship between the platform height (film
thickness) and resonant frequency was establiskgadimization of the sensor design results in

the best parameters which influenced the fabringtrocess.

2) Fabrication Process Improvement:  This RIE monitoring methodology exploits thecaracy
of resonant micromechanical structures, wherebftssii the fundamental resonant frequency
measure a physical parameter. A majority of thestems require free-standing mechanical

movement and utilize a sacrificial layer processhaskey technique to develop and release the
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structure on a substrate. A sacrificial layer teghe was demonstrated that utilized a low
temperature polymer to develop and release thesfer®ling RIE resonant sensor. The
sacrificial layer technique possess the followirtfrilautes: (1) the process is simple and
reproducible; (2) the coating process is compatitite dry or aqueous etching processes; and
(3) the release-stiction problem is alleviated logrimal cure and decomposition of the sacrificial

material.

3) RIE Sensor Integration:  The integration of sensors with electroni@ifdce circuitry, into
more sophisticated instrumentation subsystem, iig Meportant and an increasing trend. The
RIE sensor's overall performance is limited becawudethe nature of the plasma etch
environment, thus, the interface circuitry perforamsessential role in the complete RIE etch rate
monitoring system. Integration with the capa@tieharge amplifier circuit allows the RIE
sensor to function as a highly sensitive measurestoh rate during the RIE process by
suppressing the parasitic capacitances effectivégditionally, the integrated RIE sensor and
charge amplifier interface circuit achieves a lalgaamic range, allowing for its application as

anin-situ etch rate monitor during the RIE process.

4) Etch Rate Monitoring:  The etch rate monitoring technique based erctrelation between
the RIE sensor’s resonant frequency and film theslsnchanges, during plasma etching have
been demonstratedThe resonant sensing technique has the potentisidirome the challenges
for RIE, which are inhibited by the inadequaciedhsf existing process control strategies. The
integrated RIE sensor can be used to provide direal-time measurements of the actual wafer

state during the etch, potentially enabling ragicheate measurements in automated production
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equipment without opening or contaminating the psscchamber, and without the need for
special hardware modifications. Beyond that,fdbssible future development of the integrated
RIE sensor has the potential for monitoring and tratimg other critical plasma etch

applications, such as, high-k dielectric and souh@en etch endpoint detection.

9.3 POTENTIAL INDUSTRY SOLUTIONS

Measurement data obtained with the integrated RHS@& can enable process engineers
to monitor and compare processes and tools toaehietter control of RIE process in real-time.
The development of the RIE sensor has importanfigaiions on other manufacturing issues In
addition toetch rates to achieve high throughput, other caorscierclude sidewall smoothness to achieve
device performance, process stability and reprdulityi and sensitive endpoint detection in SOI
processing.

One of the key challenges for etch engineers tagdayatching process chambers to
achieve consistent performance across the entolseto Smaller processing windows make
chamber matching difficult, and increasingly highkd power recipes make it harder to achieve
process goals. The integrated RIE sensor measoteéeahnique is immune to RF and ideal for
use in any plasma reactor. It also has the gliditsense the resonance shifts and provide data
without modification of process recipe or tool sggs. With the RIE sensor’s highly accurate
measurement of plasma etch rates, engineers wi# hacess to much needed and sometimes

unavailable data, gaining information on the dyramsponse to diverse recipe steps, as well as
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chamber-to-chamber variations. The data capturdtidyntegrated RIE sensor can also be used
by equipment engineers to qualify tools and enshaenber health.

Because of the nature of deep silicon etching, dbeventional endpoint-detection
methods of laser reflectance interferometry andcaptemission spectroscopy (OES) lack
sufficient sensitivity. To counteract the effectsawver etching in SOI processes, a sensitive
method of endpoint detection is required to deteetsmall amounts of oxide exposed during the
etch process. With endpoint detection, the SQsHi-etch step can occur as early in the process
as possible. The RIE sensor can function as aroppate etch endpoint-detection device and
can accommodate a wide range of aspect ratios.

Achieving the desired degree of smoothness onrtecakprofile while maintaining an
acceptable etch rate has proved challenging usadlitibnal plasma etch processes. The timing
of the steps in each cycle of the etch procesgeégtty correlated to the etch rate and sidewall
roughness. The roughness issue can be addresseduning additional gases in the process,
such as oxygen or nitrogen, to encourage a morso@@opic etch behavior. Although this
approach reduces roughness, it is difficult to cdrdnd lowers the etch rate. Additionally, the
length of the etch cycle is primarily limited byethrelatively slow response of the plasma
chamber mass-flow controllers (MFCs). Fast digilFCs have improved the situation.
However, they are still limited in their ability &tabilize gas flows or avoid a flow burst at the
start of each cycle, which affects process reprilitg and stability. The sensitive etch rate
measurement data from the RIE sensor can potgntrenhitor and maintain the critical profiles,
and other important device characteristics.

The extensive range of feature sizes and asptes buring RIE has made profile control

a challenging issue. One way of controlling featprofile is to use the RIE sensor in a control
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scheme that allows the etch parameters to be cHaagtmatically and smoothly during
processing. By adjusting process variables suclprassure, gas flows, and power during
etching, the profile can be adjusted to compen&atehanges in plasma reactant gas and by-
products as the features are etched. VariantseoRtE sensor can potentially be developed and
designed specifically for chamber matching, post-giMlification, trouble-shooting and process

development.

9.4 FUTURE WORK

Instruments based on wireless and mid-infraredl ldBer technology are compatible with
most semiconductor processing equipment. They icamtaneously measure multiple processes
and perform reliable measurements in hazardousramtessible environments. The possible
future advances in the RIE sensor development maghie a means to transmit and acquire the
resonance frequency and etch rate measurementuatassly from within the plasma chamber.
The semiconductor industry could find use for suehl-time etch rate data, for endpoint
detection.  Additional correlation for process gasirity monitoring, radical density
measurements in the plasma chamber, and emissiongonng may be discovered. The
measurements can be accessed by transmittinglditeodbugh the processing chamber or gas
lines equipped with IR-transparent windows composkeduch materials as sapphire, calcium
fluoride, or zinc selenide.

Data acquired from the integrated RIE sensor neagdmt to a real-time controller, where
software interprets and makes, if necessary, ajustimdents to the process. Depending on the

range, data can be sent to a central fab serveernuit factory-wide access. Users could have
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access to the software via a touch screen at tbke boformation available to equipment
operators includes the etch rate, whether or reoetbh process and plasma chamber is in a fault
state, what the probable root cause of a faulamsl a list of wafers affected by the fault.
Engineers would have access to more-detailed irdtom on etch process and tool, including
analysis and raw sensor data.

Finally, the combination of the RIE sensor, iraed electronics and embedded
microcontroller into an "instruments on a chip"do etch rate monitoring and control is viewed
as a significant motivation for monolithic integoat. There are several reasons for integrating
the RIE sensor and electronics on chip. It maprowe the RIE sensor’'s performance,
especially in the case of capacitive and resonamd@'s parasitic capacitance that can adversely
affect the performance. These effects are minimitetthe interface circuits and the sensor
structure are on the same chip. Another motivafimn integration can be the increased
reliability from the reduction of interconnectshére can be severe restriction on the RIE sensor
design. At present, sensor-electronics integradioes not seem to be a significant focus for the
semiconductor industry, but trends favor monolitihtegration in high-volume applications and

in those areas where reliability and/or size apeelly critical factors.
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